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Department of Chemistry and Chemical Engineering
Division of Chemistry and Biochemistry - Physical Chemistry
Chalmers University of Technology

Abstract

The conversion of solar energy into chemical energy by harvesting visible-light with
synthetic molecules presents several scientific and technological challenges. This thesis
is dedicated to the investigation of approaches to long-lived charge separation, one of
the crucial aspects for the photochemical generation of solar fuels. Charge separation
was characterized in molecular and molecular-semiconductor hybrid assemblies by using
optical spectroscopic techniques. The assemblies studied were designed with the purpose
of either solar fuel generation or for mere mechanistic understanding and proof of principle
studies on relevant aspects for solar-to-chemical energy conversion.

The photophysical characterization of a Ru-Mn supramolecular complex for photo-
chemical water oxidation, and related Ru(II)-complexes, revealed the reasons behind the
difficulty of obtaining a long-lived charge separation state. This prevented the photo-
chemical water oxidation, exemplifying the limitations of supramolecular approaches to
solar fuels. This work justifies the need to explore other alternatives for the creation of a
stable material where all the basic functions of natural photosynthesis can be imitated in
a simplified way.

A viable option is the construction of nanoarchitectures that incorporate light-
harvesting units and catalysts on a semiconductor surface. As demonstrated in this
thesis, the modification of the individual components of these assemblies, e.g. macroscopic
structure of the dye-sensitized semiconductor and the electrolyte composition, can be used
to extend not only the lifetime, but also the distance of charge separation. One of the most
remarkable findings of this thesis, is that the lifetime of charge separation in dye-sensitized
semiconductors can be extended by several orders of magnitude, by implementing a
photoanode design consisting of a repetitive pattern of SnO2 and TiO2 µm-thick layers.
The main feature of this design is the possibility of trapping electrons at dye-free areas
on the film, where they reside for longer times before recombining with dye molecules. In
addition, such materials can be used for visible-light generation of catalytically active
sites on the surface through electron transfer from the photosensitizer. This process,
being facilitated by the conduction band of the semiconductor, as demonstrated by time
resolved spectroscopic studies on dye-semiconductor-catalyst assemblies.

The work summarized in this thesis is intended to encourage the development of
dye-sensitized semiconductors to expand the possibilities of their application in solar fuel
technology.

Keywords: Artificial photosynthesis, Back-electron transfer, Charge separation, Charge
recombination, Conduction band mediated, Dye-sensitized, Ruthenium complexes, Solar
energy conversion.
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CHAPTER 1

Introduction



Chapter 1. Introduction

”If our black and nervous civilization, based on coal, shall be followed by a quieter
civilization based on the utilization of solar energy, that will not be harmful to progress
and to human happiness.”

The above sentence is taken from ”The photochemistry of the future”,[1] a lecture
given by the pioneer of photochemistry Giacomo Ciamician in 1912. Undeniably, a man
ahead of his time as well as a true visionary, Camician was concerned about the future of
a coal dependent society and was aware of the potential and urge of making use of solar
radiation. One century later we can ask ourselves if someday his dream will come true.
Modern society is facing the challenges of sustaining or increasing life standard without
compromising the ecological stability. While a large scientific community is investing
their efforts in finding efficient ways to use solar energy and other renewable sources, the
world´s primary energy is still mainly supplied by oil, coal and natural gas.[2]

By the early 20th century, the scientific basis that would allow the emergence of solar
energy technology had already been established. The work of Planck and Einstein, among
others, laid the foundation of quantum physics, which could explain the nature of the
photoelectric effect[3]. In the middle of the 20th century, the first p-n junction silicon
solar cell was invented and later commercialized.[4] Since then, significant progress has
been made, not only in the development of photovoltaic devices but also in understanding
the principles of natural photosynthesis, and applying this knowledge to the creation of
artificial systems aming to convert solar energy into chemical energy. Interestingly, this
concept—known today as artificial photosynthesis—was suggested for the first time by
Ciamician during the afore-mentioned lecture as in the following lines:”For our purposes
the fundamental problem from the technical point of view is how to fix the solar energy
through suitable photochemical reactions. To do this it would be sufficient to be able to
imitate the assimilating processes of plants”.[1]

The first practical demonstration of such concept was carried out successfully by
Fujishima and Honda in 1972. Using titanium dioxide and platinum as electrode materials,
photoelectochemical water decomposition into hydrogen (H2) and oxygen (O2) was
achieved by irradiation with wavelengths shorter than 415 nm.[5] Since then, a number of
approaches for artificial photosynthesis has been proposed, with a specific focus on the
application of visible light, with the aim of maximizing the use of solar radiation. However,
in spite of the extensive knowledge regarding the mechanisms of the photochemical
processes involved and the modern advances of nanotechnology, a solar powered device for
solar-to-fuel conversion is not yet available. Among other reasons, this can be primarily
attributed to the complexity of designing stable and efficient chemical systems that
selectively yield the products of interest such as H2 or methanol. Consequently, it is
clear at this stage that there is a need to further extend the knowledge and conceive new
methods enabling the development of artificial photosynthetic devices.
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1.1. From light to chemical energy

1.1 From light to chemical energy

There are three primary photosynthetic energy conversion processes that are essential
for the production of solar fuels. These are (1) efficient light capture, (2) long-lived
charge-separation and (3) accumulation of high energy multiple redox equivalents.[6]

Replication of these processes in man-made systems has been regarded as biomimetic[6,7]

or chemical[8,9] approaches to artificial photosynthesis. These man-made structures are
either entirely synthetic molecular assemblies or hybrid assemblies composed of molecules,
enzymes, conducting or semiconducting nanomaterials.

Figure 1.1 illustrates a simplified representation of the charge-separation processes in
plants’ photosynthesis. Light capture is initiated in photosystem II (PSII) when pigment
antennas, consisting of chlorophyll molecules, absorb photons and transfer the excitation
energy to a reaction center to yield a singlet excited state. Electrons from this state are
moved away from their initial location through a series of rapid, energetically down-hill
steps, passing by several intermediates before reaching photosystem I. Here, another
photon is absorbed, followed by a new cascade of electron transfer (ET) events until the
electron reaches the final acceptor to yield nicotinamide adenine dinucleotide phosphate
(NADPH), a reducing agent which is later used in the light-independent reactions of
photosynthesis for the reduction of CO2.[10] This set of down-hill stepwise ET processes
results in long-lived charge separation by preventing rapid electron recombination with
the oxidized donor (backward or back-electron transfer). Observed recombination rates
from the primary acceptor in PSII are in the order of 10−3s.[11]

Oxidized chlorophyll molecules are regenerated by electrons released during the four-
electron oxidation of water into protons (H+) and O2. This reaction is catalyzed by
the oxygen evolving complex (OEC), a Mn4O5Ca complex surrounded by a protein
environment that controls the reaction parameters and provides chemical stability.[12]

In artificial photosynthetic systems, light capture antennas and electron donor (D)
units are typically replaced by synthetic photosensitizers that are designed to have
large extinction coefficients in the visible region of the electromagnetic spectrum like
clorophyll molecules. In general, synthetic photosensitizers can be grouped into four main
categories: (1) transition metal coordination complexes[13,14] or organic molecules[15]

(dyes); (2) semiconductor nanocrystals (quantum dots)[16] and (3) the more recently
emerging organometal halide perovskites.[17] Charge separation is achieved by coupling
the electron donor to a suitable electron acceptor (A). An ideal donor-acceptor (D-A)
system for artificial photosynthesis should generate sufficiently long-lived charge separated
states (CSS) to allow time for the redox reactions of solar fuel synthesis to occur. This is a
contemporary problem in the development of materials for artificial photosynthesis.[18,19]

Electron donor-acceptor assemblies have been a topic of increasing interest during the
past decades and much of the research efforts have been dedicated to the study of purely
molecular systems. Some of which have been successfully designed to form CSSs with
lifetimes in the ms range[20,21] and to produce sufficient chemical potential to carry out
redox reactions of interest such as oxidation of water or reduction of CO2.[22] However,
integration of all natural photosynthetic primary functions in a single supramolecular
system is, if not impossible, tremendously challenging from the design and synthesis point
of view. Incorporation of inorganic materials has been a viable alternative, making hybrid
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Chapter 1. Introduction

Figure 1.1: Simplified representation of the light harvesting and charge separation
processes in plant’s photosynthesis. P680: Primary electron donor of PSII; P680∗:excited
state of P680; Pheo: Phephytin, the primary electron acceptor in PSII. QA, QB, PQ,
FeS, Cytf , PC: Intermidiate electron acceptors in PSII; P700: electron donor in PSI;
P700∗: excited state of P700; A0: primary electron acceptor of PS1; A1, Fx, FAFB , FD,
FNR: Intermidiate electron acceptors in PSI; NADP: Nicotinamide adenine dinucleotide
phosphate. Adapted from work by Tachibana et al.[10]

systems the most promising in terms of operation and stability. An example of this is
the relatively new concept of dye-sensitized photoelectrosynthesis cell (DSPEC).[19] This
approach combines the light-harvesting and catalytic properties of chromophore-catalyst
assemblies with the high energy bandgap of semiconductor metal oxides. This strategy
allows the separation of photogenerated redox equivalents which are used at different
compartments to drive the reactions of solar fuel synthesis. I believe that this ”solar
reactors” could be an efficient way to harvest the energy of the sun and provide clean
power in the future.

1.2 Scope of this thesis

The research work presented in this thesis targets significant aspects and current challenges
associated with the development of materials suitable for artificial photosynthesis. The
various electron donor-acceptor assemblies studied during this work were designed to
mimic one or more of the essential functions of artificial photosynthesis. Spectroscopic
methods were used to investigate their photophysical and photochemical properties with
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1.2. Scope of this thesis

several purposes. First, these studies were intended to gain mechanistic insight into the
loss mechanisms competing with light harvesting and charge separation reactions. Some
strategies to counteract these processes were suggested and put into practice. Additionally,
these experimental methods were used to demonstrate relevant concepts for the progress
of artificial photosynthesis research. An important point of this work is to emphasize
the need for simplified systems from both the fabrication and function point of view,
considering that the ultimate goal is the large-scale implementation of this technology.
This thesis is comprised of the following research projects:

In the first project, Paper I, a series of Ru–Mn2 complexes designed to perform
photocatalytic water oxidation were studied. Photophysical characterization of the
complexes revealed that intramolecular quenching of the excited state prevents the system
from efficient charge separation and subsequent photoinduced water splitting.

Charge separation in dye-sensitized semiconductor assemblies was another subject
of interest in this thesis. On this matter, work was dedicated to explore strategies to
extend the lifetime of charge separation. In Paper II, it was shown that ionic liquid (IL)
electrolytes could be used for this purpose. The role of the structure of IL cations and
photosensitizers was investigated, and a mechanism based on electrostatic interactions
at the dye-semiconductor interface was proposed. In Paper III, a patterned design
of a dye-sensitized SnO2 –TiO2 thin film was presented. It was shown that both the
lifetime and distance of charge separation could be increased compared to traditional
dye-sensitized semiconductor thin films. Moreover, the dye-sensitization method presented
here, opened up the possibility of depositing photosensitizers and catalysts on selected
areas of the same semiconductor surface. In doing so, undesired interactions between the
different molecules are minimized while electron transfer between them is still possible.
This type of semiconductor structure could be implemented in future photoelectrochemical
devices such as DSPECs.

In the last project, Paper IV, a hybrid assembly was presented as a proof of concept
of conduction band mediated (CBM) electron transfer. The assembly was fabricated
by immobilizing a photosensitizer and a model electron acceptor at a nanoporous TiO2

surface. The feasibility of transferring electrons from the dye to the acceptor through the
conduction band (CB) of the semiconductor was shown. A first indication of this was the
observed elongation of the CSS lifetime when the acceptor was present. Photoexcitation
of the dye leads to the reduction of the acceptor as shown by transient absorption data.

The collection of results presented in this thesis point towards the same direction: the
assembly of molecular units and semiconductor materials is a versatile and promising
way to integrate the components and functions required in solar fuel synthesis. Although
an ongoing research field that still requires significant advances, the possibilities of
developing this technology are countless. This research work is a contribution to the
scientific knowledge that is necessary for the accomplishment of photochemical solar fuel
production.
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Chapter 2. Mimicking the primary functions of photosynthesis

2.1 Light-harvesting and charge separation

2.1.1 Bioinspired molecular donor-acceptor models

In plants, the primary electron donor in photosystem II (PSII) is a tetramer of equally
spaced chlorophyll a molecules known as P680 (nomenclature given by its absorption
maximum at 680 nm).[23] In PSII, charge separation is initiated when an electron from the
electronic excited state P680∗ is transferred to the primary acceptor pheophytin[24]. Before
the discovery of pheophytin, a plastoquinone molecule known as QA was mistaken as the
primary acceptor in PSII. Based on this knowledge, covalently linked porphyrin-quinone
dyads (P-Q) are among the first and most studied donor-acceptor (D-A) photosynthetic
models.[25,26]

A very important feature of P680 is the very high oxidation potential of the P680•+

radical cation, which has been determined to be 1.17 V vs standard hydrogen electrode
(SHE).[27] This redox potential is high enough to extract four electrons from two water
molecules at physiological pH. An artificial photosynthesis D-A system therefore must
have enough oxidizing power to achieve this. Moreover, the generated charge-separated
state must be sufficiently long-lived in order for the relatively slow reactions of solar fuel
formation to occur.

A large number of P-Q dyads which meet the energetic criteria have been successfully
designed. However, CSS lifetimes are typically no longer than hundreds of picoseconds,
as a result of the rapid charge recombination reaction.[28] The answer to this problem lies
within the PSII where the electron-hole pair is separated by a considerable distance in a
series of short-range consecutive ET steps. Thus, addition of acceptor and donor units to
create covalently linked large molecules of the type D-D-D-A-A for example, has resulted
in extended lifetimes of charge-separation on the order of miliseconds.[29,30]. Obtaining a
D-A molecular model where backward electron transfer is thermodynamically unfavored
is possible through structural design. A remarkable example is the work by Suenobu and
co-workers where fullerene is used as the acceptor.[18] Fullerene and porphyrins have also
been used in or donor-bridge-acceptor or antenna-donor-acceptor assemblies to achieve
long lived and long-range charge separation.[31,32]

Besides porphyrins, ruthenium tris-bipyridyl ([Ru(bpy)3]2
+

)-type complexes have been
extensively studied as model photosensitizers for their interesting photophysical properties.
They exhibit very high extinction coefficients in the visible region and long excited state
lifetimes given by their excited triplet state 3MLCT (see Chapter IV). Intermolecular
electron transfer from this excited state to an external electron acceptor results in a redox
state with sufficient electrochemical potential to carry out water oxidation.[19] Based on
this, many covalently linked [Ru(bpy)3]2

+

-type photosensitizer-catalysts assemblies have
been developed as models for artificial photosynthesis.

As it can be understood from the above, obtaining long-lived charge separation in
molecular D-A models is no longer a problem. The thought of mimicking the electron
transfer chain in PSII and the formation of a highly oxiziding species has been materi-
alized. However, realization of a complete molecular system capable of photocatalytic
water oxidation remains a challenge.[22,30] So what are the impediments that delay this
accomplishment? The answer to this is found in the chemistry of water oxidation and
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2.1. Light-harvesting and charge separation

fuel forming reactions. While these are multielectron processes, the predominantly single
photon absorption in D-A systems leads to single electron-hole pairs. Accumulation of
multiple charges after sequential absorption of several photons is therefore a function
that must be integrated in order to complete solar fuel forming reactions. Unfortunately,
besides electron-hole recombination, there are several additional complications associated
with consecutive photon absorption and accumulative electron transfer. In a second
photon absorption and ET step, quenching of the excited photosensitizer (P*) by the
oxidized donor (D+) or reduced acceptor (A−) is possible by reverse ET,[33] energy
transfer or paramagnetic quenching.[34] Moreover, the existence of intermediate states
where multiple charges are located at the donor and acceptor sides, results in decreased
CSS lifetimes due to additional pathways for electron-hole recombination.[35] Finally, the
potentials of succesive redox reactions need to lie within a narrow range since the various
ET steps are driven by the power of the same photosensitizer. These complications and
requirements hinder the design of a supramolecular system for accumulative electron
transfer. A potential solution to this problem has involved the incorporation of metal
oxide semiconducting materials to build molecular-semiconductor hybrid assemblies where
several electrons can be accumulated in the conduction band of the metal-oxide.[34,36]

The details of this approach will be discussed in the following section.

2.1.2 Molecular-semiconductor hybrid assemblies

Since the work of Fujishima and Honda[5], significant efforts to increase the efficiency of
metal oxide photocatalyts have been made. Examples of this include incorporation of
inorganic co-catalysts,[37] modification of electronic structure via elemental doping,[38,39]

construction of composite heterojunction materials[40], engineering of the nanostructure
morphology[41,42] and plasmonic metal sensitization[43,44]. One of the main disadvantages
of these approaches is the material´s low absorption in the visible-region. An attractive
alternative to target this problem is the inclusion of photosensitizers, also known as
dye-sensitization.

The study of photocurrent generation through dye sensitization of semiconductors
started with the work of Gerisher and co-workers in the 1960´s.[45] Their experiments lead
to the discovery that excited dye molecules are able to inject electrons into the conduction
band or to accept electrons from the valence band (hole injection) of the semiconductor.
The relative position of the semiconductor energy bands and the molecule energy levels
dictates the direction of the charge transfer.[46]

The application of this concept for the fabrication of an efficient photovoltaic device
was demonstrated by Grätzel and O´Regan in 1991. Their dye-sensitized solar cell (DSSC)
consisted of a film of nanoscaled TiO2 particles deposited on a conducting glass substrate
and sensitized with a ruthenium complex. Another conducting glass substrate was used
as the counterelectrode and a iodide/triiodide redox electrolyte was used to mediate the
charge transfer between the electrodes.[47] Figure 2.1 illustrates a typical DSSC. The
efficiencies of DSSCs have been optimized by structural design of photosensitizers, redox
mediators or hole transport materials, photoanode and cathode materials. Solar-to-electric
power conversion efficiencies as high as 14.3% have been reported for DSSCs based on
organic dyes and a liquid electrolytes.[48]
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Chapter 2. Mimicking the primary functions of photosynthesis

Figure 2.1: Illustration of a typical DSSC. Upon dye photoexcitation electrons are
injected into the semiconductor nanoparticles. Electrons diffuse into the conducting glass
substrate (TCO glass) and reach the counter electrode where Pt catalyses electron transfer
to the redox electrolyte. The dye is regenerated by ET from the electrolyte.

As it was mentioned above, fuel formation reactions such as water oxidation and
reduction of CO2 require the transfer of multiple electrons, and therefore, a material
where multiple charges can be accumulated needs to be incorporated in the artificial
photosynthesis assembly. Dye-sensitized semiconductors are great candidates for this for
several reasons. First, electron injection times at dye-sensitized semiconductors can be
as fast as hundreds or tens of femtoseconds and with quantum yields near unity[49–51].
This means that loss processes such as radiative and non-radiative excited state decay
and other quenching pathways are minimized.[52] Second, because each semiconductor
nanoparticle can accommodate many dye molecules, several electrons can be injected
into the same nanoparticle and the charges can be accumulated for a long time before
recombining with the photosensitizer.[53,54] Accumulative charge transfer[36,55,56] and
visible-light driven water splitting[57] in molecular-semiconductor assemblies has already
been demonstrated. However, many advances are still needed before efficient device
fabrication is accomplished.

Besides oxidative reactions such as water splitting, reductive reactions such the
reduction of CO2 or the generation of H2 from protons, are possible with dye-sensitized
semiconductors materials. P-type semiconductors such as NiO can be used to perform
reductive photocatalysis.[58] This can be understood by thinking of a DSSC working in the
reverse direction. For example, an excited photosensitizer attached to NiO can transfer
electrons to a catalyst for CO2 reduction. The photosensitizer would be regenerated by
transferring of electrons from the NiO material.

Reductive photocatalysis can also be achieved by conduction band mediated electron
transfer (CBM-ET).[59–61] That is, the transfer of electrons accumulated in the CB of
semiconductors to catalysts that are active in their reduced states. To achieve visible-light
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2.2. Water oxidation function

induced CBM photocatalysis is a challenging problem from the point of view that many
different ET processes can take place simultaneously. Thus, it requires the design of
functional nanoplatforms integrating photosensitizers and catalysts, where ET to the
catalyst is favored. In this thesis, dye-sensitized semiconductor assemblies where CBM-ET
is facilitated are presented in Papers III and IV (Chapter VI).

Dye-sensitized photoelectrosynthesis cells (DSPEC) are devices where both, oxidative
and reductive solar fuel reactions take place by incorporating the properties of semicon-
ductors and molecular chromophore-catalysts assemblies[19], Figure 2.2. In these devices,
water splitting and fuel formation are separated into two half-reactions taking place at
different compartments. By doing so, the need of matching the rates of both reactions
can be eliminated. Moreover, problems such as (i) the mixing of oxygen and fuel products
and (ii) the generation of undesired byproducts, can be avoided.[35]

Figure 2.2: (a) Dye-sensitized photoelectrosynthesis cell for water splitting into hydrogen
and oxygen. (b) Dye-sensitized photoelectrosynthesis cell for water oxidation and CO2
reduction. Adapted from reference 19.

2.2 Water oxidation function

Water oxidation—often referred to as water splitting—, Equation 2.1, requires the transfer
of four electrons and four protons. Theoretically, the thermodynamic potential of this
reaction is E0 = −1.23V.[62] However, an overpotential is required to drive the pho-
togenerated charge carriers to catalytic sites and to promote reduction and oxidation
reactions.[63]

2H2O(l)→ 2H2(g) + O2(g) (2.1)

Photochemical water splitting requires the subsequent transfer of four electrons and
consequently the absorption of four photons. In green plants, water oxidation is catalyzed
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at the active site of the photosystem II (OEC) by a Mn4CaO5 cluster, which cycles
through redox intermediates known as Si states (i = 0 − 4).[64]. This involves a series
of proton-coupled electron transfer steps in which one proton leaves the reaction center
with each electron that is extracted. This mechanism results in a significantly reduced
overpotential for the subsequent electron transfer steps.[62] The exact mechanism of O-O
bond formation remains unknown, but most likely involves a high-valent manganese centre
(IV or V) with a terminal oxyl radical and/or oxo species. Density functional theory
(DFT)1 calculations and characterization of model synthetic metal-complexes for water
oxidation have supported the suggestion that a MnIV-oxyl radical in the center of the
OEC is required for O-O bond formation.[65,66]

Based on the structure of the OEC and the knowledge regarding the mechanism of
photosynthetic water oxidation, several synthetic bioinspired water oxidation catalysts
consisting of mono-nuclear or di-nuclear metal complexes based on manganese, ruthenium,
iridium, cobalt and iron have been developed.[67–73]. Photochemical water oxidation
resulting in O2 evolution has been achieved in homogeneous systems using bioinspired
complexes and external sacrificial electron acceptors.[69,74]. However, linking a photo-
sensitizer and catalyst in a supramolecular assembly can result in several detrimental
excited state deactivation pathways which prevent efficient charge separation, such as in
the example presented in Paper I. A better approach to photochemical water oxidation
is therefore photoelectrochemical cells[57,75–79]. By anchoring chromophores and catalysts
or chromophore-catalysts assemblies to semiconductors subsequent photon absorption and
accumulation of charges and the use of sacrificial agents can be avoided. These photoelec-
trochemical cells are regenerative, which implies that products are constantly released as
long as reactants and light are supplied and charge carriers are transported between the
electrodes. Although the effectiviness of these approach has been demonstrated, obtaining
long term stability and high overall solar energy conversion efficiencies remain a central
challenge.[75]

2.3 Reductive chemistry

During the light independent reactions of photosynthesis in plants, reduction of CO2

yields intermediates for the synthesis of sucrose and starch.[80] In contrast, reduction of
(i) protons to generate hydrogen gas and (ii) reduction of CO2 to produce fuels such as
methane or methanol are the reduction reactions of interest in artificial photosynthesis.
Therefore, the design principles of catalyst for H+ or CO2 reduction find inspiration in
processes and molecules that are not related to photosynthesis. Accordingly, there are
many different types of catalysts for the reduction of H+ and CO2, however, describing
each of them is beyond the scope of this thesis. Therefore, I will only mention some
relevant examples to the discussion topics in this work. The reader is referred to the cited
references for more details.

Metal oxide semiconductors containing metallic co-catalyts such as platinum or gold
have been the most widely studied materials to promote light-induced H2 evolution.

1A quantum-mechanical method used to calculate the electronic structure of atoms, molecules and
solids
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To be able to drive this reaction with visible-light, sensitization of the semiconductor
has become a common approach as in the water oxidation case. There are many ex-
amples of visible-light induced H2 evolution in sensitized metal oxides using ruthenium
photosensitizers[81–84], organic dyes[85,86] or quantum dots[87,88].

The reduction of CO2 reduction is particularly challenging. The high stability of this
molecule requires a large amount of energy to dissociate the C=O bond. Besides, reduction
of CO2 can yield a large variety of products such as carbon monoxide, formaldehyde
and formic acid, among others.[89]. Moreover, hydrogen formation is a competitive
reaction that occurs in the presence of water. Thus, developing a selective catalyst for
the reduction of CO2 into products of interest is a complicated task. The most studied
heterogeneous catalysts for CO2 photoreduction are based on metal oxide semiconductors
and semiconductor-metal cocatalyst assemblies. These are often more stable compared
to homogeneous molecular catalysts. However, heterogeneous catalyst are often poor
in selectivity and cannot outcompete proton reduction.[90] Most of the molecular CO2

reduction catalyst are metal complexes containing nickel, cobalt, rhenium or iron metal
centers.[91] There are several reports on the photocatalytic reduction of CO2 to CO using
visible light and a homogeneous catalyst.[92–94]. However, photocatalytic conversion of
CO2 to methanol or methane requires the use of sacrificial agents or[95–97] potentially
toxic materials[98,99]. Otherwise, homogeneous catalysts have not been able to maintain a
constant photocatalytical activity over long periods of time.[100]

A particular group of molecular catalysts for CO2 reduction are iron and cobalt metal-
loporphyrins and related metallomacrocycles.[91] In Paper IV, a cobalt porphyrin was
used as a model electron acceptor in dye-sensitized semiconductors for the demonstration
of CBM-ET in dye-sensitized semiconductor assemblies.
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Chapter 3. Theory and experimental methods

3.1 Spectroscopy. Light-matter interactions

Spectroscopy relies on a set of tools designed for the measurement and interpretation of
the electromagnetic radiation resulting from light-matter interactions. The aim of this
section is to describe the relevant theoretical considerations and spectroscopic methods for
the study of the photophysical processes of solar energy conversion.

3.1.1 Theory of electronic transitions

In order to understand the mechanisms behind the processes of solar energy conversion it is
necessary to consider the principles of light-matter interactions. One of these fundamental
principles is the wave-particle duality of elemental particles. The energy of photons—the
elementary particles of electromagnetic radiation— depends on the frequency of the
electromagnetic wave according to

E = hν =
hc

λ
(3.1)

where h is Planck´s constant and ν is the frequency of the electromagnetic wave, which
is equal to the speed of light divided by the wavelength, λ.

The mathematical description of the wave-like behavior of electrons in an atom is given
by the atomic orbitals (wave functions Ψ). These represent the probability of finding an
electron at a certain position relative to the nuclei.[101] The distribution of the electrons
in molecules is represented by molecular orbitals (MOs), which are constructed by linear
combination of the atomic wave functions. For electronic transitions, the assumption
that the nuclei has fixed spatial coordinates is valid. This results in decoupling of the
motion of electrons from that of nuclei (Born-Oppenheimer approximation). Under
this approximation the wave function of a molecule can be simplified by separating its
electronic and nuclear components, Equation 3.2.

Ψtotal = ΨelectronicΨnuclear (3.2)

The energies of the different electronic states corresponding to the wave functions can
be obtained by solving the Schrödinger wave equation, Equation 3.3. In this equation, H
is the Hamiltonian operator,1 Ψ is a wave function in a stationary (time-independent)
state and E is the energy of the state. The values of energy are quantized (restricted to a
discrete set of values).

HΨ = EΨ (3.3)

The photophysical processes involved in solar energy conversion are related to pho-
toexcitation of electrons. That is, the promotion of electrons from lower to higher energy
states—molecular orbitals—due to their interaction with light. For a photon to be ab-
sorbed by a molecule and produce an electronic transition, the first requirement is that
the frequency of the electromagnetic radiation must match the energy gap between the

1A sum of operators corresponding to the kinetic and potential energies of the system
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energy levels involved in the transition. For electronic transitions, this energy difference
corresponds to ultraviolet (UV) and visible electromagnetic radiation.

Photoexcitation produces a displacement of electrons within the molecule thus inducing
a dipole moment.[102] Mathematically, this can be described by considering the interaction
of the electric field component of light with the charged particles of molecules. For an
electronic transition between an initial state m, and a final state n, there is an associated
electric dipole moment operator µ, Equation 3.4. In this equation, qi and ri are the charge
and position vector of each particle (electron or nucleus).

µ =
∑
i

qiri (3.4)

For an electronic transition to be allowed, the transition moment integral, Equation 3.5
must not equal zero.[103] The magnitude of the transition is given by the scalar product of
the electric field vector of the radiation and the dipole moment vector of the molecule.[102]

According to spectroscopic selection rules which contain symmetry, spatial (overlap)
and electron spin (angular momentum) requirements, a transition with Rnm = 0 is
said to be forbidden. For example, transitions between states of different total spin are
strictly forbidden as the angular momentum is not conserved. However, these transitions
may be permitted by interaction of the electron spin with the orbital motions of other
electrons (spin-orbit interaction).[104] The square of the magnitude of Rnm is the transition
probability and it is related to the rate of change of population of the state n.

Rnm =

∫
Ψ∗nµΨmdτ (3.5)

To illustrate the different electronic states of a molecule and possible transitions
between them a Jablonski diagram can be used, Figure 3.1.

After excitation to higher electronic and vibrational states, rapid excess energy dis-
sipation (vibrational relaxation) to the lowest vibrational level of the electronic excited
state occurs. DUe to the speed of this process, deactivation of the excited state by emis-
sion of a photon always originates from the lowest vibrational level (Kasha´s rule).[105]

Emission between singlet states (fluorescence) or between states of different multiplic-
ity (phosphorescence) is possible. Typical rate constants of phosphorescence are much
smaller than those of fluorescence because of the forbidden nature of this process, which
translates into slower kinetics.[105] Nonradiative transitions between states of the same
or different multiplicity are known as internal conversion (IC) and intersystem crossing
(ISC), respectively. Both processes are isoenergetic, that is, the energy of the system is
maintained during the transition to the other state. These electronic transitions do not
all have the same probability to occur and therefore, the intensities of the measurable
properties related to the transitions, e.g. absorption and emission, are variable.

Following the Born-Oppenheimer´s approximation, the energy of a molecule in each
electronic state can be described as a function of only the nuclear coordinates. These
functions can be graphically represented by potential energy surfaces that contain vibra-
tional energy levels. Upon an electronic transition, there is a simultaneous change in
vibrational energy (vibronic transition). Compared to nuclear motion, vibronic transitions
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Figure 3.1: Jablonski diagram representing the electronic states of a molecule and the
possible transitions between them. The thin horizontal lines represent vibrational levels
within the electronic level. Si represent singlet states (all electrons paired, total spin = 0)
and Ti represent triplet states (two unpaired electrons, total spin = 1). The numbers
represent typical rate constant values for each type of transition.

to higher states occur very rapidly. Thus, transitions between the potential energy sur-
faces are more likely to occur vertically and their intensity is proportional to the overlap
between the vibrational wavefunctions of the two states, Figure 3.2. This is known as the
Franck-Condon principle.

In large polyatomic molecules, electronic transitions involves manifolds of vibronic
levels which are closely spaced; so the probability Pn of a transition contains contributions
from all individual levels and becomes an integral over the energy range of the transition.
The approximate solution to this integral is given by Equation 3.6. The derivative of
this expression with respect to time is known as the Fermi´s golden rule and represents
the rate at which the transition occurs, Equation 3.7.[102] In these equations ρn is the
density of states (the number of available vibronic states) and Hnm = 〈Ψn|Ĥ′|ψm〉 where
Ĥ′ represents any perturbation responsible for driving the transition from the initial to
the final state.

Pn =
2π

~
H2
nmρnt (3.6)

d

dt
Pn =

2π

~
H2
nmρn (3.7)

The quantum yield Φ of a transition is a measure relating to its probability, reflecting
the efficiency of the process, Equation 3.8.[104]

Φ =
No. of events

No. of photons absorbed
(3.8)

For an emissive deactivation pathway there is an associated natural lifetime, τ0r ,
which is defined as the reciprocal of the radiative rate constant k0r , Equation 3.9. This
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Figure 3.2: Left: schematic representation of the Franck-Condon principle. The curves
represent potential energy surfaces of the ground state and and first excited singlet states
of a molecule. The vertical lines inside the curves represent vibrational energy levels
within the electronic levels. Right: representation of absorption and emission spectra
resulting from electronic transitions between the potential surfaces displayed to the left.
Adapted from Lakowicz (2006).[105]

kinetic property corresponds to the isolated radiative process in which the excited state
decays spontaneously as a function of time. This process follows first-order kinetics so it
depends on the first power of the concentration of electronically excited molecules [M∗],
Equation 3.10.[102]

τ0r =
1

k0r
(3.9)

− d

dt
[M∗] = k0r [M∗] (3.10)

In the same manner, there is a rate constant knr associated with any nonradiative
deactivation process. The observed lifetime τ of an excited state is that resulting from
the contributions of all deactivation pathways and can be expressed as

τ =
1∑
i ki

=
1

k0r +
∑
knr

(3.11)

The quantum yield of any deactivation process i, Φi, can be expressed in relation to
the rate constants kj of all other deactivation pathways as follows

Φi =
ki∑
j kj

= ki × τ (3.12)

The process by which the quantum yield of emission decreases is known as quenching
and it occurs by different mechanisms. Collisions with surrounding molecules, dynamic
quenching, or the formation of non-fluorescent species in the ground state, static quenching,
are two examples. Also, the energy of the excited molecule may be transferred to an
acceptor in its ground state by dipole-dipole interactions in a process known as resonance
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energy transfer, resulting in a lower quantum yield. This process is highly dependent on
the distance between the two species, and the extent of overlap between the emission
spectrum of the donor and the absorption spectrum of the acceptor. Electron transfer
from the excited state of a donor to an acceptor is another process that also results in
the quenching of emission. This process is especially relevant for solar energy conversion
because it results in a charge separated state. The details of this process are discussed in
section 3.2.

3.1.2 Spectroscopic techniques

The intensity of absorption and emission of molecules are usually represented as a function
of the wavelength λ in so-called spectra. The shape of the spectra depends on the chemical
structure, the solvent in which the molecule is dissolved as well as the distribution of
vibrational and rotational states.[105] Absorption and emission spectra of molecules are
broad as a result of this distribution. In most cases, the emission spectrum of a molecule
is the mirror image of the S0 to S1 absorption band and, since the transition involves the
same vibrational levels, the spectra are symmetric. However, the energy of the emission
is typically lower than that of absorption (Stokes shift) as a consequence of Kasha´s rule.
Furthermore, emission spectra are typically independent of the wavelength of excitation.
Absorption and emission spectra cross at the 0-0 (zero zero) transition, which corresponds
to electronic transitions to and from the lowest vibrational states in each electronic state.

Measurement of absorption and emission spectra of molecules and materials is fun-
damental for the characterization of their photophysical and photochemical properties.
Illustrations of typical instrumental setups to perform these measurements are depicted
in Figure 3.3 and Figure 3.4.

Figure 3.3: Schematic representation of a single beam spectrophotometer setup

According to the Lambert-Beer law, the absorbance A of a sample at a particular
wavelegth λ, has a linear dependence with the product of the molar absorption coefficient
ε(λ), the path length of the travelling light beam l, and the concentration C of the
molecules in the solution, Equation 3.13. Here, I0 and I are the light intensities of the
beam before and after passing through the sample respectively. The molar absorption
coefficient ε is proportional to the probability of transition between two electronic states,
and thus is used as a quantitative measure of the light harvesting capability of a molecule.

A(λ) = −log I0
I

= ε(λ)lC (3.13)

The Lambert-Beer law is valid for low concentration solutions. At high concentrations,
alteration of the refractive index or formation of aggregation complexes result in deviations
from this law.
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Figure 3.4: Schematic representation of a right-angle spectrofluorometer setup

From Equation 3.8, it can be derived that determination of the emission quantum yield,
Φr, requires measurement of the radiation intensity and the number of emitting molecules.
These quantities are directly related to the intensities of absorption, A, and emission, I.
Accordingly, the quantum yield of emission can be expressed as in Equation 3.14. However,
this is only valid under steady-state conditions2 and if the intensities are recorded under
identical conditions of irradiance and detection.[102] Due to these difficulties, the quantum
yield of emission is usually determined with the use of a reference with a known Φr and
then the emission quantum yield of the sample is given by Equation 3.15, where R and S
are used to indicate properties of the reference and the sample respectively.

Φr =
I

A
(3.14)

ΦSr = ΦRr
AR
AS

IS
IR

(
ηS
ηR

)2

(3.15)

On the other hand, direct quantification of photons comes with several complications
and therefore an indirect method is commonly used. This aproach involves the use of a
chemical actinometer, an emitter with a known quantum yield and a concentration that
can be easily determined.

Measurement of emission lifetimes is possible by using time-resolved spectroscopic
techniques. Time correlated single photon counting (TCSPC) is one of the most commonly
used methods for this purpose, Figure 3.5.

During this measurement the sample is excited with a pulsed monochromatic light
source with a defined repetition frequency. A time to amplitude converter (TAC) generates
a voltage ramp initiated at the time of the excitation pulse (t1). The ramp builds up

2Continuous light irradiation supply and build up of steady concentration of excited molecules
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linearly with time until the arrival of an emitted photon to the detector at t2. The voltage
is amplified and converted to a numerical value by an analog-to-digital converter (ADC).
The values are collected until a desired number of events is reached and a histogram
of number of counts versus time is built. To obtain the real emission decay of the
sample, the instrument response function (IRF), a response of the instrument to a sample
with zero lifetime is deconvoluted from the intensity decay. The IRF gives the overall
timing precision of the system and depends on the detector characteristics and the timing
electronics.[105]

Figure 3.5: Schemematic of the instrumental components and principles of a TCSPC
measurement.

3.2 Photoinduced charge separation

3.2.1 Theory of photoinduced electron transfer

Photoinduced electron transfer (PET) is the process by which a photoinitiated charge
separated state is generated. During this process, an electron transfer between a donor
and an acceptor where either one of them is in the excited state occurs. Intramolecular
PET between a donor in the excited state and an acceptor in the ground state can be
represented as in Equation 3.16. Here, D∗|A is the excited donor-acceptor complex (or
charge transfer complex), a state formed by electrostatic interaction, and D+|A is the
charge separated state. The direction of the electron transfer is determined by the redox
potentials of the ground and excited states.[105]

D | A hν−→ D∗ | A kET−−→ D+ | A− (3.16)

The change in standard Gibbs energy for such a reaction occurring in a solvent with a
dielectric constant equal to ε can be described by Equation 3.17.[106] Here, the first and
second terms are the oxidation and reduction potentials of the donor and the acceptor
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respectively, and ∆G00 is the energy of the 0-0 electronic transition of the donor. The last
term is the electrostatic force in the ionic pair formed after the electron transfer, where d
is the distance between the charges.

∆G = E(D/D+)− E(A/A−)−∆G00 −
e2

εd
(3.17)

A classical physical description of photoinduced electron transfer is provided by Marcus
theory. According to this theory, the potential energy surfaces of the donor-acceptor
complex (DA) and charge separated state can be represented as parabolic functions.[106]

At the crossing point of the parabolas there is a transition state through which the
donor-acceptor complex moves to the charge separated state if enough activation energy
∆G‡ is supplied.[107] Equilibrium relaxation to the charge separation state requires
reorganization of the system for the new charge distribution. The energy dissipated
through this relaxation is known as the reorganization energy, λ,3 and it is proportional
to the separation between the minima corresponding to the initial and final states, qR
and qP , and to a force constant, f as in Equation 3.18.[108]

λ =
1

2
f
(
qR − q2P ) (3.18)

The reorganization energy term contains contributions from nuclear configuration
distortions (inner λ) and from polarization reorientation of the surrounding solvent
molecules (outer λ).

By recalling the Arrhenius relationship between rate constant and activation free
energy, the rate constant of the electron transfer, kET can be written as in Equation 3.19.
Here, ∆G0 is the overall free energy of the reaction, λ is the reorganization energy, kB is
the Boltzmann constant and A is a prefactor depending on the probability of crossing the
barrier top.[108]

kET = A exp

[
− (−∆G0 + λ)2

4λkBT

]
(3.19)

According to this equation, three possible cases in the Marcus model are possible,[109]

Figure 3.6:

� The normal region where the rate of ET increases with the driving force: ∆G0 < λ

� The special case where there is no activation barrier for the reaction: ∆G0 = λ

� The inverted region where the rate of ET decreases with driving force: ∆G0 > λ

Photoinduced long-range electron transfer (such as that needed in molecular models
for artificial photosynthesis) is known to occur via two main different mechanisms: (1)
multistep hopping with intermediate states where the electron-hole pair is temporarily
localized and (2) direct tunneling from donor to acceptor.[32,108,110] In the tunneling
mechanism, the crossing of an energy barrier is not required, and quantum effects need to
be introduced (semi-classical description). The rate of ET is distant dependent and is

3Notice that λ is also used as a symbol for wavelength in other contexts
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Figure 3.6: Simplified representation of three cases for Marcus theory of electron transfer.
The normal region (left), the activationless case (center) and the inverted region (right).
Adapted with permission from Metzger R.[109]

given by the density of acceptor states and the electronic matrix element that combines
the donor and acceptor states, electronic coupling.[108] Such is the case of PET from a
photosensitizer bound to a metal oxide which will be discuss in the next Section (section
3.2.2).

As mentioned in Chapter 2, several examples of artificial models with photoinduced
long-range charge separation have been reported in the literature. However, rapid charge
(electron-hole) recombination prevents the system from maintaining the charge separated
state for enough time to allow for fuel forming reactions. Thus charge recombination is
regarded as one of the main loss processes in solar energy conversion. However, charge
separation can become inefficient due to the occurrence of other electronic transitions
that prevent the charge from being transferred to the final acceptor. For example, the
photogenerated energy might be lost due to the charge being localized at other parts
of the molecule—electron transfer—, or by intramolecular energy transfer. Thereafter,
emissive or non-emissive relaxation to the ground state can occur without reaching the
final desired separated state. Such is the case of the model Ru–Mn2 model complexes
that will be discussed in Chapter 4.

3.2.2 Photoinduced electron transfer at dye sensitized semicon-
ductors

So far, electronic transitions in molecular systems have been described in terms of energy
levels and molecular orbitals. However, when it comes to solid state materials, band
structure is a better approach for the description of their electronic and optical properties.
In large arrangements of periodic lattices of atoms such as crystals, the atomic orbitals
of each atom overlaps with those of its neighbors broadening the orbitals into band
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energy levels which are sets of energy levels so closely spaced that they can be considered
a continuum.[111] The energy difference between the top of the highest occupied band
(valence band, VB) and the bottom of the lowest unoccupied band (conduction band,
CB) is the bandgap of a material. When electrons exist in the conduction band, they can
move freely in the material and act as charge carriers. Solid materials can be classified
according to the size of the bandgap, Figure 3.7

Figure 3.7: Relative size of the bandgap of solid materials

Compared to the bandgap of silicon, the relatively wide bandgap of metal oxide semi-
conductors requires dye-sensitization for their use in visible-light harvesting applications.
TiO2 is so far the most commonly used semiconductor in dye-sensitized photoelectro-
chemical cells and photocatalysis applications. The fabrication of this non-toxic material
is of low cost and it possesses good stability, high photocatalytic activity and strong
oxidizing power.[112] TiO2 is considered to be an n-type semiconductor although formally,
an n-type semiconductor is one which has been doped with impurities that contribute with
energy levels close to the conduction band. In doing so, the population of free electrons
is increased resulting in increased conductivity. This is, however, not the case for TiO2.
The existence of oxygen vacancies in its structure gives rise to states in the band gap by
localization of electrons at Ti3+ centers, resulting in a similar effect.[113,114] Moreover,
the principles of dye-sensitized semiconductor devices imply that the population of the
conduction band by electron injection from the dye results in electrons being the majority
charge carriers, which also falls within the definition of an n-type semiconductor.

Sensitization of metal oxide semiconductors arises from chemical interactions between
the semiconductor atoms and specific anchoring groups in the dyes such as carboxylic
and cyanoacrylic acid. The conduction band of the semiconductor can be populated
by photoinduced electron transfer—electron injection— from the photoexcited dye if
there is a driving force for this process to occur, a mechanism that was first verified by
Gerisher, Tributsch and co-authors,[115] see Figure 3.8. For efficient charge separation
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in dye-sensitized semiconductors the rate of electron injection must be fast enough to
compete with intramolecular relaxation. The fastest PET in dye-sensitized TiO2 occurs in
the subpicosecond timescale, however, injection rates as slow as hundreds of picoseconds
have been measured.[51]

Figure 3.8: Schematic representation of the relative energy levels of dye and semicon-
ductor and the direction of forward and back- electron transfer processes.

A description of this electron transfer process can be done by recalling Marcus theory
and representing the acceptor as a manifold of parabolas being a continuum of available
states, Figure 3.9. Each point of the reactant surface energy curve is then a transition
state and consequently, the rate of ET would be exclusively determined by the electronic
coupling.[116]

Figure 3.9: Marcus theory representation of PET in dye-sensitized semiconductors.
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The efficiency of charge separation in dye-sensitized semiconductors is to a large extent
dependent on the rate of electron injection, which in practice not only depends on the
electronic coupling but also on several factors such as the structure of the dye,[117,118] the
environment (solvent choice and pH) and the relative energies of the excited dye level
and the unoccupied semiconductor acceptor states.[51]

Once the electron has been injected into the conduction band, a CSS will exist until
the electron recombines with the cation radical of the photosensitizer. This process is
referred to as charge recombination or back-electron transfer (BET), see Figure 3.8. In
contrast to the forward electron transfer, BET is thermally activated and it does not
involve a continuum of energy levels of the acceptor. Therefore, despite the large driving
force, it is a significantly slower process which is believed to lie in the Marcus inverted
region.[119–121].

3.2.3 Experimental methods for the characterization of PET

Time-resolved absorption spectroscopy

The characterization of PET mechanisms and intermediate transient states is possible
by measurement of the absorbance of a sample as a function of time after excitation
with a pulse of light— a spectroscopic technique known as flash photolysis or transient
absorption spectroscopy.[122] Data is usually represented as the difference between the
initial absorption of the sample (AGS(λ)) and its absorption after photo-excitation
(AES(λ)) as in Equation 3.20. Negative differential absorption (∆A) signals appear due to
ground state depopulation while positive signals correspond to absorption in the excited
state. Monitoring (∆A) signals as a function of time– transient absorption curves– is useful
for the calculation of the lifetime of a CSS and the rate constants of charge recombination.
To illustrate this, photoinjection from a dye adsorbed onto a semiconductor results in a
positive (∆A) at the wavelengths of absorption of the dye radical cation. The decay of
this signal as a function of time corresponds to the kinetics of the radical cation-electron
recombination.

For the experimental work presented in this thesis, a flash photolysis experimental
setup as illustrated in Figure 3.10 was used. Pulsed excitation light with 10 Hz repetition
rate was generated using a Nd:YAG laser and an optical parameter oscillator (OPO). Probe
light was generated with a Quartz Tungsten Halogen (QTH) lamp. Transient absorption
spectra were measured using either a charge-coupled device (CCD), or constructed from
single-wavelength transient absorption decays. Transient absorption decays were measured
using either a photomultiplier (PMT) or a photodiode-based detection system.

∆A(λ) = (AES(λ)−AGS(λ)) (3.20)

Redox potentials

Experimental determination of the donor and acceptor redox potentials can be done by
electrochemical techniques. The redox potential E0 of a half reaction can be measured
by cyclic voltammetry (CV), an experiment usually performed in a three electrode cell
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Figure 3.10: Schematic representation of a flash photolysis experimental setup.

configuration. During a CV measurement, the potential of a working electrode (WE)
is linearly varied with time, starting from a potential where no reaction occurs at the
electrode and moving to potentials where either reduction or oxidation occurs. As the
potential is varied, electrical current, i, flows between the WE and a counter or auxiliary
electrode (CE) as the chemical species in the solution are oxidized or reduced. The
current reaches a maximum at the peak current, ip, and then decreases. Thereafter, the
direction of the linear sweep is reversed at time = tR. The variation in the WE’s potential
is measured against a reference electrode (RE), which the potential is constant.[123] A
plot of i versus E is constructed and the formal potential, E0′ is calculated as follows:
E0′ = 1

2 (Epc − Epa), see Figure 3.11.

Figure 3.11: Left: Variation of the potential as a function of time in cyclic voltammetry.
Right: A typical CV response for a reversible oxidation-reduction reaction.

The redox potential of the excited state of a donor, D∗, can be calculated by finding
the intercept of the normalized absorption and emission spectra of the molecule.[124] This
value corresponds to the E0−0 gap, the difference in energy between the lowest unoccupied
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3.2. Photoinduced charge separation

molecular orbital (LUMO) and the highest occupied molecular orbital (LUMO)— the
energy difference between the ground and excited electronic states for the vibrational
0-0 transition. The redox potential of the excited state can then be computed as in
Equation 3.21.

E0′
D∗/D+∗ = E0′

D+/D + E0−0 (3.21)

Spectroelectrochemistry

Combination of spectroscopic and electrochemical techniques is commonly employed in
the characterization of photochemical and electrochemical reactions. Measurement of the
spectroscopic properties of a chemical species while it is reduced or oxidized can be used
to investigate reaction kinetics, Figure 3.12. It can also provide information that is later
correlated to transient absorption data in order to identify reaction intermediates and
determine rate constants of photoinduced reactions. Practical examples of this can be
found in the following Chapters.

Figure 3.12: Schematic representation of an experimental setup for spectroelectrochem-
ical measurements.
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Chapter 4. A model Ru–Mn2-complex for water splitting

In this chapter, the photophysical properties of a Ru – Mn2 complex for photochemical
water oxidation are described, illustrating the challenges of supramolecular approaches to
solar fuels.

4.1 Photophysics of Ru(II)polypyridyl complexes

Due to their unique photophysical properties, ruthenium(II)polypyridyl complexes have
been widely used as photosensitizers in the study of photochemical solar energy conversion.
In particular, their high molar absorption coefficients in the visible region and their long
excited state lifetimes makes them interesting for application in artificial photosynthesis.
Moreover, the possibility of tuning their excited states properties by structural modifica-
tion[13] makes them versatile photosensitizers that can be designed to target a desired
application.

According to ligand field theory, coordination of the Ru(II) cation with electron donat-
ing ligands results in splitting of its degenerated d-orbitals into lower and higher energy
orbitals. The resulting energies of the orbitals depend on the extent of electronic repulsion
between electrons from the ligands and d -orbital electrons. Ru(II)polypyridyl complexes
displaying long-lived excited states have an octahedral-like coordination geometry that
results in a d -orbital splitting as that represented in Figure 4.1.

Figure 4.1: Schematic representation of the different absorption transitions in Ru(II)-
polypyridil complexes.

The observed long lifetime of Ru(II)polypyridyl complexes corresponds to their triplet
metal-to-ligand charge transfer (3MLCT) state, which is generated after fast intersystem
crossing from the lowest singlet metal-to-ligand charge transfer (1MLCT) state.[125] The
3MLCT state decays to the ground state by either emission or non-radiative transitions.
In the presence of molecular oxygen, the excited state of Ru(II)polypyridyl complexes
is quenched by energy transfer to the triplet ground state of O2 resulting in reduced
emission quantum yield and shorter lifetime.[126] Therefore, removal of O2 is essential
when measuring the excited state properties of the complexes.
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4.2. Dinuclear manganese water oxidation complex

The design of many Ru(II)polypyridil complexes is based on the structure of the well

known parent complex Ru(II)-tris-bipyridine ([Ru(bpy)3]2
+

. Its absorption spectrum
and structure are shown in Figure 4.2. In deoxygenated acetonitrile (CH3CN) solutions,
its emission quantum yield is approximately 0.06[127] and its excited state lifetime is ca
1 µs.[127] Besides the charge transfer transition giving rise to the characteristic MLCT
absorption band, there are additional bands corresponding to ligand-centered (LC) and
metal-centered (MC) transitions.

Figure 4.2: Absorption spectrum of [Ru(bpy)3]Cl2 in CH3CN. The inset shows the
structure of the complex.

Any modification on the bpy-ligands with electron withdrawing or donating groups
will result in a change on the distribution of molecular orbitals and therefore on the
electronic transitions and photophysical properties of the complex. Such is the case of
the photosensitizers studied in Paper I, which structure was modified with a linker unit
for the purpose of binding with the water oxidation catalyst.

4.2 Dinuclear manganese water oxidation complex

The bioinspired OEC dinuclear manganese complex (Mn2-complex) used in Paper I was
previously reported by Karlsson and co-workers and was the first of its type to catalyze
water oxidation in the presence of [Ru(bpy)3]3+ as a single electron oxidant.[69] More

importantly, this complex catalyzes photochemical water oxidation with a [Ru(bpy)3]2
+

type photosensitizer when using sodium persulfate as an external electron acceptor as
illustrated in Figure 4.3.

The structure of the (Mn2-complex) is shown in Figure 4.4. The success on the design
of this complex is the replacement of the benzylic amines present in many previously
reported Mn-complexes with the negatively charged carboxylate groups, which reduced
the redox potentials of the metal center in order to facilitate catalytic activity with
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Chapter 4. A model Ru–Mn2-complex for water splitting

Figure 4.3: Schematic representation of photocatalytical conversion of water to oxygen
by a Mn2-complex in the presence of a single electron oxidant [Ru(bpy)3]2

+

.

[Ru(bpy)3]2
+

-type photosensitizers.[69] The catalytic activity of the complex and the
light-driven oxygen evolution are optimal at pH = 7.2.

Figure 4.4: Structure of the dinuclear manganese complex mimicking the OEC.

The development of a supramolecular assembly where both light harvesting and water
oxidation takes place is desirable. By bringing the photosensitizer and the catalyst closer
together, it is thought that electron transfer could be facilitated and controlled in a more
optimal way. However, this comes with several complications as discussed in more detailed
the following Section (section 4.3).
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4.3 Linking photosensitizer and catalyst

In Paper I, the dinuclear Mn2-complex was linked to [Ru(bpy)3]2
+

-type photosensitizers
to build a supramolecular assembly for photocatalytic water oxidation. To be able to
couple the two units, one of the bipyridine ligands was substituted by a phenantroline
ligand containing an imidazolium-phenol unit, named precursors Pa-c. Their structures
are shown in Figure 4.5. From these precursors, three Ru(II) ligand-complexes were
prepared named Ru(II)-complexes a-c. In complex b, electron withdrawing ethyl ester
groups (CO2Et) were introduced in the pyridine ligands with the purpose of delocalizing
the excited state away form the Mn2 center. An additional structural modification was
made in complex c by introducing a phenyl substituent onto the central imidazole to
decrease the planarity by increasing the steric strain. Complex c was used to prepare
the Ru–Mn2 dyad upon reaction with manganese(II) acetate. The dyad was insoluble in
organic solvents, therefore, the photophysical characterization was performed in water-
acetonitrile mixtures. Chemical water oxidation with the dyad was possible by using
[Ru(bpy)3]3

+

as an oxidant. However, the photochemical water oxidation in the presence
of an external electron acceptor failed despite the high metal-based oxidation potential of
the dyad (1.6 V vs. NHE). Studies of the photophysical properties of the dyad and the
Ru-complexes was necessary to understand the reason behind this.

Figure 4.5: Structures of the Ru(II)-ligand complexes, their corresponding precursors
Pa-c and the Ru–Mn2 dyad.
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4.4 Photophysical characterization

The absorption spectra of the Ru(II) ligand complexes, the precursor Pa and the Ru–Mn2

dyad are shown in Figure 4.6. They all display a pH sensitive MLCT band centered at
λ ≈ 450nm. The band is broad and has a hump at λ = 480nm in neutral pH. This could
be interpreted as a mixed excited state that contains the MLCT state. Time-dependent
density functional theory (TDDFT) calculations of the optimized precursor in water
predicted that the lowest HOMO-LUMO transition should occur at λ = 451nm and
corresponds to a charge transfer from the phenol to π∗ orbitals on the bpy ligands. It is
postulated that the broad band contains both this and the MLCT transition. At high pH,
the hump becomes more evident and the molar extinction coefficient increases, especially
at lower wavelengths. For the precursor, an additional absorption feature is observed
between 500–550 nm. This could be explained by a red-shifted HOMO-LUMO excitation
in the deprotonated precursor as predicted by the TDDFT calculations.

At low pH a single peak appears, most probably representing the unperturbed MLCT
state. This can be confirmed from the long emission lifetime of 858 ns measured for the
precursor, comparable to the lifetime of [Ru(bpy)3]2

+

in deoxygenated acetonitrile.

Figure 4.6: Absorption spectra of the Ru(II) ligand complexes, the precursor Pa and
the Ru–Mn2 dyad displaying the MLCT band.

Emission of the Ru(II) ligand complexes and the Ru–Mn2 dyad was strongly quenched
as the pH was increased as exemplified in Figure 4.7. This was further confirmed by
measuring the emission lifetimes, Figure 4.8. Emission quantum yields and lifetimes of the
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precursor a, the ligand complexes and the dyad are reported in Table 4.1. The emission
quantum yields, Φ, were calculated according to Equation 4.1.

Φ = (η/ηref )(Aref/A)(I/Iref )Φref (4.1)

where A and Aref are the absorbance values of the samples at the excitation wavelength;
I and Iref are the emission intensities of the samples, given by the signed area of the
emission spectra; Φref is the quantum yield of the reference and η is the refractive index.

The reference sample consisted of [Ru(bpy)3]2
+

in a 1:1 mixture of acetonitrile/water

and its quantum yield was calculated in relation to the quantum yield of [Ru(bpy)3]2
+

in
acetonitrile with a value of 0.06.[127]

The excited-states lifetimes were obtained by fitting the individual decay curves to
exponential decay models with a numerical reconvolution algorithm to account for the
IRF. The emission decays of the Ru(II)-complexes at high pH were well described with a
single-exponential model. At neutral and high pH, at least two exponential components
were needed to describe the data. This was also the case for the decay curves of the dyad.

Figure 4.7: Steady state emission spectra of the Ru(II)-complex c (left) and the Ru–Mn2

dyad obtained with excitation at λ = 425 nm.

The short lifetimes of the Ru(II)-complexes a-b were unexpected but they could be
explained by a large conjugation of the system and an essentially planar structure, which
facilitates electronic transitions involving the orbitals localized at both the phenanthroline-
benzimidazole ligand framework and those around the metal. However, the short lifetime
of the Ru(II)-complex c was even more surprising, because the phenyl substituent on the
central imidazole, which was introduced to destroy the planarity, did not seem to have
any effect. Nonetheless, judging from the emission maxima, which are essentially the
same for Ru(II)-complexes b-c and the Ru–Mn2 dyad but different for Ru(II)-complex a
(Figure 4.9), introduction of the (CO2Et)2bpy ligands was successful in delocalizing the
excited states over different parts of the molecule. Unfortunately, this was not enough to
reduce the unwanted quenching of the 3MLCT state.

TDDFT calculations for the triplet excites state of the Ru(II)-complex a, predicted a
manifold of states with similar energies involving either internal ligand charge transfer
(3ILCT), a metal centered transition (3MC) or the 3MLCT transition. The 3ILCT and
3MC states are expected to be very shorted lived,[127] and if existing in equilibrium with
the 3MLCT state would contribute to the short lifetimes observed in all the complexes.

37



Chapter 4. A model Ru–Mn2-complex for water splitting

Figure 4.8: Emission decays measured at λ = (610± 10) nm by single photon counting
with pulsed excitation at λ = 405 nm.

The multiexponential behavior of the emission decays observed in all the Ru(II)-
complexes, the dyad and the precursor at neutral and high pH (Table 4.1), supports the
existence of a manifold of excited states of similar energy.

Figure 4.9: a) Steady state emission spectra of Ru(II)-complexes and the Ru–Mn2 dyad
in a deoxygenated 1:1 mixture of CH3CN/H2O at neutral pH, obtained with excitation
at λ = 425 nm. b) Emission decays of the Ru–Mn2 dyad measured at λ = (610± 10) nm
by single photon counting with pulsed excitation at λ = 405 nm.
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Table 4.1: Emission properties of the precursor Pa, the Ru(II)-complexes and the
Ru–Mn2 dyad in a mixture of 1:1 acetonitrile water, at different pH values. Amplitudes,
A, are reported as relative amplitudes and lifetimes with amplitudes lower than 4% have
been ommitted.a Reprinted from Paper I with permission from the publisher. Copyright
(2014) WILEY-VCH Verlag GmbH and Co.

A1 τ1 A2 τ2 A3 τ3 λmax φ
Sample

(
%
) (

ns
) (

%
) (

ns
) (

%
) (

ns
) (

nm
) (

%
)

Pa
(low)

- - - - 100 858 627 -

Pa
(neutral)

- - 83 92 17 584 610 -

Pa
(high)

- - 30 163 70 818 621 -

LC-a
(low)

- - 16 339 84 1032 630 2.12

LC-a
(neutral)

68 15 22 135 10 635 613 0.16

LC-a
(high)

98 1.4 - - - - - -

LC-b
(low)

- - 46 303 54 823 662 2.35

LC-b
(neutral)

94 3 4 58 - - 667 0.08

LC-b
(high)

98 1.8 - - - - - -

LC-c
(low)

- - 31 541 69 965 658 3.74

LC-c
(neutral)

98 2.2 - - - - 661 0.16

LC-c
(high)

96 3.6 - - - - 624 -

Dyad
(low)

- - 12 354 88 830 659 4.17

Dyad
(neutral)

80 7.9 18 60.6 - - 660 0.19

Dyad
(high)

65 1.5 33 8.3 - - 621 -

[Ru(bpy)3]2
+

- - - - 100 890 611 5.90
a.Low pH correspondes to pH∼1 in aqueous solution, neutral to pH∼7, and high to pH∼10. The pH was

adjusted by using HCl (12M) or NaOH (5M). Data for [Ru(bpy)3]2
+

was obtained in CH3CN.
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Chapter 4. A model Ru–Mn2-complex for water splitting

Interestingly, Ru(II)-complex c displayed two emission peaks at neutral and high
pH, Figure 4.7. Excitation spectra of Ru(II)-complex c suggested two emissive species
originating from two different ground states, Figure 4.10. The peak centered around 450
nm was removed upon addition of manganese acetate, an indication of formation of the
corresponding Ru–Mn2 dyad, which did not display that peak in neutral conditions. This
dual emission characteristic further supports the complicated pH dependent distribution
of excited states in the Ru(II)-complexes, owing to the many different possible structures
depending on the degree of protonation and the intramolecular type of interactions
between the phenol and imidazole units.

Figure 4.10: Excitation spectra of Ru(II)-complex c measured in deoxygenated mixture
of 1:1 CH3CN/H2O at two different emission maximum.

The excited state lifetime of the Ru–Mn2 dyad is similar to that of the Ru(II)-
complexes and follows the same pH dependency trend, see Figure 4.9 and Table 4.1. Thus,
it can be established that the strong excited state quenching observed in the dyad arises
from similar mechanisms as in the complexes and not only from interaction with the
manganese center.

From these results, it could be concluded that the main reason for the unsuccessful
photosensitized water oxidation was due to the efficient quenching of the 3MLCT state
which prevents the desired consecutive four-electron transfer from manganese to ruthenium.
The quenching mechanism is most likely intramolecular, originating from the electronic
structure of the Ru(II)-complexes and not by the introduction of the manganese atoms.

These results illustrates the challenges and disadvantages of supramolecular approaches
for solar fuels. The difficulty of designing a single molecular entity where light harvesting,
long-lived electron transfer and fuel forming reactions takes place points to a need
for finding hybrid architectures where individual components for each function can be
integrated. In the following chapters some assemblies of these type are presented.
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Chapter 5. Extending charge separation in dye-sensitized semiconductors

The experimental work presented in this chapter has been aimed to increase the under-
standing of the mechanisms of BET and to contribute with strategies for extending charge
separation in dye-semiconductor assemblies.

5.1 Dye-sensitized nanoporous TiO2 and SnO2

TiO2 and SnO2 are wide-bandgap semiconductors with bandgap values around 3.2
(anatase) and 3.8 eV (rutile), respectively.[128]

For dye-sensitized photovoltaic or photocatalytic applications, the metal oxide semicon-
ductor is typically a nanocrystalline, mesoporous structure of spherical nanoparticles that
are a few tens of nanometers in diameter. This nanostructure provides a high surface area
for the deposition of photosensitizers, which maximizes light harvesting. To fabricate the
porous structure the nanoparticles are dispersed in colloidal pastes, which can be spread
onto solid substrates. When heating the samples to temperatures up to 450–500 ◦C, the
organic contents of the paste are decomposed and evaporated and only the semiconductor
particles remain on the surface.[129]

Typically, the metal oxides are deposited on transparent conducting substrates. These
are made of fluorine doped SnO2 (FTO) coated glass. Fluorine impurities substitute
oxygen atoms which results in increased electrical conductivity while preserving high
optical transparency.[130]

As previously mentioned, ruthenium polypyridyl complexes are the most common
transition metal photosensitizers. However, organic metal free dyes are potential, lower cost
alternatives for photovoltaic and photocatalytic applications. Organic dyes with a donor-
π-bridge-acceptor structure offer efficient forward electron transfer and slow down back-
electron transfer by keeping the donor at a distance from the semiconductor nanoparticle
and using the acceptor unit as anchoring group.[131] One of the best performing dyes of
this type is the triphenylamine donor type D35 photosensitizer.[132–134]

All of the photosensitizers studied here contain carboxylic acid anchoring groups which
are responsible for binding with TiO2. The anchoring mechanism can be explained as a
coordination bond between the carboxylate (COO-) and the Ti(IV) ions.[135]

5.2 Back-electron transfer vs charge transport

The lifetime of the charge separated state at dye/semiconductor interfaces depends
on the kinetics of BET, which usually occurs on a microsecond to millisecond time
scale.[54] The dynamics of BET have been extensively investigated with a variety of
different photosensitizers. Although single-exponential recombination kinetics have been
reported,[119,136] the data is usually not well described with a single exponential decay
law as it is rather complex.[137] This behaviour has been explained by considering that
after photoinjection, electrons can be trapped in a set of levels distributed below the
conduction band, referred to as trap states.[121,138–140] The trapping/detrapping dynamics,
as well as the density of electrons in the conduction band and trap states are determining
factors in the kinetics of BET.[139,141] The kinetics are superlinearly dependent upon the
electron density, which in turn is related to the electrochemical potential of the electrons
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5.3. Kinetic models of back-electron transfer

in the semiconductor (Fermi level). This has been demonstrated by intensity dependent
measurements.[142,143]

The presence of ions or additives such as Li+ ions and tert-butylpyridine (tBP)
can influence the electronic structure of TiO2 resulting in increased electron injection
efficiency.[51,144–146] It is well accepted that a positive shift of the conduction band edge
energy, due to adsorption of the Li+ cations at the TiO2/electrolyte interface, is responsible
for this effect.[147,148]. The improved injection efficiency can be understood in terms of
increased driving force or a better electronic coupling between the dye excited state and
the TiO2 acceptor states.[148] A downward shift in the conduction band edge will also
have an effect on the BET by accelerating the recombination kinetics, given that BET is
in the inverted Marcus region. However, this is not always the case for all photosensitizers
as can be concluded from the observations presented in Paper II.

In DSSC, the photoinjected electrons are transported and collected at the conducting
contact before recombining to the radical dye cations, which are regenerated in a much
faster timescale by the redox electrolyte.[149] Thus, BET is not the main limiting factor
of photocurrent generation in an efficient DSSC. However, in solar-to-chemical energy
conversion, BET becomes a detrimental process given the relatively slower kinetics of
solar fuel forming reactions such as water oxidation.[150] Thus, the efficiency of charge
separation at dye-sensitized semiconductors without regenerating electrolytes depends on
the interplay between the opposite forces of electron transport and electron recombination.

Electron transport depends on the electron mobility, which in turn is related to the
electron diffusion coefficient. In nanostructured semiconductors, this parameter depends
on the Fermi level and the charge carrier concentration,[151] and it is several orders of
magnitude lower that than of single crystal metal oxides.[152] Although this observation has
been explained by a trapping/detrapping dominated transport process[142,153,154], it has
also been proposed that the transport could be a potential gradient dominated process.[155]

Although macroscopically, diffusion can be described as an effect of a concentration
gradient, in dye-sensitized semiconductors the presence of an electrolyte introduces
electrostatic components to the diffusion coefficient, and consequently, a dependance on
composition of electrolyte and concentration of ions.[156] Therefore, the density of injected
electrons and the nature of the electrolyte becomes very important parameters when
studying molecular-semiconductor assemblies. This is relevant for the discussion of the
results presented in Paper III.

Since both charge transport and charge recombination are influenced by the same vari-
ables, extending charge separation is not a straight forward task but rather a complicated
process in which many factors need to be considered. These factors are anything that could
affect the electrochemical potential of the electrons in the semiconductor, the electron
mobility, the concentration of charge carriers, the presence of energy level-determining
species and the dynamics of trapping/detrapping of electrons.

5.3 Kinetic models of back-electron transfer

Kinetic modelling of charge recombination dynamics is needed for the mechanistic under-
standing of the electron transfer processes taking place in dye-sensitized semiconductors.
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In order to kinetic parameters of the back-electron transfer reaction from experimental
data, a suitable mathematical model for the description of the multiexponential nature
of this reaction is required. In several reports, the kinetics of BET have been modelled
with exponential functions containing up to four components.[121,140,143,157] However,
over the past years it has become more popular to describe the kinetics of BET by a
stretched exponential function,[158–163] which represents a distribution of rate constants
as in Equation 5.1.[164]

f(t) = A exp

[
−
(
t

τ0

)β]
(5.1)

where τ0 is the most representative lifetime and β is inversely related to the width of the
underlying Levy distribution, 0 < β < 1. A small β value represents a wider distribution
of the values of rate constants and a decay function with β = 1 represents an exponential
decay function.

The mean lifetime for the kinetics of BET can be calculated by the first moment of
the KWW function as in equation (5.2) where Γ is the Gamma function.[165] The inverse
of this lifetime is the effective rate constant kobs.

〈τWW 〉 =

(
τ0
β

)
Γ

(
1

β

)
(5.2)

Due to its application on the description of the discharge of a capacitor and the
dielectric spectra of polymers, the stretched exponential model has adopted the name of
Kohlrausch-Williams-Watts (KWW) function.[166,167] For electronic relaxation, a stretched
exponential decay is generally attributed to a source of heterogeneity or disorder in the
system related to dispersive transport.[168] Considering this, a physical meaning of the β
parameter can be understood as a property related to the heterogeneity of the analyzed
process. When describing charge recombination in dye-sensitized semiconductors, β would
be related to the distribution of trap-states and other properties of the system that
would affect the heterogeneity of the BET dynamics. Therefore, when comparing rate
constants obtained from different samples, the β values needs to be considered for proper
interpretation of the data.

For description of the BET kinetics measured in the experimental work presented here,
we have used both biexponential decay functions and the KWW model. The choice of
the kinetic model was empirical and based on comparison of the residual and chi-squared
values of the fit.

5.4 Local electrostatic effects at the interface

To facilitate the understanding of the next section some concepts related to electrostatic
interactions at the semiconductor/dye/electrolyte interface must be considered.

In 2010, two research groups reported, almost simultaneously, on the effect of the local
electric field created after electron injection from the excited dyes, on the absorption
spectra of photosensitizers adsorbed on TiO2.[169,170] Better known as the Stark effect, it
consists of a shift of the ground state absorption spectrum of the dye molecules cause
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by the electric fiels. The amplitude of the shift decreases over time by compensation or
”screening” of the electric field by interfacial ionic reorganization.[170,171] The strength of
this electric field as well as the kinetics of charge screening depend on the nature and
concentration of the cations in the surrounding electrolyte.[172,173]

Considering the large strength of this local electric field, in the order of megavolts
per centimeter,[171,172,174] it has been anticipated that it should have an effect on the
electron transfer processes across the semiconductor/dye/electrolyte interface, e.g. charge
recombination and dye regeneration.[170] However, it was not until the past couple of
years that some investigations were dedicated to quantitatively measure this.[175]

In Paper II, these concepts were put in practice in efforts to understand how the size
of organic cations in the surrounding electrolyte could affect the charge recombination
kinetics in dye-sensitized TiO2.

5.5 Extending charge separation

Several strategies to extend the lifetime of the CSS in dye-sensitized semiconductors
have been proposed. These approaches have been based in structural modifications of
the dye[161,176–180], surface modification of the semiconductor nanoparticles[157,181] or the
use of core-shell metal oxide electrode structures[150,179,182]. The polarity of electrolyte
solvents has also been shown to have an effect on the interfacial electron transfer processes
in dye-sensitized metal oxides and therefore affects the efficiency of devices.[183,184] As
already mentioned above, the presence of some chemical species in the electrolyte can
influence the kinetics of back-electron transfer.

With these in mind, a strategy to extend the lifetime of the CCS in dye-sensitized
nanoporous TiO2 based on the use of ionic liquids was investigated in Paper II. A
photoanode design based on SnO2 –TiO2 patterned thin films was investigated in Paper
III aiming to extend not only the lifetime but also the distance of charge separation. A
summary of the experimental findings resulting from these investigations is presented in
the following sections.

5.5.1 Effect of ionic liquids

Ionic liquid (IL) electrolytes have been extensively studied as alternative electrolytes
to organic solvent based electrolytes in DSSCs. ILs have interesting properties such as
neglible volatility, high conductivity, high thermo-and electrochemical stability, and are
good solvents for many inorganic and organic compounds.[185,186] For these reasons, they
can bring versatility and stability to devices, however the slow mass transport usually
results in lower photon-to-current conversion efficiencies.

Characterization of DSSCs based on IL electrolytes has revealed that in contrast to
organic solvent-based devices, electron recombination is accelerated and regeneration
of the photosensitizer is slowed down.[185,187,188] However, there has not been a study
solely dedicated to investigate the effects of ILs on the back-electron transfer rates in dye-
sensitized metal oxides. This problem was addressed as a part of the experimental work of
this thesis (Paper II). The purpose of this study was to investigate if ILs could be used
to extend the lifetime of the CSS in dye-sensitized nanoporous TiO2. This idea emerged
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from the hypothesis that the local electric field generated at the TiO2/dye/electrolyte
interface could be compensated by the IL cations reorganizing at the interface. This
would probably change the orientation of the dye at the surface by steric hindrance and
interfere with charge recombination.

This investigation started with the use of the organic photosensitizer D35. Imidazolium-
based ILs of the type 1-alkyl-3-methylimidazolium were chosen for this study because
they have been previously used in IL-based DSSCs.[189–192] The structures of the dyes
and IL cations used in this work are displayed in Figure 5.1. The counterion of the ILs
was hexafluorophosphate (PF6), an ”innocent” anion which does not have any reactivity
with the dye like other anions such as thiocyanate SCN– ) and iodide I– . Hereafter, the
ILs are referred to as BMIMPF6, HMIMPF6 and OMIMPF6, for alkyl chain contains six
and eight carbons, respectively.

Figure 5.1: Structures of the photosensitizers and IL-cations used in Paper II

The kinetics of BET were measured using µs-ms transient absorption spectroscopy.
The first results, clearly pointed out that there was a difference in the kinetics when
introducing ILs compared to CH3CN-based electrolytes. BET was slowed down in pure ILs
but also in a mixture of CH3CN/BMIMPF6, see Figure 5.2. The effect was larger when
using pure ILs and, therefore, only pure ILs were employed in the following experiments.

The study was extended by introducing ILs with longer alkyl chains. The results
demonstrated that kinetics of BET were dependent on the length of the chain. These
results were conclusive for D35, but for mechanistic understanding two more dyes were
studied: N3 and [Ru(dcb)3]2

+

. Transient absorption measurements showed that the

ILs affected the lifetime of the CSS in a similar way to that of D35 and [Ru(dcb)3]2
+

.
However, the back-electron transfer kinetics were unaffected in the N3 case, see Figure 5.3.
The kinetics of BET in D35 and N3 samples were well described by the KWW model,
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Figure 5.2: Single-wavelegth transient absorption kinetics recorded at 600 nm after
pulsed 500 nm excitation of D35/TiO2 thin films with various solvents.

however, [Ru(dcb)3]2
+

samples were better described with a biexponential model. For
this discussion, it is relevant to present the observed rate constants of BET for D35 and
[Ru(dcb)3]2

+

obtained from the corresponding model that was most appropriate in each
case, see Table 5.1. A complete description of the kinetic parameters for all samples is
available in Paper II.

Figure 5.3: Single-wavelength transient absorption kinetics and corresponding fit curves
recorded after pulsed excitation of a)D35/TiO2 recorded at 750 nm b)[Ru(dcb)3]2

+

/TiO2

recorded at 500 nm and c)N3/TiO2 recorded at 750 nm. The inset panel c is to emphasise
the KWW fit curve to one of the curves. Reprinted from Paper II with permission from
the publisher. Copyright (2016) American Chemical Society.
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Chapter 5. Extending charge separation in dye-sensitized semiconductors

From inspection of the rate constants presented in Table 5.1, it is clear that BET
was retarded in ILs. For D35/TiO2 samples, this is directly inferred from a decrease in
the observed charge recombination rate constant, kcr, which is more significant when
OMIMPF6 was added. The slower kinetics in [Ru(dcb)3]2

+

/TiO2 samples is noted from
a decrease in the amplitude of the fast component of the decay (A1), and an increase in
the amplitude of A2. This amplitude change is also most significant for samples with
OMIMPF6. The extracted rate constants, k1 and k2, also decreased with increasing length
of the alkyl chain in the imidazolium cation.

Table 5.1: Representative charge recombination constants, kcr, obtained from KWW
or double exponential model fitting of transient absorption data of D35/TiO2 and

[Ru(dcb)3]2
+

/TiO2 respectively, in the electrolytes indicated.

D35/KWW [Ru(dcb)3]2
+

/Biexponential
electrolyte kcr

(
103s−1

)
β A1

(
%
)

A2

(
%
)

k1
(
104s−1

)
k2
(
103s−1

)
CH3CN 11.2 ± 1.3 0.42 ± 0.01 68 32 4.1 ± 0.51 1.5 ± 0.18
LiClO4 26.1 ± 8.8 0.42 ± 0.08 46 54 1.2 ± 0.09 0.98 ± 0.13

BMIMPF6 4.3 ± 2.7 0.41 ± 0.07 58 42 3.3 ± 0.29 2.2 ± 0.73
HMIMPF6 7.5 ± 2.2 0.41 ± 0.06 55 45 2.1 ± 0.2 1.3 ± 0.15
OMIMPF6 2.8 ± 0.7 0.48 ± 0.09 52 48 1.6 ± 0.33 1.1 ± 0.05

The indicated uncertainties represent the standard deviation obtained from averaging individual fits of
single-wavelength transient absorption decays from triplicate samples.

The absorption spectra of the dye-sensitized TiO2 thin films did not show significant
differences upon addition of the various ILs that could be attributed to the different
behavior of the BET kinetics, Figure 5.4. Moreover, the absorption spectra of oxidized D35
adsorbed on TiO2 did not show considerable differences upon addition of either BMIMPF6

or HMIMPF6, see Figure 5.5. This supported the hypothesis that the differences in BET
kinetics were not related to changes in the energy of electronic transitions but rather to
electrostatic effects at the TiO2/dye/electrolyte interface. Another interesting observation
supporting this hypothesis was the decreasing anodic and cathodic peak currents obtained
in cyclic voltammetry measurements of D35/TiO2 upon addition of the IL BMIMPF6, see
Figure 5.6. Judging from the relative values of ipa and ipc, oxidation of the dye becomes
less reversible with added IL compared to pure LiClO4. These observations speak in favor
of precluded hole and/or electron transfer between the dye and the FTO/TiO2 substrate,
caused by the presence of BMIMPF6 at the interface.
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Figure 5.4: Absorption spectra of dye-sensitized TiO2 thin films with a)D35,

b)[Ru(dcb)3]2
+

and c)N3 in various solvents and electrolytes. Reprinted from Paper II
with permission from the publisher. Copyright (2016) American Chemical Society.

Figure 5.5: Absorption spectra of oxidized D35 adsorbed on TiO2 thin films prepared
on FTO-coated glass substrates, after addition of the ILs. Electrochemical oxidation of
the dye was performed in 0.1 M TBAPF6/CH3CN. The potential was set to 0.8 V vs an
Ag/Ag+ non-aqueous reference electrode and a Pt-disk was used as auxiliary electrode.
The inset shows a CV of a D35/TiO2 thin film.
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Chapter 5. Extending charge separation in dye-sensitized semiconductors

Figure 5.6: Cyclic voltammograms of D35/TiO2 in 0.1 M LiClO4 in CH3CN with added
amounts of BMIMPF6.

From the results discussed above, it could be concluded that the ILs are responsible
for the observed decreased in BET rate constants in D35/TiO2 and [Ru(dcb)3]2

+

samples.
However, an explanation behind the solvent-independent BET kinetics observed for
N3/TiO2 samples was needed. Given the initial hypothesis that the local electric field
generated at the TiO2/dye/electrolyte interface could be compensated by the IL cations
reorganizing at the charged surface, analysis of the photosensitizer structures could explain
the surprising observations. In principle, the negatively charged SCN– ligands in N3
could strongly interact with the IL cations, preventing them from rapid diffusion to the
charged surface. This would be in agreement with the main hypothesis of an electrostatic
effect at the TiO2/dye/electrolyte interface being responsible for the observed effect. A
mechanism where reorganization of the IL cations at the charged TiO2 surface create
steric hindrance between the oxidized dye and the TiO2 was proposed to explain the
decrease in BET rate constants, Figure 5.7. This effect is dependent on both the size of
IL cations and the structure of the dye.

To the best of my knowledge, there are no other reports on the influence of organic
cations on either electric field compensation or the kinetics of charge recombination.
However, the effect of inorganic cations on the charge recombination kinetics has been
studied and it has been shown to be linearly correlated to the magnitude of the electric
field[175], which reflects the ability of the cations to screen the negative charge at the
semiconductor from the photosensitizer.[172]

It can be concluded that the nature and size of the cations in the electrolyte can
significantly affect the kinetics of charge recombination at dye-sensitized semiconductors.
Furthermore, the role of the local electric field and the composition of electrolyte should
be considered when interpreting BET kinetics and other electron transfer processes at
these types of assemblies.
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5.5. Extending charge separation

Figure 5.7: Proposed mechanism of local charge compensation hindering back-electron
transfer from TiO2 to the oxidized photosensitizer. Reprinted from Paper II with
permission from the publisher. Copyright (2016) American Chemical Society.

5.5.2 A photoanode design strategy

As discussed in previous sections, long-range electron transfer implies that the electron is
transported a long distance away from the hole. This is necessary for long-lived charge
separation. In Paper III a SnO2 –TiO2 photoanode was designed with this purpose.
The idea behind the design originated in an attempt to answer the following questions:

� Could photoinjected electrons be transported through the nanoporous semiconductor
structure in a mm range before recombining to the dye?

� What would be the determining factors for this to happen?

� Would it be possible to create a nanostructured platform where dye and acceptor
molecules are physically separated but electronic transport is allowed between them?

The strategy behind the photoanode design was to make use of the different conduction
band energies of TiO2 and SnO2 to create a downhill cascade of driving forces such
as in SnO2 –TiO2 core-shell structures, which have been used to decrease the rate of
BET.[150,179,193,194] The kinetics of charge recombination in dye-sensitized SnO2 –TiO2

core-shell films has shown to be distributed between the ps and ms timescale and to be
exponentially dependent on shell thickness.[150] It has been suggested that the optimal
TiO2 shell thickness is just a few nm.[179] In general, electron injection into SnO2 is known
to be less efficient than in TiO2

[195–197]. Because of the aforementioned, the core-shell
strategy presents a disadvantage in terms of maximizing utilization of radiation. In
addition, the manufacture of these structures requires more advanced and costly methods
compared to those of traditional semiconductor thin films.

In order to maximize light harvesting, the SnO2 –TiO2 nanostructure presented here
is intended to be of simple and accessible fabrication, while maintaining the typical
thickness of photovoltaic application nanoporous thin films. The originality of this design
is that the photoanode is not an homogeneous deposited layer of material but rather a
repetitive pattern of alternate SnO2 and TiO2 layers. The photoanode was fabricated by
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Chapter 5. Extending charge separation in dye-sensitized semiconductors

first depositing a nanoporous layer of SnO2 by doctor-blading followed by the deposition
of nanoporous TiO2 stripes by screen printing, see Figure 5.8. Optical characterization of
the films confirmed the deposition of both semiconductors, see Figure 5.9

Figure 5.8: Top and cross section views of the patterned SnO2 –TiO2 thin film

Figure 5.9: Absorption spectra of TiO2, SnO2 and SnO2 –TiO2 deposited on a FTO
substrate.

The usefulness of this design is not only found in the semiconductor distribution itself,
but also in the way the dye molecules were deposited. Selective dye-sensitization of the
SnO2 –TiO2 areas of the film allowed to leave ”dye-free” SnO2 areas were electrons can
be trapped for longer periods of time before recombining, see Figure 5.10. It is thought
that the much larger electron mobility of electrons in SnO2 compared to TiO2

[198] would
contribute to this process. Selective sensitization of the films was achieved by using PDMS
microfluidic channels. The fabrication of these channels is illustrated in Figure 5.12.

To evaluate the effectiveness of this design in extending charge separation, measurement
of the BET kinetics was required. However, comparison with BET kinetics in homogeneous
dye-sensitized ”non-patterned” films, such as those presented in Paper II, would not be

52



5.5. Extending charge separation

appropiate given the different materials and macroscopic structure of the films. Therefore,
a comparison between homogeneously sensitized patterned films (Type-I), and selectively-
sensitized patterned films (Type-II) was preferred. Pictures of these films are shown in
Figure 5.11.

Figure 5.10: Illustration of selectively sensitized patterned SnO2 –TiO2 thin film. a)
Top view, b) Cross-section view and c) Schematic illustration of the possible photoinduced
electron transfer processes in the film.

Figure 5.11: Pictures of Type-I and Type-II dye-sensitized patterned thin films. The
top image illustrates the cross-view section of the PDMS channels on top of a patterned
thin film with the dye solution flowing through the channels. Reproduced from Paper
III with permission from the publisher. Copyright (2017) PCCP Owner Societies.
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Chapter 5. Extending charge separation in dye-sensitized semiconductors

Figure 5.12: Schematic illustration of the PDMS microchannels fabrication and the
selective dye-sensitization process. Reproduced from Paper III with permission from
the Publisher. Copyright (2017) PCCP Owner Societies.

Intensity-dependent transient absorption measurements on these samples showed that
recombination was slowed down in Type-II samples when sufficient electrons were injected
into the conduction band, see Figure 5.13. Recombination was also slower in Type-II
samples compared to non-patterned TiO2 and SnO2 thin films, Figure 5.14.

The BET kinetics were properly described with the KWW model. Comparison of kcr
values of Type-I and Type-II patterned films revealed that, at sufficiently high excitation
power and in the presence of Li+ ions, the kcr was decreased up to a factor of v80
containing SnO2 areas without dye molecules. Also, charge recombination was slowed
down up to a factor of v80 and v2000 compared to non-patterned dye-sensitized TiO2

and dye-sensitized SnO2 films respectively, see Table 5.2. It was therefore concluded that
the photoanode design strategy was successful in extending charge separation. A direct
comparison to BET kinetics reported for SnO2 –TiO2 core-shell structures is difficult
given the different time resolution of the available data. Increase on the CSS half-life
of up to 1000-fold has been shown by ns-ms transient absorption measurements using
core-shell structures.[179] With the time resolution of our measurements a 10-fold decrease
can be obtained using the patterned photoanode. On the other hand, values of kcr are
not reported for dye-sensitized SnO2 –TiO2 core-shell materials, and therefore it can only
be concluded that both strategies result in the same desired effect, but probably to a
different extent.

The work presented in Paper III is proof that, in dye-sensitized semiconductors,
charge transport can overcome charge recombination so that the diffusion length of
the electrons can be substantially increased. For this, the determining factors are the
macroscopic structure of the photoanode, the irradiation power and the presence of cations
in the electrolyte, in this case Li+ ions. Moreover, the method presented for selective
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5.5. Extending charge separation

Figure 5.13: Power dependent single-wavelength transient absorption kinetics of pat-
terned SnO2 –TiO2 thin films and their corresponding KWW gobal fit curves. ∆A-signals
were recorded at 750 nm after pulsed 525 nm laser excitation (a) In CH3CN and (b) In
0.1 M LiClO4/CH3CN. Reproduced from Paper III with permission from the publisher.
Copyright (2017) PCCP Owner Societies.

dye-sensitization is a new tool for the fabrication of photovoltaic devices, which could
impact the field of solar fuels. The present method also opens up for the possibility
of co-sensitizing semiconductors in a way that photosensitizers and other molecules of
interest, such as catalysts, are physically separated but interact via the conduction band
of the semiconductor, see Chapter 6. This facilitates the study and development of
photocatalytic systems for solar energy conversion.
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Figure 5.14: Representative individual kinetic decay curves measured by single-
wavelength transient absorption after pulsed 500, 530 and 510 nm excitation of dye-
sensitized SnO2, TiO2 and non-patterned SnO2 –TiO2 thin films respectively (v 0.4
mJ cm−2). a) Comparison of D35/SnO2 and D35/TiO2 films b) Comparison of a non-
patterned SnO2 –TiO2 thin film to a patterned SnO2 –TiO2 and a D35/TiO2 thin film.
All samples measured in 0.1 M LiClO4/CH3CN. Reproduced from Paper III with
permission from the publisher. Copyright (2017) PCCP Owner Societies.

Table 5.2: Relative charge recombination rate constants obtained from KWW global fit-
tings of transient absorption decay curves comparing the rates of Type-II samples

(
kcr
(
II
))

to Type-I samples
(
kcr
(
I
))

, non-patterned SnO2 films
(
kcr
(
S
))

and non-patterned TiO2(
kcr
(
T
))

Solvent Excitation kcr
(
I
)
/kcr

(
II
)

kcr
(
T
)
/kcr

(
II
)

kcr
(
S
)
/kcr

(
II
)

energy
[
mJcm−2

]
CH3CN 0.002 0.15 0.19 6.02
CH3CN 0.008 0.37 0.11 9.01
CH3CN 0.02 1.26 0.33 11.12
CH3CN 0.4 2.36 0.99 215.35
LiClO4 0.002 1.99 0.69 28.11
LiClO4 0.008 0.78 0.46 43.02
LiClO4 0.02 25 30.21 2150
LiClO4 0.4 54.76 78.56 2320.38
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Chapter 6. Conduction band mediated electron transfer

The purpose of the experimental work presented in this chapter has been to move towards the 
realization of visible light-induced CBM-ET. For proof of principle, model systems 
consisting of semiconductor thin films co-sensitized with a dye and a model electron 
acceptor have been used to demonstrate that CBM-ET is a viable approach to solar 
energy conversion.

6.1 The ultimate goal

The concept of CBM electron transfer was briefly introduced in Chapter 2 (section 2.1.2). 
In general, it is a process where electrons accumulated in the conduction band are transferred 
to nearby molecules, ideally, these molecules are anchored to the semiconductor themselves. 
CBM has been previously proven,[59–61,199] but yet there is a lot to learn about the 
mechanisms and determining factors that facilitate CBM electron transfer. Moreover 
many fundamental advances are needed before it can become useful for its practical 
application in photoelectrochemical devices.

This concept can be used as an approach for solar-to-chemical energy conversion 
by anchoring both photosensitizers and catalysts to the semiconductor surface. In this 
way, visible light is harvested by the photosensitizer and the photoinjected electrons are 
transferred to the catalyts via the conduction band, see Figure 6.1.

Figure 6.1: Schematic description of visible light sensitized generation of a catalytically
active state of a catalyst for CO2 reduction, anchored to a TiO2 nanoparticle.

The realization of this is challenging as several fundamental advances are guaranteed.
A hybrid assembly where semiconductor nanoparticles, dye and catalyst molecules coexist
is itself a complex system. Therefore, the study of these type of assemblies requires the
investigation of several aspects separately before full demonstration can be achieved. In
this thesis, some of these aspects have been investigated and are discussed in the following
sections.
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6.2 UV-light generation of highly reduced states through
CBM-ET

For fundamental understanding of the CBM approach, the first step was to investigate
model electron acceptors that can be anchored to the semiconductor and reduced from
electrons in the conduction band. For this, model catalysts such as iron and cobalt
protoporphyrin IX are suitable molecules given the relative positions of their redox
potentials, close or below the conduction band of TiO2 and their ability to be doubly
reduced, as exemplified in Figure 6.3. Furthermore, cobalt porphyrins have shown
photocatalytic and electrocatalytic activity toward CO2 reduction.[91,200] The structures
of these molecules are shown in Figure 6.2. The two carboxylic groups serve as anchoring
groups for metal oxide semiconductors.

Figure 6.2: Structures of the model metalloporphyrin catalysts

Figure 6.3: Cyclic voltammogram of CoPPIX in deaerated 0.1 M TBAPF6/DMSO at
scan rate = 0.1 V/s.
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For identification of the reduced states of the catalysts, their optical properties need
to be investigated. This is typically done by reducing the catalyst electrochemically while
simultaneously measuring the absorbance of the sample. According to the Gouterman
four orbtital model,[201] the bands in the absorption spectra of metalloporphyrins can
be explained by π − π∗ transitions between two nearly degenerate HOMO orbitals and
a pair of degenerate LUMO orbitals, Figure 6.4. The intense and sharp band centered
around 400 nm corresponds to a transition from the ground state to the second excited
state, named B-bands or Soret band. Additionally, a set of less intense bands in the
range between 500 and 600 nm arises due to transition to the first excited state, named
Q-bands.

Figure 6.4: Simplified representation of the HOMO and LUMO orbitals in porphyrins
and the electronic transitions between them.

One-electron reduction of FePPIX and CoPPIX results in a blue-shift of The Soret
band. This shift is reversed upon two-electron reduction and the Soret band becomes
somewhat broader and lower in intensity, see Figure 6.5 and Figure 6.7. The Q-bands of
FePPIX and CoPPIX display two clear peaks, in which the two peaks are less resolved
upon-one electron reduction. Instead, one higher-intensity band is centered between the
two original peaks. Two-electron reduction results in broadened Q-bands.

To investigate whether electrons could be transferred from the conduction band of
the semiconductor to the catalysts, semiconductor thin films with anchored catalysts
were irradiated with UV-light for band-gap excitation, while the absorption spectra was
measured. Comparison of these to the absorption spectra of reduced species obtained
electrochemically was used to determine a possible conduction band mediated process,
see Figure 6.6 and Figure 6.8. The changes in the photoinduced absorption spectra were
similar to that of the electrochemically generated variations. Therefore, it was concluded
that two-electron reduction of both the cobalt and the iron porphyrin was possible by
band-gap excitation of TiO2.
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Figure 6.5: Absorption spectra of FePPIX during electrochemical reduction in deaerated
0.1 M TBAPF6/DMSO. The inset emphasizes the Q-band region.

Figure 6.6: Absorption spectra of a FePPIX/TiO2 thin film in deaerated 0.1 M
TBAPF6/DMSO during irradiation with UV-light (λ = 250–350 nm)

61



Chapter 6. Conduction band mediated electron transfer

Figure 6.7: Absorption spectra of CoPPIX during electrochemical reduction in deaerated
0.1 M TBAPF6/DMSO. The inset emphasizes the Q-band region.

Figure 6.8: Absorption spectra of an CoPPIX/TiO2 thin film in deaerated 0.1 M
LiClO4/CH3CN during irradiation with UV-light (λ = 250–350 nm).
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6.3 Visible light generation of reduced catalyst through
CBM-ET

6.3.1 In Dye-TiO2-catalyst assemblies

After demonstrating that the catalysts can be reduced by electron transfer from the
conduction band, the next step was to initiate this process with visible light. This is of
special interest for maximizing the use of solar energy by targeting the maximum range of
the solar radiation. For this, the semiconductor was sensitized with the organic dye D35
and the model catalyst, CoPPIX. Two different methods for co-sensitization of TiO2 were
evaluated: (i) two-step sensitization and (ii) simultaneous sensitization from solutions
containing both dye and catalyst molecules. The latter was the most efficient method for
controlling the ratios of the dye and the catalyst at the semiconductor surface. It was
observed that the porphyrins were attached at the TiO2 surface much more rapidly than
the dye. Therefore, the two-step sensitization process, which consisted on introducing
the D35-sensitized films to a porphyrin solution, resulted in rapid desorption of the dye,
which to an extent could not be controlled.

Characterization of electron transfer processes at the co-sensitized TiO2 films becomes
very challenging due to the overlap between the dye and catalyst absorption spectra,
Figure 6.9. This makes it difficult to ensure selective excitation of the dye and selective
detection of chemical species.

Figure 6.9: Absorption spectra of oxidized D35 and reduced CoPPIX in ethanol and
DMSO solutions respectively.

In Paper IV, transient absorption spectroscopy was used to demonstrate visible-light
induced CBM electron transfer in co-sensitized D35/TiO2/CoPPIX thin films. The cobalt
protoporphyrin was the most appropriate for this study because FePPIX is known to
undergo autoreduction when attached to TiO2 thin films.[60] Moreover, only the cobalt
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porphyrin was able to undergo two-electron reduction by band-gap excitation when
anchored to SnO2, and this was important considering the work presented in Paper III.
For these measurements, only CH3CN-based electrolytes were suitable because the dye
D35 easily desorbed from the TiO2 surface upon DMSO addition.

Several considerations for the correct interpretation of the transient absorption data
of the co-sensitized TiO2 thin films must be done. First of all, the occurrence of several
possible photoinduced reactions in the hybrid material must be considered. According to
the energy diagram in Figure 6.10, the following reactions are thermodynamically allowed:

D∗/TiO2/P −→ D+/TiO2(e−)/P (1)
D+/TiO2(e−)/P −→ D/TiO2/P (2)
D+/TiO2(e−)/P −→ D+/TiO2/P

− (3)
D+/TiO2(e−)/P− −→ D+/TiO2/P

2− (4)
D+/TiO2(2e−)/P −→ D+/TiO2/P

2− (5)
D∗/TiO2/P −→ D/TiO2/P

− (6)
(D+)∗/TiO2/P

− −→ D/TiO2/P (7)

In these reactions, D, D∗ and D+ represent the ground state, excited state and radical
cation of the dye respectively; whereas P, P− and P2− represent the ground state, singly
reduced and doubly reduced cobalt porphyrin respectively.1 The reactions correspond to
(1) electron injection; (2) Back-electron transfer; (3) First reduction of the porphyrin by
a CB-electron; (4) Second reduction of the porphyrin by a CB-electron; (5) Concerted
double reduction of the porphyrin by CB-electrons; (6) Direct ET from the excited dye to
the porphyrin; (7) Regeneration of oxidized dye by electron transfer from the reduced
porphyrin.

For the investigation of a possible CBM-ET mechanism, the wavelengths of interest
are the absorption of (1) the dye radical cation (D+), (2) the reduced electron acceptor

(P−/2−), (3) the ground state of the dye and (4) the ground state of the porphyrin.
From analysis of Figure 6.9, the wavelengths at which selective detection of these species
is possible. However, these wavelengths are sensitive to the surrounding electrolyte,
and therefore, careful choice of the probe wavelength was very important to ensure
the detection of the desired species. To illustrate this, transient absorption spectra of
D35/TiO2/CoPPIX thin films are shown in Figure 6.11.

Demonstration of visible-light induced CBM electron transfer in the co-sensitized
films was performed by exciting the samples at λ = 480 nm, where mainly the dye
D35 is excited. The radical cation of the dye was observed at λ = 680 nm without any
contribution from the catalyst, Figure 6.12 (a). BET kinetics were obtained by analyzing
the decay of this signal. From visual inspection it is clear that the kinetics were slower in
the presence of the catalyst, Figure 6.12. Charge recombination rate constants obtained
from KWW modelling are shown in Table 6.1. There is no doubt that the kcr values

1Be aware that these are simplified reaction schemes, where charges in the equations are not balanced
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Figure 6.10: The relevant energies and redox potentials of the studied system. D35
redox potentials are as reported by Ellis et al.[124] Flat-band potential of TiO2 is as
reported by Redmond et al.[202] All values are given on the NHE scale.

decreased with increasing amount of CoPPIX at the surface. This was a first indication
that the photoinjected electrons are further transferred to other sites other than the TiO2

CB before recombining.

Table 6.1: Charge recombination rate constants kcr and β param-
eters obtained from KWW global fittings from triplicate samples,
of transient absorption decays measured at λ = 680 nm.

Solvent Ratio
D35:CoPPIX

β kcr/s
−1

CH3CN 1:0 0.20 1.19x103

CH3CN 15:1 0.26 1.11x102

CH3CN 8:1 0.24 1.48x101

LiClO4 1:0 0.17 8.85x103

LiClO4 15:1 0.28 2.50x103

LiClO4 8:1 0.35 6.87x102

Reduction of the porphyrin was probed by measuring the differential absorption at
λ=430–440 nm, with small or no contribution from the dye, Figure 6.12 (b). This negative
signal is attributed to the GS-bleach of the Co(III) species and it is confirmed that
the amplitude of ∆A at t=0 is larger when increasing the concentration of CoPPIX
at the surface. Control experiments with CoPPIX sensitized TiO2 excited at the same
wavelength did not result in detectable ∆A signals. On this ground, the spectroscopic
signals corresponding to the reduced catalyst could be attributed to a CBM mechanism in
which electrons were transferred from the dye to the catalyst. A direct electron transfer
mechanism between the dye and the catalyst was also disregarded as a possible pathway
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Figure 6.11: Transient absorption spectra (t=0) of D35/TiO2/CoPPIX thin films
constructed from single wavelength individual decays measured with PMT detection after
pulsed excitation.

Figure 6.12: Single-wavelength transient absorption kinetics of TiO2 thin films with
different ratios of dye and catalyst in 0.1 M LiClO4/CH3CN. Measured at a) 680 nm and
b) 442 nm. Pulsed 480 nm light was used as excitation.

when measurement of a mixture of D35 and CoPPIX in solution did not result in any
appreciable transient signal.

According to the equations presented above, the mechanism of ground state dye
recovery in co-sensitized TiO2 films is expected to have contributions from both electrons
in the CB and electrons located at the reduced porphyrin. Although it is unclear at this
stage which one is predominant, the slower recovery in co-sensitized films points to a
mechanism where the electron is either a longer distance away from the hole, or needs
to overcome an energy barrier to recombine, which would most likely be the case for a
CBM-process. Additional processes at the surface, such as lateral hole transfer[203,204]

should also be considered in further investigations, given that they could compete with
CBM-ET reducing the efficiency of solar-to-chemical conversion.

In conclusion, conduction band mediated electron transfer from the organic dye D35
to a Co-protoporphyrin model electron acceptor was shown and it was demonstrated that
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the reaction was initiated by visible light. The CBM process resulted in at least a singly
reduced Co-species and possibly a doubly reduced catalyst. The double reduction is a
thermodynamically allowed process according to electrochemical data and it was shown
to occur by bandgap excitation, therefore it is likely that this product was obtained.
However, this cannot be concluded from the available transient absorption data. Further
detailed kinetic analysis and modelling of the transient absorption spectra is needed to
establish the exact products and mechanisms of the photoinduced reactions.

6.3.2 In patterned SnO2 –TiO2 thin films

Visible light-induced CBM electron transfer was also demonstrated in Paper III using
the same photosensitizer and catalyst. The patterned films were selectively sensitized
with the dye at the TiO2 –SnO2 and with the catalyst at the SnO2-only regions. The film
was probed at selected locations by focusing the probe beam as illustrated in Figure 6.13.
Photoexcitation of the dye D35 resulted in a negative transient signal at 432 nm that
could be assigned to a reduced state of the Co(III)protoporphyrin in co-sensitized samples,
see panel b in Figure 6.14. Control experiments confirmed that this transient signal was
only generated in co-sensitized films (panels a and c in Figure 6.14) and thus a CBM
mechanism process was necessary to explain the observation.

Figure 6.13: a) Schematic representation of co-sensitized patterned SnO2 –TiO2 thin
films (top view), illustrating how the excitation and probe beam where placed for the
measurements in Figure 6.14 b) Side view of co-sensitized patterned SnO2 –TiO2 thin
films illustrating visible light-induced CBM electron transfer.

This experiment was also a proof-of-principle supporting the conclusion in Paper
III that the photoinjected electrons were transported to the dye-free SnO2 areas of the
patterned films, being this the main reason for the observed decreased in BET rate
constants.
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Figure 6.14: Single-wavelength transient absorption kinetics recorded at 432 nm in
a) co-sensitized Type-II patterned film at the D35/SnO2 –TiO2 region, b) co-sensitized
Type-II patterned film probed at the CoPPIX/SnO2 region, c)Type-II patterned film
probed at the SnO2 (gray), non-patterned CoPPIX/SnO2 thin film (blue) and patterned
CoPPIX/SnO2 thin film (black). All measurements performed in 0.1 M LiClO4/CH3CN.
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6.4 One or two-electron reduction?

Consecutive transient absorption measurements on co-sensitized patterned SnO2/TiO2

thin films revealed increasing ∆A amplitudes of the transient negative signal corresponding
to the bleach of the CoPPIX ground state, and an increasing very long lived positive
feature building from around 200 µs, after decay of the bleach signal, Figure 6.15.

Figure 6.15: Consecutive single-wavelength absorption measurements (λ = 432 nm) of
a co-sensitized Type-II patterned film in 0.1 M LiClO4/CH3CN.

This rises the question whether this is a result of a two-electron reduction process that
is observed after accumulation of the first reduced species at the semiconductor surface.
The amplitude of the positive transient signal increases at each consecutive measurement,
which could be interpreted as increased formation of the two-electron reduced species.
However, these results are not conclusive but rather speculative and further investigation
is required to distinguish between one and two-electron transfer processes.
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Chapter 7. Conclusions and future oultook

The main purpose of this thesis was to investigate strategies to extend photoinduced charge
separation in molecules and dye-sensitized semiconductor assemblies, a contemporary
problem in the growing field of solar-to-chemical energy conversion. Characterization of
photoinduced electron transfer and other photophysical processes in the materials studied
was performed by using optical spectroscopic techniques.

The following approaches to long-lived charge separation were investigated: (i) The
design of a supramolecular photosensitizer-catalyst for photocatalytic water oxidation;
(ii) the use of ionic liquids in dye-sensitized semiconductors; (iii) a novel dye-sensitized
semiconductor photoanode design based on SnO2 and TiO2; and (iv) the integration of
photosensitizer and catalyst molecules on a semiconductor surface for electron transfer
facilitated by the conduction band.

Steady state and time-resolved emission spectroscopic studies showed that photocat-
alytic water oxidation in the supramolecular assembly was unsuccessful due to rapid
intramolecular quenching of the Ru-photosensitizer excited state. This prevented efficient
electron transfer from the Mn-catalyst and therefore extraction of electrons from water.
Most likely, this originated from the complex electronic structure arising from structural
modifications on the Ru-complex, as supported by TDDFT calculations. This study
exemplified some of the difficulties and disadvantages of supramolecular approaches to
solar energy conversion. These point to a need of creating nanostructured architectures
where the individual functions of photosensitizers and catalysts can be incorporated on a
stable structure.

Transient absorption spectroscopy was used to investigate the kinetics of charge
recombination in dye-sensitized semiconductors. It was shown that the lifetime of the
charge separated state could be extended with the use of ionic liquid electrolytes. An
electrostatic mechanism where local charge accumulation was rapidly compensated by
the ionic liquid cations was proposed. Although this mechanism was not experimentally
confirmed, literature findings supported this conclusion.

Charge separation was also shown to be extended in a dye-sensitized µm-thin film
consisting of patterned layers of nanoporous SnO2 and TiO2. A novel method for dye-
sensitization of selected film areas was presented. The lifetime of charge-separation was
extended by several orders of magnitude by trapping the photoinjected electrons on dye-
free SnO2 areas on the film. This was confirmed by additional experiments demonstrating
the transfer of these electrons (in SnO2) to an electron acceptor anchored to SnO2. These
results implied that, compared to traditional dye-sensitized semiconductors, the electrons
were transported over significantly long ranges on the film. The main determining factors
in the observation of this effect were the intensity of the irradiation and the presence of Li+

ions. The principles of the design strategy presented here can find potential application
in photocatalysis and photoelectrosynthesis cells as suggested in Figure 7.1.

The impact of changing the macroscopic structure of the semiconductor thin film—
photoanode design—was greater in extending charge separation than that of changing
the environment by the use of ionic liquids. This does not imply that one strategy should
be preferred over the other but rather that they may be used with different purposes.

Transient absorption spectroscopic studies on dye-catalyst co-sensitized TiO2 thin films
were performed for visible-light conduction band mediated electron transfer between the
two molecules. This process was shown to be initiated by visible-light. A conduction band
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Figure 7.1: Illustration of a DSPEC where water oxidation and CO2 reduction takes
place. The photocathode is based on the design principles presented in Paper-III. A
hole-transporting material (HTM) is included in the structure for regeneration of the
photosensitizer

mechanism was shown in both co-sensitized TiO2 thin films, and patterned SnO2 –TiO2

thin films. The most relevant feature of the patterned films, is that the donor and the
acceptor are physically separated at the surface while electronic transport is still possible
between, through the conduction band of the semiconductors. This work herein is a
significant step toward the solution the long-standing problem of solar fuels formation by
visible light.

The results summarized here, speak in favor of hybrid material approaches for the
conversion of solar energy, specifically molecular-semiconductor assemblies. As exemplified
in the work presented in this thesis, these type of materials have advantages from the
point of view of manufacturing, stability and the possibilities of controlling the electronic
transfer processes through the simple modification of their components. In doing so,
they can be easily adapted for different applications such as photocatalysis and solar fuel
generation.

During the course of these investigations, some important new questions were raised
and should be addressed in the future. The different, and sometimes contradictory,
observed effects of Li+ ions on the interfacial electron transfer processes at dye-sensitized
semiconductors needs to be further explored. From our observations it can be said that the
effect of Li+ ions differs depending upon several factors such as the structure of the dye,
the properties of the semiconductor and the macroscopic structure of the nanocrystalline
substrate. This becomes more complicated when introducing additional components to
the hybrid material, for example electron acceptors or catalysts. Additionally, the exact
mechanisms of ground state dye recovery in the assemblies investigated in Paper-III and
Paper-IV remain unclear. Likewise, further characterization of the reduced state(s) of
the model catalyst is needed to distinguish between single and double reduction processes.
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Future steps in the continuation of this research are the optimization of conditions to
maximize the efficiency of conduction band mediated electron transfer and the evaluation of
visible-light induced photocatalytic activity at the dye-semiconductor-catalyst assemblies
with focus on CO2 reduction. This includes the development of catalysts with selective
activity for products of interest.
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Bo Albinsson, Björn Åkerman, Joakim Andreasson, Marcus Wilhemsson
and Per Lincoln. For the enriching scientific discussions and the knowledge you shared
with me. It was very nice to be part of the teaching staff at your courses.
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