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Hydrogen evolution is very simple chemical reaction, but
the power it will bring to us in the future will be amazing.
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Abstract

Solar-driven reduction of water to produce hydrogen is one of the most promising
ways to develop sustainable clean energy for the future. The challenge in
photocatalytic hydrogen evolution research is to design inexpensive catalysts and
construct efficient hydrogen production systems. In this thesis, different
photocatalytic  hydrogen production systems consisting of catalysts,
photosensitizers and sacrificial agents (electron donors and proton source) has
been designed and investigated based on non-precious molecular catalysts based
on iron, cobalt, or molybdenum. [Ru(bpy);]** and CdSe quantum dots were
explored as photosensitizers. The photocatalytic hydrogen production of the
studied systems was systematically investigated, and the attempts to establish
essential steps of the mechanism of hydrogen evolution were made.

Chapter 1 gives a short introduction about photocatalytic hydrogen evolution,
including semiconductor-based and [Ru(bpy)s;]**-based photocatalytic hydrogen
evolution systems. Chapter 2 relates to papers I and II in the thesis and describes
the study of light-driven hydrogen evolution by CdSe quantum dot/iron carbonyl
cluster assemblies and a related graphitic carbon nitride based quantum dot/iron
carbonyl cluster composite. It is shown that hole transfer from CdSe quantum dots
to biomimetic iron complexes dominates the fast charge transfer process and leads
to enhanced hydrogen production. Chapter 3, corresponding to paper III, describes
the study of photoinduced hydrogen evolution using cobalt compounds. The
primary photochemical processes of three new Co(Il) complexes in the
photocatalytic system have been probed by time-resolved spectroscopic analyses.
Chapter 4, corresponding to paper IV, describes the study of molybdenum-organic
sulfides as catalysts for photocatalytic hydrogen evolution. Time-resolved
photoluminescence (TRPL) spectroscopy was used to investigate the charge
carrier transfer dynamics for the photochemical properties of derivatives of
[Mo3Si3]*.

The close connection between hydrogen generating activity and charge carrier
transfer dynamics in photocatalytic systems is a key theme of this thesis. Studies
on the carrier dynamics can enhance the understanding of key processes in the
mechanism of photocatalytic hydrogen production, and thus facilitate the design of
efficient and robust photocatalytic hydrogen evolution systems



Popular Science Summary

With the rapid development of industry and the massive combustion of fossil fuels,
the problems of environmental pollution and energy shortage faced by mankind
are becoming more and more prominent. At the same time, the massive
consumption of fossil fuels will also bring about an increasingly serious energy
shortage. Hydrogen is a recognized clean energy carrier and has important
applications in such fields as fuels, acrospace, and rail transportation. Among the
different ways to produce hydrogen, solar-driven splitting of water is one of the
most promising ways to produce hydrogen on a large-scale application, which has
intensively studied and made great progress in recent years.

However, the major technical bottlenecks that restrict its large-scale production
have not yet made a substantive breakthrough, which requires more efforts from
the scientific community. Firstly, among the reported photocatalytic systems,
noble metal compounds are still mostly chosen as catalysts (e.g., precious metals
such as palladium and platinum), which are expensive to produce and use, limiting
the prospects for large-scale applications. Secondly, most of the catalysts reported
so far suffer from low hydrogen production efficiency, poor photostability and
short lifetime. In addition, in the studies of photocatalytic hydrogen evolution,
more attention has been paid to the structure and composition of photocatalysts
and the construction and optimization of catalytic systems, but relatively little
attention has been paid to the mechanism of hydrogen production.

In this thesis, four different molecular or assembly-based proton reduction systems
have been developed using noble-metal-free catalysts (iron, cobalt and
molybdenum). Meanwhile, the mechanism(s) of the charge transfer processes
during photocatalytic hydrogen evolution have been investigated for each system.
The photocatalytic hydrogen-generating activity and stability of the different
photocatalytic systems have been studied. Transient absorption and time-resolved
photoluminescence spectroscopies have been used to investigate the charge carrier
transfer dynamics in the catalytic systems. The close connection between
photocatalytic hydrogen generating activity and charge carrier transfer dynamics is
the key component in this study.
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Chapter 1: Introduction

1.1. Green Energy : Hydrogen

A crucial scientific and technological challenge is the environmental problems
associated with the extensive use of non-renewable fossil fuels. The use of
renewable energy sources, such as solar, wind and tidal energy, to change the
structure of energy consumption is one solution. In theory, solar energy, an almost
indefinitely renewable source of clean energy, could satisfy the current and
potential human energy demand. It is incredibly important that solar energy can be
transformed into forms of usable energy. Nature shows us a strategy for
overcoming the energy crisis by using the mechanism of photosynthesis, which
uses earth-abundant water and carbon dioxide to transform solar energy to
chemical fuels. There have been several attempts to achieve the direct conversion
of solar energy to chemical fuels.
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Figure 1.1. A schematic depiction of a solar-driven hydrogen energy car system.



Meanwhile, hydrogen can play a significant role in the sustainable development of
a modern energy society and is used in, infer alia, aerospace fuels, fuel cells,
industrial ammonia production and meteorological exploration. For example, there
are many hydrogen-fuelled vehicles already on the market and supported by many
countries (Figure 1.1).! Hydrogen can be stored, transported, and efficiently
converted into electrical energy in an environmentally benign way due to its high
chemical energy density of 142 MJ kg™! and small molecular weight. In industry,
hydrogen is produced by electrolysis of water, gasification of coal, catalytic
conversion of heavy oil and natural gas vapor, etc. However, these methods of H»
generation are energy-intensive and have low efficiencies. Therefore, researchers
look for large-scale and inexpensive technologies to produce hydrogen. Hydrogen
could be a solar fuel (energy carrier) that may be produced through splitting of
water by artificial photosynthesis systems (Figure 1.2).%*

hv
. e
so W T~ e

o [ Catalyst | (iii)

SD+ 1/2H,

Figure 1.2. A three-component system for Hz production (PS: photosensitizer; SD: sacrificial electron donor).

1.2. Photocatalytic Hydrogen Evolution

1.2.1. General Mechanism of Photocatalytic Water Splitting

Photocatalysis is based on the principles of photochemistry and redox catalysis.
Splitting of water to hydrogen and oxygen is an endothermic reaction with a
positive change in Gibbs free energy of +237 kJ mol™! (Eq. (1)). It is thus an uphill
reaction that requires external driving energy. Splitting of water (water reduction)
can be a combination of two half reactions: proton reduction (Eq. (2)) and water
oxidation (Eq. (3)).*

2H,0 — 2H, +0, (AG =+237kJmol—1, AE° = 1.23 V) (1)
4H* + 4e~ — 2H, (0V vs NHE) )

2H,0 — 4H' + 0, + 4e~ (1.23V vs NHE) 3)



Reduction of protons to hydrogen is a two electron-transfer process, whereas
oxidation of water to oxygen is a four electron-transfer process involving sluggish
kinetics. Light-induced splitting of water is possible with a photon of wavelength
less than 1000 nm (equivalent to 1.23 eV), and four such photons are involved in
the biological formation of one molecule of oxygen (O»).

1.2.2. Main Process of Photocatalytic Hydrogen Evolution

Since the discovery of hydrogen evolution through the photoelectrochemical
splitting of water on n-type TiO, electrodes,’ (electro)photocatalytic systems for
hydrogen production have been extensively studied in order to be able to apply
this reaction to an industrial setting. ©* A photocatalytic system for light-driven H,
evolution consists of a photosensitizer, a catalyst and sources of protons and
electrons (Figure 1.2).° The reaction is first initiated by photon absorption, which
generates numerous electron—hole pairs with sufficient potentials. The relevant
photoreduction processes involve

(i) absorption of light by the photosensitizer and subsequent internal charge
separation

(i1) intermolecular charge transfer (i.e., reduction of the catalyst by the photo-
sensitizer and reduction of the photosensitizer by direct electron transfer from a
sacrificial electron donor)

(iii) catalytic production of H» by the reduced catalyst.

The three components, photosensitizer, catalyst, and sacrificial agent, play
important roles in these three processes. Finding a suitable three-component
system for photocatalytic hydrogen production and performing mechanistic studies
on such systems remain great challenges.

The photosensitizer in the photocatalytic reduction of protons functions as light
absorber and a supplier of electron(s) to the catalyst. Ideal photosensitizers should
have large extinction coefficients over a broad spectral range, long excited state
lifetimes, and excellent photostability. Various photosensitizers involving
chromophores such as organic molecules, coordination complexes (e.g.
[Ru(bpy);]*") and organometallic complexes, as well as quantum-confined
semiconductor nanocrystals (quantum dots) have been developed.'*!?
Organometallic chromophores are mostly used in homogeneous photocatalytic
hydrogen evolution. Their stabilities and long lifetime properties make them good
candidates to use as photosensitizers when the catalytic performances of different
molecular catalysts are studied and compared. Semiconductors, including
semiconductor quantum dots, have many characteristics that are ideal for light-
harvesting and electron delivery. Compared with organic and organometallic
chromophores, semiconductor quantum dots offer unique size-dependent



absorption properties, large absorption cross sections over a broad spectral range,
long excitation lifetimes, and superior photostability.”> Quantum dots can
simultaneously absorb multiple photons, or continuously absorb multiple photons
even after electrons or holes are accumulated, thus enabling the coupling of single-
photon/electron events with multiple-electron redox reactions necessary for
photocatalytic H, production. The surfaces of quantum dots can be readily
modified for specific functional targets and/or reaction environments and can thus
be used to form molecular assemblies with the catalysts and/or sacrificial electron
donors. These characteristics make quantum dots superb candidates as
photosensitizers for photocatalytic generation of hydrogen.

Efficient and long-lasting functional catalysts for light-harvesting, charge transport,
and redox reactions are required by a technologically significant solar-driven H,
production system. While metallic colloidal platinum or molecular platinum
complexes show excellent activities for H, production, platinum is scarce and
expensive.” Catalysts relying on noble-metal free materials are therefore
desirable.!'* The natural hydrogenase enzymes (Hrases) have active sites
consisting of organometallic entities containing the earth-abundant elements iron
and, in some cases, nickel, which exhibit remarkable capacities for reduction of
protons to H, (6000-9000 molecules of H» per second per active site).!> The
special working environments and oxygen sensitivities of these enzymes lead to
limitations in large-scale application of natural hydrogenases for hydrogen
production. Because of the structural relation to active sites of certain
hydrogenases, biomimetic diiron complexes have been investigated in catalytic
systems for hydrogen evolution.'® Despite many attempts to develop efficient
photocatalytic systems based on such biomimetic complexes, the development of
efficient base metal (e. g. iron and cobalt) catalysts for hydrogen evolution
systems remains a significant challenge.!”

The sacrificial electron donor provides electrons for the reductive half-reaction of
the artificial photosynthesis, in the absence of photogenerated electrons.?
Commonly used sacrificial electron donors include tertiary amines, alcohols, and
ascorbic acid.’ Generally, such sacrificial electron donors undergo decomposition
following one electron oxidation, and such degradation produces proton(s). Thus,
many sacrificial electron donors can function not only as the source of electrons
but also the source of protons.

Several photocatalyst systems that can drive water splitting under light irradiation
have been identified, and mechanisms, roles of different components, as well as
physical and optical properties of the photocatalysts for water splitting have been



elucidated.®'* However, it is still a formidable challenge to improve the
efficiency of photocatalytic systems and to find stable solar-to-hydrogen
transformation pathways.

1.3. Semiconductor-based Photocatalytic Hydrogen
Evolution Systems

1.3.1. Fundamental Mechanism of Semiconductor-based Photocatalytic
Hydrogen Evolution

The fundamental mechanism of semiconductor-based photocatalysis is relatively
well understood, and it is illustrated in Figure 1.3. Such heterogeneous
photocatalysis involves seven key steps, which may be classified into four major
processes: light absorption (step 1); charge excitation (step 2); charge separation,
transfer, and recombination (steps 3, 4 and 5) and surface catalytic reactions (steps
6 and 7). Generally, an electron in the valence band (VB) of the semiconductor
could be excited to its conduction band (CB) under irradiation of light with energy
higher than or equal to the band gap energy (Eg) of the semiconductor, leaving a
positive hole in the VB. This stage is referred to as the “photo-excited” state of the
semiconductor, and the band gap energy corresponds to the wavelength of the light
that is effectively absorbed by the semiconductor. After photoexcitation, the
excited electrons and the holes migrate to the surface of the semiconductor to
facilitate both the reduction and oxidation of H»>O. Charge recombination,
including both surface and bulk recombination of electrons and holes, reduces the
excited charges by emitting light or generating phonons; this is a deactivation
process and ineffective for hydrogen production. There are two keys to developing
a suitable semiconductor with high efficiency for light-driven hydrogen evolution:
(1) the semiconductor should possess a suitable band gap and structure (2) charge
separation in the semiconductor should be efficient.”® A wide range of
semiconducting materials have been developed as catalysts for photocatalytic
hydrogen evolution (e.g. colloidal quantum dots and graphitic carbon
nitride ).>!31
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Figure 1.3. The fundamental mechanism of semiconductor-based photocatalysis. The typical steps are: (1) light
absorption; (2) and (3) charge excitation, separation and transfer; (4) charge recombination in bulk; (5) charge
recombination on surface; (6) surface reduction reactions; and (7) surface oxidation reactions.

1.3.2. Semiconducting Quantum Dots for Photocatalytic Hydrogen
Evolution

Semiconductor nanocrystals (also known as quantum dots, QDs) can greatly
improve and enhance the stability and hydrogen production performance of
photocatalytic systems when used as photosensitizers.”® Quantum dots are
nanoparticles that are mainly composed of 1I-VI and III-V elements and their sizes
typically fall in the range of 1-10 nm. Approximately 40 % of sunlight is visible
light, and an ideal absorber would harvest as much visible light (A < 800 nm) as
possible to afford high populations of charge carriers that are sufficiently energetic
for the redox reactions involved in artificial photosynthesis. With an understanding
of quantum confinement,?! one can readily tune the bandgap of QDs to cover a
very broad range of the solar spectrum. For example, materials can be generated
that absorb nearly all visible light by controlling the size distributions of cadmium
selenide quantum dots (Figure 1.4). The methods of preparation of quantum dots
are divided into two kinds: syntheses using an organic solvent at high temperatures
(>300°C) and syntheses in aqueous solution at low temperatures (<100°C). In this
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thesis, the focus is on preparation of quantum dots in aqueous solution. By
introduction of appropriate protective groups or ligands, water-soluble quantum
dot nanoparticles can be prepared.?**
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Figure.1.4. UV-Vis spectra of different sizes of CdSe quantum dots: Dp43zs=~1.9 nm, Dp4s0=~1.95 nm and Dpse1=~2.0
nm.?

1.3.3. Graphitic Carbon Nitride (g-C3N4) Photocatalytic Hydrogen
Evolution

Graphitic carbon nitride (g-C3N4) based photocatalysts have attracted increasing
interest since Wang and coworkers first discovered photocatalytic H> and O;
evolution over C3N4 in 2009.% Graphitic carbon nitride has a layer-like stacking
structure similar to that of graphitic carbon with sp* hybridized carbons and
nitrogens, with a conjugated electron energy band structure (Figure 1.5). Graphitic
carbon nitride thus has a visible light response of 2.7 eV, and the corresponding
absorption edge (460 nm) is in the visible region (400-700 nm). Through the
traditional thermal condensation of several low-cost N-rich organic solid
precursors such as urea, thiourea, melamine, dicyandiamide, cyanamide, and
guanidine hydrochloride, g-CsNs can be readily produced in air or inert
atmosphere at 500-600 °C.?” Rich surface properties, non-toxicity, abundance, and
good stability of g-C3;Ny give access to a wide variety of applications of the
material in sustainable chemistry as a multifunctional heterogeneous metal-free
photocatalyst.?® However, the fast recombination of photogenerated charge carriers
leads to low efficiency of hydrogen evolution in pure g-Cs;Nj systems. Therefore,
various strategies are employed to suppress the recombination of charge carriers in
g-C3N4 in order to promote the photocatalytic performance; examples of such
strategies include textural design, supramolecular-chemistry methods, elemental
doping and copolymerization, and the construction of g-CsNs-based heterojunction
nanohybrids.?®



Figure 1.5. A structure diagram of graphitic carbon nitride (g-C3sNa). The grey balls:C; blue balls: N.

1.4. [Ru(bpy);]**-based Photocatalytic Hydrogen
Evolution Systems

The complex [Ru(bpy);]** and its related complexes are classical photosensitizers
with high stabilities, long lifetime properties, and are mostly used in homogeneous
photocatalytic hydrogen evolution.!®!!  Typically, a [Ru(bpy):;]*" based
photocatalytic hydrogen evolution process is initiated by light absorption of the
photosensitizer, generating an excited state that can be quenched by electron
transfer through a reductive or an oxidative reaction pathway (Figure. 1.6).” The
reductive quenching of the photoexcited state *[Ru(bpy);]** involves an electron
transfer from a sacrificial electron donor to generate the reduced form [Ru(bpy)s]",
which can transfer an electron to the catalyst and return to its ground state
[Ru(bpy);]**. The second reaction pathway for H, production is based on an
oxidative quenching of *[Ru(bpy);]** by the catalyst affording the oxidized form
[Ru(bpy);]**, which returns to its initial form [Ru(bpy);]** after an electron
transfer from the sacrificial electron donor.
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Figure. 1.6. General mechanisms of Hz production from a photocatalytic system containing a photosensitizer
[Ru(bpy)s]**, a catalyst (Cat) and a sacrificial electron donor (SD).

Proof of principle for artificial photosynthesis with molecular species was first
reported in 1977 by Lehn and coworkers who showed that hydrogen could be
produced by irradiation using the combination of [Ru(bpy)s]*" as photosensitizer,
[Rh(bpy).Cl2]" as electron mediator, triethanolamine (TEOA) as sacrificial
electron donor, and K,PtClg as a precursor to Pt colloids that serve as the catalysts
for proton reduction.® Similar systems developed by Gritzel and Kagan closely
followed that of Lehn and coworkers, using [Ru(bpy);]** as photosensitizer,
methyl viologen (MX™) as electron mediator, and TEOA and ethylenediamine
tetra-acetic acid (EDTA) as electron donors, respectively.?'* Most notably, these
latter studies investigated the mechanism of hydrogen formation more thoroughly
through flash laser photolysis and identified oxidative quenching of the ruthenium
photosensitizer as the pathway for electron transfer.






Chapter 2: Semiconductor/Molecule-
based Systems for Light-driven H»
Evolution (Papers I and II)

Solar-driven water reduction is one of the most important promising strategies for
production of hydrogen to meet the huge energy demand in modern society. As
discussed in Chapter I, a typical photocatalytic hydrogen evolution system consists
of a catalyst, a photosensitizer, and a sacrificial electron donor. Semiconductors
show excellent light absorption abilities and can thus be used as photosensitizers
to construct highly efficient and durable photocatalytic systems.** The catalysts in
the reductive half reaction of water reduction receive electrons from the
photophysically excited state (the valence band) of the semiconductor. Numerous
catalysts have been explored as replacements for the precious platinum complexes
or colloidal platinum particles that are the best-known catalysts for the hydrogen
evolution reaction.*® There are several ways to combine semiconductor
photosensitizers (e.g. quantum dots) with base metal proton reduction catalysts to
form photocatalytic systems.

2.1. Quantum Dot/Molecule Systems for Photocatalytic
Hydrogen Evolution

Hydrogenase enzymes are natural catalysts for hydrogen production with
remarkable turnover frequencies.’® After the discovery of the active site structure
of [FeFe]-hydrogenases, intense research on biomimetic iron complexes has been
carried out in order to develop chemical and photochemical catalyst systems for
H, production.’” The construction of assemblies consisting of quantum dots and
molecular iron complexes provides an efficient way to prepare water soluble
catalysts with enhanced activity for the photocatalytic hydrogen evolution reaction.
The first example of the association of a water soluble bioinspired diiron catalyst,
2.1 (Figure 2.1), with 3-mercaptopropionic acid (MPA)-stabilized CdTe quantum
dots, and the use of the resultant assembly for photocatalytic H, production, was
reported in 2011 by Wu and co-workers.*® The molecular assembly was able to
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achieve H, production with a TON of up to 505, with ascorbic acid acting as the
proton source and electron donor. The researchers suggested that the interaction
between the quantum dot and 2.1 dominates the enhancement of hydrogen
evolution compared with the HER activity of pure CdTe quantum dots. Similar
assemblies based on a series of [FeFe]-Hase mimics (2.2, 2.3 and 2.4) and
quantum dots have been developed for light-driven hydrogen evolution (Figure
2.1).%4! In paper I, a new assembly consisting of CdSe quantum dots that are
coupled with a triiron molecular complex/catalyst,*>* viz. [Fe;Tex(CO)s] (2.5),
prepared using an interface-directed approach, has been tested as a catalytic
system for hydrogen production in a water/acetonitrile solution.?
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Figure 2.1. Structures of [FeFe]-H2ase mimics 2.1-2.4 used as catalysts in hybrid systems with CdSe, CdTe or ZnS
quantum dots as light harvesters. Structure of the triiron carbonyl cluster 2.5 used in the present work.

Besides assemblies of quantum dots with iron complexes, some other effective
photocatalytic systems for hydrogen production based on quantum dots and metal
complexes or metal salts have been reported.**® Photocatalytic systems
containing Ni(NOs),, NiCl,, or Ni(acetate), with dihydrolipoic acid (DHLA)-
capped CdSe quantum dots produce hydrogen with turnover numbers >600,000
after 360 h of illumination with visible light at pH 4.5.* Other systems where
CdSe quantum dots capped by a tripodal thiolate are used as sensitizers and one of
five square planar Ni(Il) bis(chelate) complexes as catalyst gave hydrogen
evolution turnover numbers in excess of 100,000.* Three cobaloxime catalysts
(2.6-2.8) were proposed to be weakly adsorbing on CdS nanosheets to construct
efficient photocatalytic systems showing good proton reduction activities (Figure
2.2).¢ Huang et al. selected CdSe/ZnS core/shell quantum dots as photosensitizers
and another cobaloxime molecular catalyst (2.9) to fabricate photocatalytic
systems,*’ and other photocatalytic systems constructed with CdTe quantum dots
as photosensitizers, cobalt(Ill) complexes (2.10-2.11) as molecular catalysts and
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ascorbic acid as sacrificial electron donor were reported by Llobet and co-
workers.*® The advantages of both semiconductors and molecular catalysts can be
combined in these types of assemblies.
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Figure 2.2. Structures of Co complexes 2.6—2.11 used as catalysts in hybrid systems with quantum dots as light
harvesters.

2.2. Charge Transfer Dynamics in
Semiconductor/Molecule Systems for Photocatalytic
Hydrogen Evolution

Although various semiconductor/molecule systems or assemblies have been
reported, the kinetic mechanisms, especially charge transfer between
semiconductors and molecular catalysts, need to be investigated.*” Charge transfer
is a key step for achieving high efficiency of hydrogen production in a
photocatalytic system. Charge transfer can occur when the (electronic) energy
levels of the donor and acceptor match the thermodynamic requirement to
overcome the interface boundary between the semiconductor and the molecular
catalyst. The charge transfer dynamics can be affected by the semiconductor’s
intrinsic structure, surface properties, size and morphology, and also the redox
potential of the molecular catalysts in proton reduction.® For example, 3-
mercaptopropionic acid (MPA) is often used as a capping ligand for quantum dots.
The presence of MPA ensures charge balance and stability of the quantum dots in
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solution.?”** However, fast hole trapping occurs in excited MPA-capped quantum
dots.”' Such trapping of charge carriers in the surface state of quantum dots is a
common occurrence and plays an important role in photocatalytic hydrogen
evolution processes.

Slowing down the recombination in the semiconductor itself and accelerating the
interfacial charge transfer is considered to be the main methodology to ensure
efficient photocatalytic hydrogen production. Studies on interfacial charge transfer
are mainly focused on charge transfer rates and charge separation efficiency. In a
study on hydrogen evolution by and charge transfer dynamics in a CdSe quantum
dot/[Fe2S2(CO)s] assembly, a transient absorption decay rate for the assembly was
found to be 8.8 ns shorter than that of the CdSe quantum dots alone (17.6 ns), and
this was interpreted to indicate the occurrence of electron transfer from the CdSe
quantum dots to the iron cluster with concomitant efficient H, evolution.*’
Interfacial electron transfer with a picosecond time constant was observed by
Huang et al. in photocatalytic systems based on CdSe/ZnS core/shell quantum dot
photosensitizers and cobaloxime complex 2.9 as HER catalyst.*” Hybrid systems
containing water-soluble CdTe quantum dots and a molecular catalyst - either a
macrocyclic cobalt(Il) complex (2.10) or a phosphonate-functionalized cobalt(III)
bisglyoximate complex (2.11) - have been investigated by Palomares, Llobet, and
co-workers to explore the kinetics of charge transfer.*® In these hybrid systems, the
direct electron transfer from the excited CdTe quantum dots to the cobalt catalysts
and interfacial hole transfer from the CdTe quantum dots to ascorbic acid both
occur on the nanosecond timescale while the back electron transfer occurs on the
millisecond timescale. The catalytic reaction proceeds much slower with a rate on
the microsecond scale. The charge transfer dynamics differ in different
semiconductor/molecular systems, but it provides important information to
understand the key reaction steps in the photocatalytic hydrogen production
process.

2.3. Graphitic Carbon Nitride-based Composites for
Photocatalytic Hydrogen Evolution

In addition to traditional semiconductor quantum dots, multidimensional
semiconductors, such as polymeric graphitic carbon nitride (g-C3N4), have been
considered to be good and robust candidates for photocatalytic hydrogen evolution,
in combination with molecular catalysts or semiconductors (e.g. quantum
dots).”>> In such systems, the photocatalytic efficiency of the semiconductor
materials have been improved by incorporation of semiconductor heterojunctions,
in which the photogenerated electron—hole pairs can be efficiently separated and
transferred to the active sites for (separate) reactions in a catalytic system.>*
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With regard to the band gap and the potentials of the valence band (VB) and
conduction band (CB) of semiconductors, the electronic structure of the coupled
composites can be categorized into several classifications, i.e. Type I (straddling
gap), Type 1l (staggered gap), Type III (broken gap), Z-scheme heterojunctions
and Schottky junction (Figure 2.3).%? In the Type I heterojunction (Figure 2.3 (a)),
the VB and CB of semiconductor 1 are lower and higher than those of
semiconductor 2, respectively. When semiconductor 1 is excited under light
irradiation, photogenerated holes can be transferred from the VB of semiconductor
1 to the VB of semiconductor 2, while the electrons can transfer from the CB of
semiconductor 1 to the CB of semiconductor 2. Type II heterojunctions (Figure
2.3 (b)) can significantly promote the separation of electrons and holes to retard
their recombination and thus achieve an efficient composite for photocatalytic
hydrogen evolution. The photogenerated holes in the VB of semiconductor 2 can
transfer to that of semiconductor 1, while the photogenerated electrons in the CB
of semiconductor 1 can migrate to that of semiconductor 2, resulting in a spatial
separation of charge carriers. In Type III heterojunctions (Figure 2.3 (c)), there is
no photogenerated charge transfer between two semiconductors. Z-scheme
heterojunctions (Figure 2.3 (d) and (e)) have been reported to efficient charge
transfer systems during the photocatalytic process.’® The Schottky junction
(Figure 2.3 (f)) consists of a semiconductor and metal-like material, which is
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Figure 2.3. Schematic energy band diagram of three different types of heterojunctions in a typical semiconductor
hybrid nanocomposite adapted from (52): (a) Type | heterojunction, (b) Type Il heterojunction, and (c) Type llI
heterojunction, (d) Semiconductor-semiconductor Z-scheme heterojunction, (e)
semiconductor-conductor-semiconductor Z-scheme heterojunction, (f) Schottky junction of metal/semicomductor
nanohybrids. A and D denote electron acceptor and electron donor, respectively.
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beneficial in constructing a space-charge separation region. Understanding which
type of heterojunction that is formed is important in the design of g-Cs;N4 based
composites with other semiconductors (quantum dots) and to enable improvement
of the efficiency of charge separation during photocatalytic hydrogen evolution.

Type II SnO>—ZnO/g—C3N4 heterostructure hybrids have been prepared by Byon
and coworkers; in these hybrids, SnO,—ZnO quantum dots are anchored to g—C3N4
nanosheets via an in situ co—pyrolysis approach.’” The resultant hybrids exhibited
excellent photocatalytic performance for hydrogen evolution under visible—light
irradiation with outstanding cycling stability. In another type II Au/TiO>—g—C3N4
nanocomposite hybrid system constructed by Clément et al., a remarkably efficient
photocatalytic hydrogen production resulted from simultaneous favourable
nanoheterojunction formation between g—C3;N4 and TiO, semiconductors, as well
as Au nanoparticle/g—C3Ns and Au nanoparticle/TiO, junctions.’® Zhong et al.
created type II CdSe quantum dot/g—C3;N4 composites that were found to
significantly enhance photocatalytic hydrogen production compared with pure
CdSe and g—C3N4. This positive effect was attributed to the synergism of excellent
visible absorption and high charge separation efficiency from the
heterostructures.”> Besides the above studies, there are few reports on research
about the incorporation of quantum dots into g—C3Na.

2.4. CdSe Quantum Dots/Iron Carbonyl Cluster
Assemblies as Photocatalytic Hydrogen Evolution
Systems

In paper I, assemblies of CdSe quantum dots with iron chalcogenide carbonyl
clusters are described. The previously known CdSe quantum dot/[Fe,S>(CO)s]
assembly and the new CdSe quantum dot/[Fe;Tex(CO)o] assembly were tested as
catalytic systems for hydrogen production in aqueous solution or aqueous/organic
mixture solution. The structure, chemical composition, and optical properties of
the prepared samples were investigated via a series of characterization techniques.
In the presence of ascorbic acid as a sacrificial electron donor and proton source,
these assemblies were found to exhibit enhanced activities for the rate of hydrogen
production under visible light irradiation, with considerably better performance
than that of pure CdSe quantum dots under the same conditions. The CdSe
quantum dot/[Fe;Te,(CO)9] assembly shows a better hydrogen production result
than the CdSe quantum dot/[Fe,S>(CO)¢] assembly under the same experimental
conditions. Transient absorption and time-resolved photoluminescence
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spectroscopies were used to investigate the charge carrier transfer dynamics in the
quantum dot/iron carbonyl cluster assemblies.

In CdSe quantum dot systems, the ground state bleach (GSB) in transient
absorption only reflects the excited electron population, as the density of the band
edge for excited electron states is significantly smaller than the corresponding
density of the hole states. In previous studies, an increase in the rate of the CdSe
quantum dot GSB recovery can be clearly observed when the quantum dots are
attached to electron acceptors while the kinetics remain the same when the
quantum dots are attached to hole acceptors.'>* The transient absorption kinetics
of CdSe quantum dots at the maximum bleach stay almost constant with the
quantum dot/cluster assemblies, which indicates that no additional depopulation
pathway for the excited electrons has been established (Figure 2.4). Considering
that the time-resolved photoluminescence of the CdSe quantum dot/iron carbonyl
cluster assemblies is quenched more rapidly than for pure CdSe quantum dots, it is
concluded that efficient hole transfer from excited CdSe quantum dots to the iron
clusters contribute to the enhanced hydrogen evolution activity. This finding is
opposite to that which has been proposed previously for the CdSe quantum
dot/[Fe>S2(CO)g] assembly.?>4

2.5. A g-C3N4/CdSe Quantum Dot/Iron Carbonyl Cluster
Composite Photocatalytic Hydrogen Evolution System

In paper II, a g—C3N4/CdSe quantum dot/[Fe>S>(CO)s] composite was successfully
constructed. This composite corresponds to a Type II heterojunction and shows
excellent stability for photocatalytic hydrogen production. The structure, chemical
composition, and optical properties of the prepared samples were investigated via
a series of characterization techniques, and the ability of the assembly to catalyze
proton reduction to form hydrogen gas was studied. With visible light irradiation
for 4 hours, the total H, production amount of the g—Cs;N4/CdSe quantum
dot/[Fe>S»(CO)s] assembly was 24-fold as high as the corresponding
CdSe/[Fe2S2(CO)s] assembly in the absence of g-CsNa4, and significantly higher
than either the CdSe quantum dots or g—C3;Ny4 alone. Transient absorption and
time-resolved photoluminescence spectroscopies have been used to investigate the
charge carrier transfer dynamics in the g—Cs;N4/CdSe quantum dot/[Fe>S>(CO)s]
assembly system. The spectroscopic results indicate efficient hole transfer from
the valence band of the excited CdSe quantum dots to the molecular iron carbonyl
clusters and from the defect state of the quantum dots to g—C3;N4 in the
g—C3N4/CdSe quantum dot/[Fe>S>(CO)s] composite, which significantly inhibits
the recombination of photogenerated charge carriers in CdSe quantum dots and
boosts the photocatalytic activity and stability for hydrogen evolution. At the same
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time, the energy transfer from g—Cs;Ns to CdSe quantum dot/[Fe;S>(CO)s]
assembly with a time constant of 0.7 ns also contributed to the charge transfer
process. See paper Il for further details.
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Figure 2.4. (a) Transient absorption spectra at 10 ps after excitation at 400 nm; (b) Transient absorption kinetics at
the minimum bleach; (c) The time-resolved photoluminescence decay (A> 610nm); (d) The time-resolved
photoluminescence decay (470nm<A<600nm) of pure CdSe quantum dots, CdSe quantum dot/[Fe2S2(CO)s] assembly
and g-CsN4/CdSe quantum dot/[Fe2S2(CO)s] composite.®

2.6. Summary

The construction of assemblies of CdSe quantum dots with iron carbonyl clusters
gives water soluble catalysts with enhanced activity for the photocatalytic
hydrogen evolution reaction. Hole transfer is the dominant process in the two
CdSe quantum dot/iron complex assemblies that have been studied, rather than
electron transfer from the conduction band of the semiconductor to the iron
complex, as has been proposed previously. However, the stabilities and
efficiencies of such semiconductor/biomimetic systems are poor. Deposition of the
quantum dot/iron carbonyl cluster assemblies on graphitic carbon nitride leads to
further enhanced photocatalytic hydrogen evolution and increased stability.
Graphitic carbon nitride can be an excellent support for nanoparticle
photocatalysts.
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Chapter 3: Photoinduced Hydrogen
Evolution using Co(II) Compounds
(Paper III)

3.1. Cobalt Materials and Complexes in Artificial
Photosynthesis

Cobalt is one of the first row transition metals with the greatest ability to support
multiple oxidation states, occupy both high and low spin electronic states, and
adopt multiple coordination geometries depending on its surrounding ligands.®!
The entity that achieves water splitting in photosynthesis is the oxygen evolving
complex (OEC), an MnsCa oxo cluster complex that resides in photosystem II
(PSII). An artificial OEC composed of cobalt, oxygen, and phosphate (3.1, Figure
3.1) that self-assembles upon the oxidation of Co?* to Co*" ion in aqueous solution
has been reported.>% This cobalt compound consists of edge-sharing CoOs
octahedra.®*> The average size of the molecular cobaltate cluster is seven atoms
and a nearly identical structural congener of the OEC of PSII, as schematically
illustrated in Figure 3.1a. The artificial Co-OEC catalyzes water oxidation at
neutral pH with high activity.®®* A number of effective mononuclear cobalt
complexes have also been developed as water oxidation catalysts.®” For example, a
cobalt(Il) center was inserted into the tetrapodal pentadentate ligand, 2,6-(bis(bis-
2-pyridyl)- methoxymethane)pyridine (PYS5), and it was found that the complex
[Co(I)(PY5)(OH,)]** (3.2) functions as a remarkably active water oxidation
catalyst.%®
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Figure 3.1. The artificial Co-OEC cubane structure 3.1 rotated by 45° to more clearly show edge sharing octahedra.
The alkali metal ions, which are not shown, likely reside above the 3-fold triangle defined by the p-bridging oxygens;
the water oxidation catalyst [Co(II)(Py5)(OH2)]** (3.2).

3.2. Cobalt Complexes with Pentadentate Ligands for
Hydrogen Evolution Reaction

In addition to water oxidation catalysis, molecular cobalt complexes have also
been intensively studied because of their promise as electro- and photocatalysts for
the hydrogen evolution reaction.®”° Figure 3.2 presents a series of Co complexes
with pentadentate ligands reported by various research groups. Their redox
potentials and photocatalytic properties are summarized in Table 3.1 and Table
3.2, respectively. The related discussions are introduced in the following sections.

In 2011, Chang, Long and coworkers reported a series of Co(Il) complexes
coordinated with pentapyridyl ligands as catalysts for (photo)electrochemical
production of H, in aqueous solutions (3.3a—c, Figure 3.2).”""”* The neutral
pentapyridyl groups and the cationic nature of their metal complexes afford water
solubility and stability to complexes 3.3a-3c¢.”> The electron withdrawing
trifluoromethyl (—CF3) group of 3.3b led to a 0.19 V anodic shift to —1.28 V (vs.
Fc'/Fc) for the Co™ redox potential compared with complex 3.3a.”> In 2013,
Chang, Long and coworkers reported the Co(Il) complexes 3.4a and 3.4b that
were designed to investigate the effects of (potentially) redox-active bpy ligands
on electrocatalytic and photocatalytic proton reduction.”” Both 3.4a and 3.4b
showed more positive redox potentials for the Co™ event than 3.3a, indicating the
stabilization of low-valent Co(I) species.”” In 2015, another series of Co(II)
complexes 3.5a-3.5d with redox-active pyrazines ligands were investigated.””
The Co™ potential anodic shifts in CH;CN of 0.25, 0.17, 0.29, and 0.57 V (vs.
Fc'/Fc) were observed for 3.5a-3.5d, respectively, compared with 3.3a. The
electrocatalytic HER showed that 3.5b was the most active catalyst among 3.5a—
3.5d,7*7 while the TONSs of 3.5b were far lower than for complexes 3.4a and 3.4b
(Table 3.2). This indicated that positively shifted potentials for the Co™ couple
may lead to efficient hydrogen evolution activity. The similar Co(II) complexes
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3.4¢,’® 3.6a’° and 3.6b’" were reported with three different pentadentate ligands
(Figure 3.2). The observed Co™ redox potentials for these three complexes were
found to be similar to those reported by Chang (Table 3.1).

In 2012, Zhao and coworkers reported the synthesis and H» production activity of
Co(IT) complex 3.7a of the pentadentate ligand DPA-Bpy (Figure 3.2).”*7 In
order to investigate the electronic effects of the ligand scaffold and in an effort to
improve the catalytic properties of 3.7a for H» evolution, they replaced the pyridyl
substituents in DPA-Bpy with more basic and conjugated isoquinoline groups to
yield the new Co(Il) complex 3.7b (Figure 3.2).*° Electrocatalytic H, production
by 3.7b indicated a significant activity improvement over 3.7a with a lower over-
potential, and higher TON and TOF under neutral pH, possibly resulting from a
more stable low-valent Co center.®’ In 2014, Wang and coworkers reported Co(III)
complexes 3.8a-3.8¢ based on the pentadentate ligand N4Py (Figure 3.2) and
studied the photocatalytic hydrogen evolution effected by these complexes.®!
These investigators reported that the nature of the monodentate ligand in the apical
position of 3.8 results in different redox potentials for the Co™"" and Co™" peaks
(Table 3.1). Therefore, Wang and coworkers inferred an HER mechanism that
involved the decoordination of one of the pyridyl groups of the pentadentate
ligand. Subsequently, the groups of Blackman, Collomb, and coworkers reported
the synthesis, characterization, and H, production activity of Co(IIl) complexes
3.8¢-3.8h of the pentadentate ligand containing various monodentate ligands
(Figure 3.2).%

Another four Co(Il) complexes, 3.9a-3.9d, containing a tripyridine—diamine type
pentadentate ligand, were reported by Sun and co-workers as catalysts for
electrocatalytic hydrogen reduction in neutral solution.®® The Co™ redox
potentials for 3.9a-3.9d in THF were calculated to be - 1.69 V,-1.78 V, - 1.66
V and - 1.80 V vs. Fc'/Fc, respectively. In 2015, Verani and co-workers
investigated the Co(Il) complexes 3.10 and 3.11 with different types of
tripyridine—diamine ligands for electrocatalytic HER.** The cathodic shifts were
observed for both complexes at potentials of the Co™ peak (3.10: -1.99 V; 3.11: —
1.92 V vs. Fc+/Fc), comparable to the observations for 3.9a-3.9d (Table 3.1).

The above discussion has demonstrated that the efficient electro- and
photocatalytic HER activity of Co(II) complexes can be achieved through ligand
modifications to generate positively shifted potentials of the Co™ redox couple.
The ligand modifications include changing the electronic properties, changing the
denticity, and/or incorporating a redox-active motif. It was decided to further
investigate the influence of variations in stereoelectronic effects within the N4Py
ligand framework. Two features were investigated: (i) the hydrogen evolution
efficiency of Co(Il) derivatives of N4Py-like ligands (as opposed to analogous
Co(IIT)(N4Py) complexes) (ii) the stereoelectronic effects of substituting pyridyl
moieties in the ligand framework with other nitrogen-donor moieties. Thus, the
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three Co(I) complexes 3.12-3.14 of the pentadentate ligands based on the N4Py
framework, where one or two terminal pyridyl substituents have been replaced by
quinoline or N-methylbenzimidazolyl moieties, were studied as hydrogen
evolution catalysts.®> The Co redox potentials for 3.12-3.14 in CH;CN were
measured to be - 1.47V, - 1.73 Vand - 1.64 V vs. Fct/Fc, respectively. (Table
3.1). The potential for 3.12, in particular, is positively shifted relative to those for
analogous N4Py complexes (3.9, Table 3.1)

3.3a R=H 3.4a R;=R;=H, X=0Tf 3.5a X;=N, X;=X3=X4=X5=H
3.3b R=CF,4 3.4b Ry=H, Ry;=CF,, X=0Tf 3.6b X5=N, X;=X3=X4=X5=H
3.3¢c R=NMe, 3.4c R=0H, R,=H, X=Br 3.5¢ Xo=X3=N, X;=X4=X5=H

3.5d X,=X,=X3=X,=X5=N

(]
— | N
- '-\N .
3.8a X=CI 3.8e X=Br-
3.6a R=H, X=Br 3.7a Ry=H 3.8b X=NO;~ 3.8f X=OH"
3.6b R=Me, X=CI- 3.7b Ry=benzene)  3.8¢ X=CF;S0;3.8g X=N;~

3.8d X=Cl 3.8h X=NCS"~

\N(\l 7
ZA TN

3.9a X=CH4;CN, n=1
3.9b X=H,0, n=1
3.9¢ X=CH4CN, n=2
3.9d X=H,0, n=2

3.10 3N

Figure 3.2. Pentadentate-based ligands and their corresponding cobalt complexes.
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Figure 3.3. The pentadentate-based ligands and their corresponding Co(ll) complexes studied in the present work.
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Table 3.1. Experimental redox potentials of Co complexes with pentadentate ligands. 2

Cat. Electrolyte Colll Co'l" Ref.
3.3a CHsCN (0.1 MnBusNPFs)  0.24 V vs. Fc+/Fc - 1.47 V vs. Fc+/Fc 2
3.3b CHsCN (0.1 M nBusNPFs)  0.34 V vs. Fc+/Fc -1.28 V vs. Fc+/Fc 2
3.4a CHiCN (0.1 M nBusNPFs)  0.235V vs. Fc+/Fc -1.2Vvs. Fct+/Fc &
3.4b  CHiCN (0.1 M nBusNPFg)  0.31 VPPl vs. Fc+/Fc -1.14 VPlys, Fc+/Fc 7
3.5a CHsCN (0.1 M nBusNPFs)  0.32 V vs. Fc+/Fc -1.22V vs. Fc+/Fc "
3.5b  CHsCN (0.1 M nBusNPFs)  0.27 V vs. Fc+/Fc -1.30 V vs. Fc+/Fc &
3.5¢c  CH3CN (0.1 M nBusNPFs)  0.35V vs. Fc+/Fc -1.18 V vs. Fc+/Fc 4
3.5d CHiCN (0.1 M nBusNPFe)  0.55 V vs. Fc+/Fc -0.90 V vs. Fc+/Fc &
3.6b  CH3CN (0.1 M LiCIO4) 0.09 VIl vs. Fc+/Fc -1.71VPlys, Fc+/Fc 77

3.8a CHsCN (0.1 M nBusNPFs
3.8b  CHsCN (0.1 M nBusNPFs
3.8d  CHsCN (0.1 M nBusNPFs
3.8e  CHsCN (0.1 M nBusNPFs

-0.26 VPlys. Fc+/Fc - 1.86 VIPlvs, Fc+/Fc &'
-0.45VPlys, Fc+/Fc - 1.65VPlys, Fc+/Fc &'
-0.28 Vs, Fc+/Fc  -1.79 Vs, Fc+/Fc &
-0.19 Vllvys. Fc+/Fc  -1.72 V€ vs. Fc+/Fc &

3.8g CH:CN (0.1 MnBusNPFes)  -0.86 Vs, Fc+/Fc - 82
3.8h  CHsCN (0.1 M nBusNPFs -0.29 Vs Fc+/Fc  -1.70 V9lvs. Fc+/Fc &
3.9a THF (0.1 M nBusNPFg) -0.01V vs. Fc+/Fc -1.69V vs. Fc+/Fc 8
3.9b  THF (0.1 M nBusNPFg) - -1.78 V vs. Fc+/Fc 8
3.9c  THF (0.1 M nBusNPFg) - -1.66 V vs. Fc+/Fc 8
3.9d THF (0.1 M nBusNPFs) - -1.80 V vs. Fc+/Fc 8
310 CHsCN (0.1 M nBusNPFs) - 0.69 V vs. Fc+/Fc -1.99 V vs. Fc+/Fc 84
311  CHiCN (0.1 MnBusNPFs) - 0.02 V vs. Fc+/Fc -1.92V vs. Fc+/Fc 84
3.12  CH:CN (0.1 M nBusNPFe)  0.59 VI¥l vs. Fc+/Fc -1.47 Velys, Fct+/Fc % (this work)
3.13  CHsCN (0.1 M nBusNPFg)  0.445 Vel vs. Fc+/Fc -1.73 Vlelys. Fc+/Fc  (this work)
3.14  CHiCN (0.1 M nBusNPFs)  0.195 Vi€l vs. Fc+/Fc -1.64 Vlelys. Fc+/Fc (this work)

[a] E(Fc+/Fc) = 0.64 V vs. SHE. [b] Converted from E(SCE) = 0.24 V vs. SHE. [c] Converted from E(Ag/AgNQO3 (0.01
M in CH3CN)) = 0.54 V vs. SHE. [d] Epc. [e] E1/2.

3.3. Photocatalytic Hydrogen Production and
Mechanistic Study by Molecular Cobalt (II) Catalysts

In the presence of [Ru(bpy);]*" and ascorbic acid in 1.0 M phosphate buffer at pH
6, 3.3b shows the highest photocatalytic water reduction activity among 3.3a-c,
with a TON of 300.”> Under both electrocatalytic and photocatalytic conditions,
the improved HER activity by 3.3b demonstrates the electronic tuning with an
electron withdrawing group (-CF3) in the ligand scaffold as an efficient approach
to modifying the activity of water reduction.”” The TONs for photocatalytic H,
evolution with 3.4a and 3.4b for 13 h were 1630 and 1390, respectively,” while
the TONs decreased substantially under the same experimental conditions when
pyridine units were replaced by pyrazine in the similar Co(II) complexes 3.5a-3.5d
(Table 3.2).7
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Wang and coworkers reported that variation of the sixth monodentate ligand in the
Co(IIT)(N4py) complexes 3.8a-3.8¢ has a dramatic effect on the photocatalytic H»
production in aqueous solutions,?! while, on the other hand, Blackman, Collomb,
and coworkers show that there is not much difference in the photocatalytic activity
for H, production among complexes 3.8d-3.8h.2> Wang and coworkers found that
a much higher amount of H, was achieved in NaCl solution than in Na>SOs
solution. This result contradicts the hypothesis that the formation of a Co(Ill)-H
intermediate is the result of the dissociation of the chloride ligand, since the
addition of NaCl is believed to stabilize the coordination of the chloride ligand.
The result further suggests that there must be another reaction, such as
decoordination of a pyridine group of the N4Py ligand, to account for the
formation of Co(Ill)-H. The results of Wang and coworkers are similar to those
that were obtained Polyansky and coworkers from pulse radiolysis and a DFT
study of H, production by complex 3.6.%° However, Blackman, Collomb and
coworkers suggest a different mechanism for H» production based on their studies
of complexes 3.8d-3.8h containing the same pentadentate ligand N4Py as in 3.8a-
3.8¢, but with different counterion(s) (ClO4 for 3.8d-3.8h).%? The latter authors
concluded from bulk electrolysis, UV-Vis, and EPR analysis of complexes 3.8d-
3.8h that although the monodentate ligands remain coordinated with the Co center
in both the Co(Ill) complexes and their corresponding Co(Il) forms formed by
electrochemical reduction of the Co(IllI) complexes in CH3CN solution, the Co(II)
form that is produced through chemical reduction by ascorbic acid (H>A) has a
common formula of [Co(II)(N4Py)(HA)]". Electrochemical and UV-Vis
characterization of corresponding Co(I) species indicates that loss of monodentate
ligands occurs during the reduction of Co(Il) to [Co(I)]". The photocatalytic H»
evolution activities for 3.8d-3.8h were found to be similar and independent of the
nature of the apical monodentate ligands, indicating that during the entire course
of hydrogen evolution catalysis, N4Py remains fully coordinated with the Co
center.®?

3.4. Photoinduced Hydrogen Evolution Catalyzed by
New Co(IT) Complexes of N5-donor Ligands

In paper III, the photocatalytic properties of Co(II) complexes 3.12-3.14 were
studied using [Ru(bpy);]*" as photosensitizer and ascorbic acid as a sacrificial
electron donor (Table 3.2). The three ligands are modifications of the N4Py ligand
discussed above, where one or two pyridyl units have been replaced by other
heteroaromatic nitrogen donor units. In the study included in this thesis, light-
driven H, production with TONs in the range of 16-25 was determined for
complexes 3.12-14.%
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Table 3.1. Photochemical hydrogen production properties of Co complexes with pentadentate ligands.

Cat. Solvent PS Reductant [Cat] pH TON Ref.
(IRu(bpy)s]**)  (H2A)

3.3a 1 M phosphate buffer ~ 200uM 0.1M 50uM 7 038 72

3.3b 1M phosphate buffer ~ 200uM 0.1 M 50M 7 044 72

3.3c 1 M phosphate buffer ~ 200uM 0.1 M 50uM 7 022 72

3.4a H0 330uM 0.3 M 20puM 4 1630 7

3.4b H0 330uM 0.3 M 20puM 45 1390 7

3.4c  H0 500uM 1M 5uM 41 1380 7®

3.5a H0 330uM 0.3 M 20uM 55 190 4

3.5b H0 330uM 0.3 M 20puM 55 450 7

3.5¢ H0 330uM 0.3 M 20uM 55 170 7

3.6a H0 500uM 1™ 5uM 4.1 1180 ¢

3.6b 1 M acetate buffer 500uM 0.1 M 50uM 4 187 m

3.8a H0 100uM 0.1 M 50uM 4 0.14 81

3.8b H20 100uM 0.1 M 50uM 4 0.03 &

3.8c H0 100pM 0.1 M 500M 4 0.0 ®

3.8d H0 500uM 11 M 100upM 4 59 82

3.8 H0 500uM 1.1 M 100uM 4 63 82

389 H.0 500uM 1.1 M 100pM 4 59 82

3.8h H20 500uM 1.1 M 100pM 4 61 82

3.12  H20/CH3CN (1:1 viv) 130uM 0.125 M 130uM 4 25.2 85 (this work)
313  H0/CHsCN (1:1viv)  130pM 0.125 M 130pM 4 19.7 8 (this work)
3.14  H20/CH3CN (1:1 viv) 130uM 0.125 M 130uM 4 16.1 85 (this work)

The photochemical mechanism, as revealed by nanosecond time-resolved transient
absorption spectroscopy, involves reaction of the excited sensitizer with ascorbic
acid to yield [Ru(bpy);]" as a primary photogenerated reductant, capable of
electron transfer to the cobalt catalyst(s) (Figure 3.4). Figure 3.4a and 3.4b show
examples of the ns TA data in the absence and presence of catalyst 3.13,
respectively. The emergence of [Ru(Il)(bpy)2(bpy)e-]", due to reductive quenching
of the *MLCT state of the photosensitizer, is characterized by a time constant of
120 ps irrespective of the presence of a catalyst (Figure 3.4c). At about 600 ns the
initial spectral changes due to formation of [Ru(II)(bpy).(bpy)-]" are complete
and the resultant differential absorption signal decays to zero within 400 ps
(Figure 3.4a-c). In the absence of a Co(Il) catalyst, the experimentally observed
time constants are 9 and 54 ps. A bi-exponential decay in the absence of a catalyst
was also observed by Blackman et al.** The authors rationalized this finding by
charge recombination between [Ru(II)(bpy).(bpy)s-]" and different oxidized forms
of ascorbate (i.e. HA« radical and the dehydroascorbic acid A).** In the presence of
a catalyst, the decay of [Ru(II)(bpy)x(bpy)s-]" becomes slightly faster, i.e. the
characteristic time-constants are determined to be 5 and 30 ps for catalyst 3.13
(Figure 3.4d). This finding points to the fact that intermolecular electron transfer
from [Ru(II)(bpy)2(bpy)=-]" to the catalyst presents an additional decay channel for
the reduced photosensitizer.
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Figure 3.4. Nanosecond transient absorption (TA) spectra of the solution containing 0.13 mM [Ru(bpy)s]**, 110 mM
ascorbic acid and (a) without a Co(ll) catalyst and (b) with 0.13 mM catalyst 2 upon excitation at 450 nm in aerated
water/acetonitrile mixture (1:1 v/v) at pH 4. (c) Comparison of the normalized kinetics with the corresponding fit at 360
(upper) and 500 nm (bottom). (d) Global fit results of the ns TA data shown in (b).

On the basis of the photophysical data and previous photophysical and
computational studies on other photocatalytic systems for hydrogen evolution
involving related molecular Co(Il) and Co(III) catalysts,’®3286%4 it is proposed that
the photocatalytic cycle begins with the reduction of *[Ru(bpy)s]** by ascorbate to
afford the reduced state [Ru(bpy)s]” and the neutral radical HA« (Figure 3.5). The
HA- species is known to deprotonate easily to form the radical anion Ae— that
disproportionates in acidic aqueous solution to give HA— (A%) and two-electron
oxidized dehydroascorbic acid A. Reduced [Ru(bpy)s]” possesses a sufficiently
negative potential to reduce the Co(Il) catalyst to the Co(I) oxidation state, and
that reduced species enters the catalytic cycle for H» evolution (Figure 3.5). The
reduced Co(I) complex can react with a proton under acidic conditions to generate
a Co(Ill) hydride complex.®> As previously discussed, studies on
[Co(IIT)(N4Py)(X)]™ by Wang and coworkers®' and Blackman, Collomb and
coworkers®? gave conflicting results — Wang and coworkers obtained results that
suggest partial decoordination of the pentadentate ligand in the formation of the
Co(IlT)-hydride complex, whereas the catalytic results obtained by the latter group
strongly implicated dissociation of the apical ligand to form a five-coordinate Co(I)
complex that can react with a proton. As discussed by Blackman, Collomb and
coworkers®® the resultant six-coordinate Co(IIl) hydride complex may react in
different ways. One possibility is a reaction with a second Co(IlI) hydride complex
and homolytic cleavage of the Co(Ill)-H bonds to generate H, and the
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corresponding Co(Il) species which in turn may react with HA— to form
[Co(IT)(AH)(N5-ligand)]", as schematically depicted in the catalytic cycle in
Figure 3.5. A second possibility (not depicted) is the reaction of the Co(Ill)
hydride complex with a proton (oxonium ion) to generate H, via heterolytic
cleavage of the Co(Ill)-H bond; however, there should be a significant
electrostatic barrier for the initial association of the two cations. The relatively low
activity of hydrogen production may be explained by the low stability of the Co(I)
species that are formed in the catalytic systems.

Co(ll)(NCMe)
HA®
[Ru(bpy)s]"
MeCN ‘// HA-
hv \ *[Ru(bpy)s]**
" ” [RU(bpv)slz'/ hv
*[Ru{bpy)s] [Ru(bpy)s]*" y
HA- Co(l) H*
. [Ru(bpy);]*
HA ?H Ii'
Col(ll) Cof(lll)
HA®  112H,

Figure 3.5. Schematic summary of the primary photochemical processes and a possible catalytic HER cycle occurring
upon light irradiation of the photolysis mixture containing [Ru(bpy)s]?*, cobalt catalyst (3.12-3.14), and ascorbic
acid (bpy=2,2'bipyridine).

3.5 Summary

The effective ligand fields exerted by the ligands in a series of related cobalt(Il)
complexes affect the Lewis basicities of the cobalt ions and hence the
effectiveness of the complexes as catalysts for light-driven HER. The catalytic
activity appears to be limited by the low stabilities of the Co(I) species that are
formed in the photocatalytic processes.

The hydrogen evolution activity of cobalt molecular catalysts can be modulated by
ligand modification, including variation in steric and electronic constraints and the
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introduction of redox-active groups (so called “non-innocent ligands”). During
catalytic HER, the generation of a vacant coordination site at the Co center is an
important step that needs to be facilitated and better studied. The robustness of Co
catalysts under catalytic conditions is another major issue, and strategies for
preventing the dissociation of Co ions during catalysis may be the key to
improving catalyst stability. The catalytic efficiencies of the three new Co(Il)
complexes that have been studied are low. Efforts to stabilize low valent Co(I)
species under catalytic conditions may need to be considered for the enhancement
catalyst operation and stability. For example, preventing the formation of
metallacycle by-products via ligand intramolecular metalation may decrease the
deactivation of cobalt catalysts during hydrogen production.’®"
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Chapter 4: Molybdenum Sulfides as

Catalysts for Hydrogen Evolution
Reactions (Paper V)

Extensive efforts have been made to develop efficient electro- and photocatalysts
for the hydrogen evolution reaction that are based on earth-abundant elements and
may be used in large-scale applications.”®”® Molybdenum sulfides are attractive
noble-metal-free catalysts that show an outstanding activity as catalysts for
electrocatalytic hydrogen production. Crystalline molybdenum disulfide (MoS>)
shows a typical layered sandwich-like structure held by weak van der Waals
interactions.”” However, only the edges of the layered solid state structure of MoS,
act as active sites, while the basal planes are inert (Figure 4.1).!° Many strategies
have been explored to increase the exposure of active edge sites and improve the
catalytic activity of crystalline MoS,."""1 Various MoS,-based nanostructures,
including single-/few-layer nanosheets,'” nanodots,'™ nanoflowers,'” and
quantum dots!% have been prepared by morphology control in order to maximize
the number of catalytically active sites. Generation of defects or element doping
have also been employed as methods to activate the basal planes of M0S,.!:1% In
addition to studies on crystalline molybdenum disulfide, molecular molybdenum
sulfide clusters and amorphous molybdenum sulfides (MoSy; x =2-3) have been
synthesized and their hydrogen evolution reaction activities have been
investigated.'-114

Figure 4.1. monolayer of a perfect triatomic MoS2, Color code for ball-and-stick models: Mo, turquoise; S, yellow.
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4.1. Molybdenum Sulfides as Electrocatalysts for the
Hydrogen Evolution Reaction

The mechanism(s) of HER catalysis by molybdenum sulfides (e.g. crystalline
MoS; and amorphous MoSy) is still not well understood, and the real active sites
need to be further confirmed. Molecular clusters are considered to be suitable
active site models for molybdenum sulfides that can be used to investigate
mechanisms of reactions catalyzed by such solids.!'> For the electrocatalytic HER,
catalysts consisting of heterogeneous systems based on molecular [Mo,S,] clusters
have been studied because of their richness in unsaturated Mo-S coordination sites,
which is characteristic of the active MoS; edge.!!>!16:117

Chorkendorff and coworkers reported the molecular MoS, complex 4.1 (Figure
4.2), consisting of an incomplete cubane-type [Mo03Ss]*" cluster, to possess sites
similar to the edge sites of crystalline MoS,.!"” After deposition on a FTO
electrode, the electrocatalytic HER activity of the [Mos;S4]*" cluster was
comparable with that of the edge sites of MoS, over a period of one hour, and then
slow desorption from the electrode due to the hydrophilicity of the clusters was
observed. Chang and coworkers identified the Mo'vY—disulfide complex
[(PY5Me2)MoS,]*" 4.2 (Figure 4.2), and this complex exhibited considerably
higher stability and larger TOFs than 4.1 in electrocatalytic HER under the same
experimental conditions.''®

Two more typical thiomolybdate clusters, trinuclear [MosSi3]* 4.3''¢ and
dinuclear [M0>S12]*” 4.4,''> have been investigated as HER electrocatalysts. High
electrocatalytic activity was found for complex 4.3 (deposited on carbon
electrodes) under acidic conditions, and for 4.4 deposited on fluoride-doped tin
oxide (FTO) substrates.!'>!¢ Yaghi and coworkers'" have prepared a series of
[Mo3S7]-based metal—organic sulfides (MOS) in which various organic linkers
connect the trimolybdenum clusters through strong chemical bonds into well-
defined structures such as dimers and chains. These MOS compounds were found
to be excellent catalysts for electrocatalytic hydrogen evolution when deposited on
FTO electrodes. A 40-fold enhancement in turnover frequency was observed in
MOS systems compared with the unlinked cluster. The periodic arrangement of
clusters on the electrode with control over their distance, orientation, and density,
explains the low overpotential of only 89 mV to achieve a current density of 10
mA cm 2 with the MOS systems.
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4.2. Photocatalytic Hydrogen Production Catalysed by
Molybdenum Sulfide Clusters

The thiomolybdate clusters [Mo3Si3]* (4.3) and [Mo0:S12]* (4.4) have been
investigated as catalysts for light-driven hydrogen evolution in homogeneous
systems and were found to produce remarkable turnover numbers (TON),!20-122
The efficiency of H, production by the metal sulfide clusters was found to be
influenced by the solvents and the ratios of solvents in solvent mixtures. Streb and
coworkers suggest that a stepwise exchange of the terminal disulfido ligands with
aquo ligands is a key step when the [Mo3Si3]* cluster is used under photocatalytic
conditions, and the H, evolution activity was found to be the highest in
methanol/water (10:1 v/v) for this cluster.'?® However, when [M0,S1,]*> was used
as a catalyst under the same experimental conditions, it was found that the TON of
the photocatalytic hydrogen evolution was optimal in pure methanol rather than a
methanol/water mixture.'?> Streb and coworkers suggest that the charge transfer
from the photosensitizer ([Ru(bpy)s;]**) to the [Mos] catalysts may play a crucial
role in controlling homogeneous light-driven hydrogen evolution activity for
molybdenum sulfide cluster systems. The charge transfer rate from [Ru(bpy);]** to
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4.1 4.2
5\—§ —I 2" _l 2
& S S
Mo——S Z |
\S/:: O\S/ s/\ _.“S,‘ / N\.S
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Figure 4.2. Molecular structures of [MosS4]** (4.1, O from water ligands), [(PY5Me2)MoS2]?* (4.2), [Mo3S+13]*—(4.3) and
[Mo2S12]>-(4.4), highlighting the different arrangements of the sulfur anions around the molybdenum cations : red
(terminal disulfides), blue (bridging disulfides) and dark yellow (apical sulfide).
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[Mos], [Mo3]-Cl or [Mos]-Br were explored in MeOH:H,O (10:1, v/v) by
measuring the Stern—Volmer plots, which indicated that the [Ru(bpy);]**-*MLCT
emission depends on the catalyst concentration. Higher quenching efficiency was
observed for [Mos] compared with [Mos]-Cl or [Mos]-Br in the same
concentration range. The measurements indicate that faster charge transfer from
[Ru(bpy);]** to [Mos] cluster occurs than that from [Ru(bpy);]** to [Mos]-Cl or
[Mos]-Br cluster.

4.3. Metal-organic Sulfides for Light-driven Hydrogen
Evolution

Considering the excellent electrocatalytic HER properties exhibited by the metal-
organic sulfides (MOS) studied by Yaghi and coworkers, it was decided to
investigate the photocatalytic properties of these compounds. As described in
paper IV, the photocatalytic hydrogen-generating activity of two different metal-
organic sulfides - viz. MOS-1 and MOS-3, Figure 4.3 - was studied in the
presence of [Ru(bpy)s]**, acting as a photosensitizer, and ascorbic acid acting as a
sacrificial electron donor (Table 4.1). It was found that conditions similar to those
used for [Mo3Si3]*-catalyzed photocatalysis were optimal.'?® These conditions,
and the conditions and results obtained in photocatalytic HER studies on related
compounds, are listed in Table 4.1. Both of the molybdenum-based MOS show
high efficiency for catalytic hydrogen production with maximum turnover
numbers > 7900 for the dimer and > 9300 for the chain, respectively, based on
[Mos active sites]. The enhanced (photo)catalytic activity of these MOS
compounds correlates with their observed electrochemical proton reduction

Table 4.1. Photochemical hydrogen production parameters for molybdenum sulfide clusters.?

Cat Solvent PS Reductant [Cat] pH TON Ref.
(IRu(bpy)s]*)  (HzA)

[Mo3S13]* H20 20 uM 0.1 M 0.3 uM 6 2850 120
H20/MeOH (1:1 v/v) 20 uM 0.1 M 0.3 uM 6 3950 120
H20/MeOH (1:10 v/v) 20 pM 0.1 M 0.3 uM 6 23000 120
H20/CH3CN (1:9 v/iv) 100 uM 0.1 M 2uM - 1570 121

[Mo2S+2]* H20 20 uM 0.01M 0.5 uM 6 75 122
MeOH 20 yM 0.01M 0.5 uM 6 1630 122
H20/MeOH (1:10 v/v) 20 pM 0.01M 0.5 uM 6 900 122

[Mo3S7Bre]> H20/MeOH (1:10 v/v) 20 uM 0.1 M 0.3 uM 6 60 120
H20/MeOH (1:4 v/v) 130 uM 0.125 M 0.5 uM 4 800 123 (this work)

MOS-1 H20/MeOH (1:4 v/v) 130 uM 0.125 M 0.5 uM 4 7500 123 (this work)

MOS-3 H20/MeOH (1:4 v/v) 130 uM 0.125 M 0.5 uM 4 9400 123 (this work)
MeOH 130 uM 0.125 M 0.5 uM 4 3245 123 (this work)
DMF 130 pM 0.125 M 0.5 uM 4 0 123 (this work)
H2O/DMF (1:4 v/v) 130 uM 0.125 M 0.5 uM 4 0 123 (this work)

a: MeOH:Methanol; DMF:Dimethylformamide.
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activities when doped on FTO electrodes.'”” The efficiency of H, production by
the MOS was found to be influenced by the solvents and the volume ratio of the
solvent mixture, too. No traces of hydrogen were found for MOS-3 when the
photocatalytic reaction was carried out in dimethylformamide or a
dimethylformamide/water mixture (4:1 v/v). When the catalysis was carried out in
methanol/water (4:1 v/v), the H, evolution activity of MOS-3 was found to be the
highest, which is similar to results obtained Streb and coworkers.'*

-
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Figure 4.3. A schematic depiction of MosS7 clusters connected by the dithiolate linkers benzene-1,3-dithiolate (MOS-1)
and benzene-1,4-dithiolate (MOS-3) into dimers and a chain. Color code for ball-and-stick models: Mo, turquoise; Br,
red; S, yellow; C, gray.

4.4. Carrier Recombination Dynamics in Metal-organic
Sulfides

In paper 1V, time—resolved photoluminescence spectroscopy has been used to
investigate the charge carrier transfer dynamics of the MOS compounds in
different solvents.'”® Defect emission (A> 500 nm) of MOS-1 and MOS-3 in
different, potentially coordinating, solvents/solvent mixtures (DMF, MeOH,
MeOH/H,0) have been studied and compared with that of [Mo03S;Brs]*” (Figure
4.4). The MOS compounds show faster decay than [Mo3S7Brs]* regardless of the
solvents used in this study (Figure 4.4a-c), which correlates with the observed
photocatalytic hydrogen evolution activities (faster decay correlates with higher
activity). An explanation for the faster decays in the MOS structures is that more
efficient non-irradiative channels, i.e. more efficient charge carrier recombination,
are introduced when the Mos units are linked via thiolates. The solvent affects the
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photocatalytic hydrogen evolution by molybdenum sulfide compounds,'**'# as

has been discussed above. The MOS compounds exhibited the most rapid
photoluminescence decay in a MeOH/H>O mixture, followed by pure methanol,
and the slowest decay was observed in DMF (Figure 4.4d-f). When the MOS
compounds or [M03S7Brs]* are dissolved in pure DMF solution, the solutions are
uniformly clear; however, in pure methanol or a mixture of methanol and water,
cloudy suspensions are gradually formed for all compounds. Streb and coworkers
have obtained evidence that the terminal disulfides of [Mo3S;3]* may exchange
with water,'?® and similar exchange may take place for the molybdenum sulfide
compounds in this study, but this aspect needs to be investigated further.
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Figure 4.4. The time-resolved photoluminescence (TRPL) decay (A> 500 nm) of different catalysts in different
solvents : (a) DMF; (b) methanol; (c) MeOH/water (4:1 v/v); (d) starting cluster [Mo3S7Brs]*"; (€) MOS-1; (f) MOS-3.
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4.4. Summary

The efficiency of HER catalysis may be improved by synthesizing molybdenum
sulfide compounds/catalysts that maximize the number of catalytically active sites.
Such systems include molecular, nanoparticulate, nanowire, mesoporous solid and
amorphous film compounds/materials. Studies on molecular molybdenum sulfide
clusters are suitable for understanding the mechanism(s) of photocatalytic
hydrogen evolution effected by molybdenum sulfides. Construction of metal-
organic sulfides through linking of molybdenum sulfide clusters via suitable
ligands to form oligomeric or polymeric structures may lead to efficient electro- or
photocatalytic catalysts for HER. This has been confirmed by the studies on MOS-
1 and MOS-3 that are discussed above and in paper 1V; these compounds exhibit
excellent photocatalytic HER activities. A well-defined metal-organic sulfide may
increase the charge carrier transfer rate and thus enhance hydrogen evolution
activity. In addition, it may be easier to confirm the catalytically active sites in
such materials, in comparison to relatively inhomogeneous molybdenum sulfides.
Metal-organic sulfides provide a strategy to combine the advantages of both
molecular and semiconductor molybdenum sulfide materials.

Further studies are needed to understand the mechanism(s) of photocatalytic
hydrogen production by the molybdenum sulfide cluster-based systems studied in
this thesis. Different techniques (e.g. femtosecond time-resolved transient
absorption spectroscopy, density functional theory calculations) are needed to
explore the physicochemical properties of the molybdenum sulfide clusters in
different solvents.
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Chapter 5: Conclusions and Outlooks

In this thesis, four different molecular or assembly-based light-driven hydrogen
evolution systems have been developed and the mechanism(s) of the charge carrier
transfer processes during photocatalytic hydrogen evolution have been
investigated. The photocatalytic hydrogen-generating activity and stability of the
different photocatalytic systems have been studied. Transient absorption and time-
resolved photoluminescence spectroscopies have been used to investigate the
charge carrier transfer dynamics in the catalytic systems. The close connection
between photocatalytic hydrogen-generating activity and charge carrier transfer
dynamics is the key component in this study. The construction of assemblies of
CdSe quantum dots with molecular complexes (iron carbonyl clusters) gives water
soluble catalysts with enhanced activity for the photocatalytic hydrogen evolution
reaction. Hole transfer is the dominant process in the CdSe quantum dot/iron
complex assemblies, rather than electron transfer from the conduction band of the
semiconductor to the iron complex, as has been proposed previously. Graphitic
carbon nitride can be an excellent support for nanoparticles in hydrogen
production under light irradiation. The effective ligand fields exerted by the
ligands in a series of related cobalt(Il) complexes affect the Lewis basicities of the
cobalt ions and hence the effectiveness of the complexes as catalysts for light-
driven HER. The catalytic activity appears to be limited by the low stabilities of
the Co(I) species that are formed in the photocatalytic processes. Time—resolved
photoluminescence results indicate that the introduction of bridging thiolates
between Mos units in metal organic sulfide (MOS) materials generates efficient
non-irradiative channels in the defect emission range and leads to more efficient
HER catalysis.

However, there are still many challenges to construct an efficient photocatalytic
system. Non-toxic metal semiconductor photosensitizers should be developed and
studied. Photocatalytic hydrogen production systems that function in neutral
aqueous solution need to be explored. Among the molecular complexes studied in
this thesis, the lifetimes of the photocatalytic reactions were short - from 30 mins
up to several hours, after which decomposition was observed. Significant
improvements in the stability of the catalysts are required for future applications.
The decomposition of molecular metal complexes into nanoparticles during
catalysis is certainly possible and has been confirmed.!'?*126
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Appendix: Experimental Methods

Photocatalytic H> Production

The light-driven hydrogen evolution experiments were performed at room
temperature. Reactants were added into a homemade photocatalysis reactor. The
reaction was carried out under irradiation by a 300 W Xenon lamp (Excelitas
Technologies, PE300BFM). The hydrogen product was collected by airtight
syringe in the head space of the reactor and then monitored by gas
chromatography using a molecular sieve column (5 A), thermal conductivity
detector, and argon carrier gas (Figure A.1).
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Figure A.1.The measurement procss of hydrogen production.

After the collection of raw data for H» production, the data were compared with
external standard data to obtain the real amount of hydrogen production. In a
standard calibration method, the absolute pure H, response is plotted against the
known amount to create a calibration curve (Figure A.2).
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Figure A.2. Standard H: calibration plot (pure Hz vs hydrogen peak area in GC).

Time-Resolved Spectroscopy

The semiconductors that have been studied, e.g. quantum dots or assemblies
containing quantum dots, g-C3N4 and molybdenum sulfide metal-organic polymers,
emit photoluminescence. This enables studies of the excited-state dynamics in
these materials by time-resolved photoluminescence (TRPL) spectroscopy. Two
different TRPL spectroscopic methods were used: time-correlated single photon
counting (TCSPC) and a streak camera. The two techniques have a similar
working scheme. A pulsed laser beam is focused on the sample. The
photoluminescence from the sample is collimated and collected by a photodetector.
Transient absorption (TA) is a type of pump-probe spectroscopy that can account
for the photo-generated carriers in semiconductors.

Time-Correlated Single Photon Spectroscopy

Time-correlated single photon counting is a statistical method for measuring
photoluminescence lifetime with high sensitivity (single-photon level).'?” In this
work, a pulsed diode laser, triggered externally at 2.5 MHz, was used to excite the
sample at 375 or 438 nm (at a fluence of 1.1 x 10'2 photons/cm?/pulse). The pulse
duration of the laser was about 40 ps. The scattered laser light was blocked by
different wavelength pass filters and the emitted photons were focused onto a fast
avalanche photodiode (SPAD, Micro Photon Devices) with response time less than
50 ps. The full width at half maximum (FWHM) of the instrument response
function (IRF) is about 350 ps.
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Streak Camera

The streak camera experiment setup is described below. The output of a
Ti:Sapphire laser (Spectra—Physics, Tsunami) with 100 fs pulse at 770 nm and at a
repetition rate of 81 MHz was used. The excitation light with the wavelength of
385 nm was second harmonic generated by frequency doubling in a beta-barium
borate (BBO) crystal and then focused on the samples at an angle of 70°. By a pair
of 1 in. quartz plano—convex lenses of 50 mm focal length, the photoluminescence
was collected nearly perpendicular to the cuvette plane and focused on the input
slit of a spectrograph (Chromex) with 50 lines/mm grating, blazed at 600 nm (2.07
eV). The output of the spectrograph was imaged onto the input slit of the streak
camera (Hamamatsu C6860) set at 20 pm. After background subtraction, shading
and spectral sensitivity corrections of the measured photoluminescence images
were performed with the help of a calibrated reference light source (Ocean Optics,
LS—-1-CAL).

Transient Absorption

Femtosecond transient absorption spectroscopy (TA) is an extension of steady-
state absorption spectroscopy with ultrafast (sub-ps) time resolution. In TA, the
samples are initially excited by one laser pulse (the pump beam), then the
absorbance of another laser pulse (the probe beam) is detected by the detection
system. The TA spectra can be obtained by subtracting the absorbance of the
probe beam with and without the pump beam which can be done by blocking the
pump with a chopper. The transient absorption spectra with time and energy
resolution can be obtained by repeating this at different delay times between the
pump and the probe pulse. In the work described in this thesis, TA experiments
were performed using a femtosecond pump—probe setup in nitrogen atmosphere.
Laser pulses (800 nm, 80 fs pulse length, 1 kHz repetition rate) were generated by
a regenerative amplifier (Spitfire XP Pro) seeded by a femtosecond oscillator (Mai
Tai SP, both Spectra Physics). The pump pulses at 400 nm were generated by a
BBO crystal as a second harmonic of the laser. The used excitation photon fluxes
were 1 x 10" photons/cm?/pulse. For the probe, the super—continuum generation
from a thin CaF, plate was used. The mutual polarization between pump and probe
beams was set to the magic angle (54.7°) by placing a Berek compensator in the
pump beam. The probe pulse and the reference pulse were dispersed in a
spectrograph and detected by a diode array (Pascher Instruments). In order to
avoid photo—damage, the sample was moved to a fresh spot after each time delay
point.
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