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Abstract

Linear Co-polymer Photocatalysts: From Fundamental Design to Organic/Inorganic Hybrids
lan David Coates

Hydrogen gas will likely play an important role in the decarbonisation of hard-to-abate sectors and
the overall global race to net zero. Organic photocatalysts offer a route to cheap and sustainable
production of green hydrogen by using solar energy to split water. Indeed, significant advances in
using semiconducting conjugated polymers to produce hydrogen from water under sacrificial
conditions have been made in recent years. However, examples of polymeric photocatalysts capable
of achieving overall water splitting have been limited. Since the chemical space constructed from
simple organic building blocks is almost infinite, there is enormous potential for further enhancements
via the rational design of polymer structures. It is well known that small structural changes can enable
the fine-tuning of physical, chemical, and optoelectronic properties of organic semiconductors. This
thesis focuses on understanding the structure-activity relationships of linear organic co-polymer
photocatalysts, designing new polymers based on these understandings, and then using these
polymers to design hybrid organic/inorganic photocatalysts for overall water splitting.

First, an in-depth analysis of the structure-activity relationships of linear co-polymers is performed
using data from previously published high-throughput experimental results. This leads to new insights
into the detrimental effects of residual palladium, low synthesis yields, short fluorescence lifetimes,
and small predicted oscillator strengths. Structural features, physical properties, and photocatalytic
activities are correlated with computationally predicted properties, which are used to identify 78 new
promising organic photocatalysts. Improved predictions for the optical bandgaps of these materials
are also made based on newly devised methodology. A particular focus is placed on understanding
the varied results obtained for structurally similar polymers upon adding a platinum co-catalyst.

A series of co-polymers based on dibenzothiophene sulfone (DBTS) and fluorinated phenylene (PhFy)
monomers are synthesised via a microwave-assisted high-throughput reaction. These studies
demonstrate that fine-tuning the reaction conditions and co-catalyst content can dramatically
enhance photocatalytic activity. The resulting polymers consistently outperformed all 99 co-polymers
reported in the previous high-throughput study. Some polymers outperformed the Pt-loaded DBTS-
DBTS homopolymer under optimal conditions for the first time. Statistical ternary co-polymers
combining the DBTS-PhFx co-polymers with the electron-accepting benzodithiophene (BDT) moiety
are also reported. This work is reinforced with DFT calculations and demonstrates that fluorination
can be used to fine-tune electronic structure and influence molecular packing.

Finally, organic/inorganic hybrid photocatalysts are prepared via in-situ polymerisation. This includes
the first known attempts to form a direct heterojunction interface between a conjugated polymer and
flux-mediated Al:SrTiOs. Attempts to form a polymer/BiVO, hybrid S-scheme photocatalyst were also
made. These initial experiments show promising signs as proof of concept and indicate that further
experiments should be conducted.
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Chapter 1:Introduction & Literature Review

1.1 Overview
The body of research presented in this thesis focuses on photocatalytic water splitting. Photocatalysts

are semiconductor materials that absorb light and use the photon's energy to drive photochemical
reactions. Photocatalysts are not consumed by the photochemical reactions they participate in; they
are regenerated as part of a catalytic cycle. In the context of photocatalytic overall water splitting,
photocatalysts absorb photons and use that energy to split water into its constituent elemental
components: hydrogen and oxygen.! Resultingly, two molecules of water are converted into one
molecule of oxygen and two molecules of hydrogen. This reaction is presented in equation (1 ). As
indicated by the positive change in Gibbs free energy, this reaction is endothermic and does not occur

spontaneously.

2H,0 — 2H, + 0, AGy = 237.13 k] mol™1 (1)

Just as the water-splitting reaction is endothermic, the reverse reaction is exothermic, and when
hydrogen and oxygen are combined to form water, energy is released. The resulting energy can be
harnessed by controlling when, where, and how this reaction occurs. In this context, hydrogen gas can
be combined with ambient oxygen in the atmosphere and used as a clean fuel that produces water as

the only byproduct.

Compared with the combustion of oil and gas, which currently dominate the global energy supply,
hydrogen does not produce nitrous oxides, volatile organic compounds, carbon monoxide, carbon
dioxide, or other byproducts that may result from incomplete combustion. Therefore, not only can
hydrogen be used to tackle the energy sector's carbon footprint by decreasing the amount of CO;

released, but it can also contribute to cleaner air quality and consequently improve public health.?

Importantly, since photocatalytic water splitting is powered by light, solar energy can be harnessed
directly to drive this process. As such, it is possible to use renewable energy to produce clean hydrogen
fuel and ultimately replace hydrocarbons. Hydrogen produced by photocatalysis is, therefore,

considered a solar fuel.

Solar fuels are not novel concepts. After all, photosynthesis relies on a photocatalytic process to
convert carbon dioxide and water into complex carbohydrates and oxygen. However, with the ever-

worsening climate crisis and recent technological advancements, research in this field is accelerating

lan Coates, 200840765 2



at a tremendous pace. At the research scale, photocatalysts and photoelectrocatalysts are being
developed to produce other value-added products such as ammonia, methanol, and hydrogen
peroxide.® They are also used for CO; reduction, wastewater purification, and other environmental

remediation processes. 4°

However, significant challenges must be overcome before such solar-powered systems become
scalable and commercially viable. These challenges include efficiency, stability, reliability, cost,

scalability, sustainability, and safety.

1.2 Green Hydrogen: Promise and Challenges

Although hydrogen has incredible potential as a green replacement for fossil fuels, significant
challenges currently prevent its widespread adoption. In many cases where hydrogen could
theoretically be applied, it competes with alternative approaches to decarbonisation. This section
discusses which sectors could adopt hydrogen technology and identifies those in which this adoption

is most likely. The remaining challenges inhibiting that adoption are also discussed.

1.2.1 Applications

1.2.1.1 Substitution of Natural Gas

In its simplest form, hydrogen gas can be added to natural gas supply lines. This gas mixture can be
used to provide hot water, heat homes, and power gas-fired cooking appliances. By supplementing
natural gas in this way, the residential energy sector can slowly be weaned off its dependence on this
fossil fuel. This approach has been highlighted within the UK's hydrogen strategy.” The government
will be progressing with trials of this approach on the scale of a whole village of 1,000 — 2,000 homes

by 2025.

At low concentrations, this approach could have an immediate impact on the carbon footprint of the
residential energy sector. Hydrogen could be mixed into existing gas pipelines and utilised by existing
household appliances. However, at higher concentrations, household boilers and cooking appliances
would need to be modified or replaced entirely to ensure compatibility and safety. Furthermore, the
national gas supply infrastructure would need to be replaced. Hydrogen is a light gas that leaks easily

and forms explosive mixtures with oxygen at high concentrations. °
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Although the oil and gas industry is enthusiastic regarding this approach, the investment required to
completely eradicate the use of natural gas is arguably unreasonable, and it has been argued that
blending small volumes of hydrogen with methane may prolong the use of the latter. Furthermore,
this approach would consume vast quantities of hydrogen, and it is unlikely such volumes could be

produced cost-effectively using renewable energy.

Electrification provides an alternative route for heating households via renewable energy. This
approach can be achieved by using renewable electricity to power heat pumps and may be a more

cost-efficient approach to the decarbonisation of residential heating.

1.2.1.2 Fuel Cell Electric Vehicles

The second most widely-touted application for green hydrogen is that of fuel-cell electric vehicles.
Hydrogen fuel cells operate by recombining hydrogen and oxygen via an electrochemical process that
generates electricity. For this to be widely adopted, however, significant infrastructure investment is
required to ensure hydrogen fuelling stations are easily accessible. Without such public investment,

the private sector is equally unlikely to invest heavily in advancing fuel cell technology.

Whilst such investment is being made in countries such as South Korea, China, the US, and Japan,*°
European nations are primarily focussing on electric vehicles (EVs) using lithium-ion battery
technology and the associated changes in infrastructure required. Whilst EVs can also operate via
renewable energy, questions remain regarding the environmental and humanitarian impact of an
often unregulated, exploitative, and potentially unsustainable supply chain that is susceptible to

disruption by geopolitical factors.!

Whilst hydrogen-powered cars and vans are unlikely to become mainstream in Europe. There remains
considerable interest in using the same technology to power trains, buses, and HGVs. The heavy
nature of these vehicles makes the large batteries required less economically viable. As such, hydrogen

may play an important role in decarbonising these subsectors of the transport market.?

1.2.1.3 Precursor to Synthetic Fuels
As for heavy land-based vehicles, the aviation and long-distance shipping sectors are incompatible
with electrification. Powerful batteries are large, expensive, heavy, and require frequent recharging

that can often be slow. However, hydrogen-powered jumbo jets, container ships, and passenger
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ferries would also require very large and very heavy canisters of compressed gas. As such, hydrogen

fuel cells are also widely considered incompatible with the decarbonisation of these sectors.

Here, the envisaged route to decarbonisation involves the use of synthetic E-fuels.!® E-fuels are
typically hydrocarbon fuels like petrol and diesel that are considered carbon-neutral based on how
they are synthesised. Instead of extracting and refining fossil fuels to isolate these chemicals, E-fuels
are synthesised from CO; extracted from the atmosphere via carbon capture technology and green

hydrogen produced from water using renewable energy.

Although theoretically carbon neutral, the environmental impact of this technology remains net
negative. For example, this does not consider the increased environmental cost of burning fuels at
high altitudes or the immediate impact on air and water quality. To ensure complete carbon neutrality,
the energy input required to synthesise these fuels must also originate from renewable sources.
Nevertheless, E-fuels are shaping up to play an incredibly important role in reaching net zero as both

governments and the private sector are investing in this technology.

A similar technology being considered for long-distance shipping is to power them using green
ammonia-powered combustion engines or green methanol-powered fuel cells. The power densities
of these fuels are significantly higher than gaseous hydrogen and hence remove the necessity for giant
heavy gas cylinders. As with E-fuels, green ammonia and green methanol can be synthesised from
green hydrogen. An additional benefit to using ammonia as a fuel is that it does not release

greenhouse gasses when combusted.

Aside from the increased cost of E-fuels compared with fossil fuels, another challenge is that they rely
on global adoption such that ships and jets can re-fuel at all global ports and airports. Ammonia
combustion engines and methanol fuel cells also require further technological innovation to become

economically viable.

1.2.1.4 Steel Manufacturing
Arguably, the most significant area in which green hydrogen can facilitate decarbonisation is in the
steel manufacturing industry. Steel manufacturing currently consumes approximately 8% of the global

energy supply and is responsible for approximately 7% of global energy sector CO, emissions.'#%°

lan Coates, 200840765 5



The most common steel manufacturing process involves heating coal in the presence of iron oxide.
This results in the simultaneous reduction of iron oxide into metallic iron and the incorporation of
carbon. Coal is environmentally unsustainable as an energy source for this process since it does not

burn cleanly and produces excess amounts of carbon dioxide.®

An alternative process that shows significant promise is one in which the direct reduction of iron oxide
is achieved using green hydrogen. By using hydrogen to produce iron and an electric arc furnace to
heat the process using renewable energy, it is theoretically possible to reduce the carbon emissions
from this process by 90%. While this technology already exists and has been implemented in several
pilot plants, it is expensive to implement. The method is also not compatible with existing
infrastructure. As such, conversion of existing production sites would require significant public and

private sector investment.

1.2.1.5 Chemical Industry

Currently, the vast majority of hydrogen is either produced from the steam-methane reformation
reaction or from coal. The major byproduct of these processes is CO,. An IEA report from 2018
estimates that 6% of annual natural gas and 2% of annual coal supply is used to produce hydrogen.?
Demand for hydrogen is also expected to continue to increase over the coming decades, even for
existing demands not covered by the above-mentioned future uses for green hydrogen. As such,
significant reductions in CO, emissions can be attained by replacing this so-called 'grey' hydrogen with

green hydrogen produced from renewable energy sources.

The current global production level of hydrogen is 120 MtHy/yr. This is equivalent to approximately
3% of the global energy demand.? Most of this supply is used in industrial processes such as oil refining
and ammonia production. A significant portion is also used as part of an unrefined mixture of other

gasses to produce methanol and in some direct reduction processes in iron manufacturing.

Itis worth noting that, whilst E-fuels and other fine chemicals can be synthesised using green hydrogen
and CO; extracted from the atmosphere, it may be cheaper and equally beneficial to use CO; that is
produced and captured during the industrial manufacturing process of cement. Cement production is
currently responsible for approximately 7% of global CO, emissions.” Most of this arises as a direct
byproduct resulting from the thermal decomposition of calcium carbonate, CaCOs. Clearly, cement
manufacturing is inherently difficult to decarbonise and will be heavily reliant on the development of

carbon capture technologies.
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1.2.2 Green Hydrogen Production

Clearly, there is a wide range of potential applications for green hydrogen. However, for these
processes to become a reality, the cost of green hydrogen must become competitive with that of grey
hydrogen. For green hydrogen to be widely adopted, several factors are required: technological
advancements, governmental initiatives, changes to domestic policy regarding taxation and subsidies,

and increased international collaboration on energy policy and trade.

Currently, most green hydrogen is produced by electrolysis using excess renewable electricity.
However, electrolysis only accounts for 4% of global hydrogen production, and it is estimated that
only 33% of that is produced using electricity from renewable energy sources.? This is because energy

from green hydrogen is approximately 2-3 times more expensive than that from oil and gas.

Whilst the price of hydrogen from electrolysis is expected to decrease over the next few decades, it
will remain challenging to compete with the steam-methane reforming reaction coupled with carbon
capture and storage solutions.’® This is because the cost and efficiency of renewable electricity
generation must first be considered in addition to the cost of the electrolyser unit. Both alkaline
electrolysers and proton exchange membrane electrolysers require complex structures and operating
conditions that add to their costs. Alkaline electrolysis, the most established technology, is also not
well suited to the unreliable variational supply of electricity that is associated with renewable energy

sources such as wind and solar.

By contrast, photocatalysts and photoelectrocatalysts can harness solar energy directly and use it to
drive the water-splitting reaction. In the case of photocatalysts, no complicated device structure is
required beyond suspending the particulate material in water and a gas separation membrane to
separate the resulting gaseous mixture of hydrogen and oxygen. A technical analysis from 2013
predicted that overall water-splitting photocatalysts could produce hydrogen at a cost of $1.60 kg™.2®
The US Department of Energy at that time had identified a target cost of green hydrogen at $2.0-54.0

kg™. This cost analysis assumed an overall solar-to-hydrogen energy conversion efficiency (STH) of 10%

for a single-particle photocatalyst.

1.2.3 The Potential of Solar Energy

Solar energy is considered the most promising of the various renewable energy resources. According

to an analysis carried out by the US Department of Energy, the global energy consumption rate is
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predicted to reach 43 TW by the year 2100.2° Meanwhile, the technical potential of harvestable solar
energy using solar cells to convert solar energy into chemical energy via electrical energy is determined
to be 7,500 TW. Similarly, the potential for direct conversion of solar to chemical energy, assuming a
10% solar-to-hydrogen efficiency, is 2,500 TW. These values eclipse the expected future energy
demand and would only require a small percentage of land use to be dedicated to solar energy. The
report also draws a comparison with other renewable resources and highlights that solar energy has

considerably more potential than wind, tide, hydropower or geothermal energy.

1.3 Photocatalytic Hydrogen Production

1.3.1 Photocatalytic Cycle

To a simple approximation, two possible photocatalytic cycles for overall water splitting are presented
in Figure 1. In the first case, the photocatalyst, P, absorbs a photon, generating an excited state, P*.
P* is a stronger reducing agent than P since its highest-energy electron has more energy. This electron
is then used to reduce hydrogen ions to form molecular hydrogen. This is known as the hydrogen
evolution reaction, HER. In the first cycle, the HER generates a positively charged photocatalyst, P*.
This photocatalyst subsequently oxidises water to form molecular oxygen in the oxygen evolution
reaction, OER, and reforms the ground state photocatalyst. These two half-reactions can take place in
the opposite order, as demonstrated by Figure 1b. A negatively charged photocatalyst intermediate,

P-, is formed in this case.

0, +4H" H,
hv hV
.
2H,0 2H
o P* P P*
H, 2H" 0,+4H" 2H,0

Figure 1: Photocatalytic cycle for overall water splitting with a positively (left) and negatively charged (right)
photocatalyst intermediate.

Importantly, the overall water-splitting reaction is split into two independent electrochemical half-

reactions: the reduction of protons and the oxidation of water. The standard reduction potentials for
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these two processes are presented in equations ( 2 ) and ( 3 ). The standard reduction potentials
assume standard conditions, including a temperature of 273 K, pressure of 1 bar, concentration of
1 mol dm3, and pH=0. Standard reduction potentials are reported relative to the reduction potential
of H* at standard conditions. Therefore, the standard cell potential for the overall water-splitting

reaction (equation (4 )) is also +1.23 V.

2H* + 2e™ - H, Egsy, =0V (2)
4H* + 0, + 4e~ - 2H,0 EQ, 0 = +1.23V (3)
2H,0 - 2H, + 0, AEQ,,, =1.23V (4)

It should be noted that the HER and OER are two-electron and four-electron processes. This is one
reason the catalytic cycles in Figure 1 are oversimplified since photocatalysts must absorb four
photons and transfer all of the photogenerated charges to split two molecules of water. As such,
several intermediary mechanistic steps involving additional photon absorptions, charge transfers, and

adsorbed reaction intermediates are not presented in these cycles.

1.3.2 Atoms, Molecules, and Semiconductors

Electrons in a ground-state atom fill up atomic orbitals according to Hund's rule and the Pauli exclusion
principle. The energies of these atomic orbitals are discrete and quantised and can be determined
with quantum mechanics by solving the Schrodinger equation for a hydrogen atom. Negatively-
charged electrons are stabilised by electrostatic interactions with the positively charged nucleus.
Orbital energies are, therefore, reported as negative values relative to the energy of a free electron in
a vacuum. The ground state is the lowest-energy electron configuration of an atom in which all of the
lowest-energy orbitals are doubly occupied. Optical transitions occur when an atom absorbs a photon,
and an electron is excited from an occupied low-energy orbital into an unoccupied orbital with more

energy. The atom is transformed from its ground state into an excited state.

When atoms come together to form a molecule, the highest-energy valence electrons in each atom
are redistributed and shared. Atomic orbitals overlap to form molecular orbitals. This is associated
with a net decrease in the overall ground-state energy. Quantum mechanics reveals the formation of
bonding orbitals and anti-bonding orbitals. As with atomic spectroscopy, when molecules absorb a

photon, an electron in a ground-state molecular orbital will be promoted into a higher-energy
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unoccupied orbital to transform the molecule into an excited state. Molecular orbitals are also discrete
and quantised. The total number of molecular orbitals formed equals the number of constituent
atomic orbitals. An example of how two hydrogen atoms come together to form bonding and anti-

bonding orbitals in an H, molecule is presented in Figure 2.

y(r) = ci5q + C28p.

E
ol — e
Es 1SA i.a‘ _i_ \: 1SB . .
" ty S
estV | U o-e
H Hsy H

Figure 2: Energy level diagram of a hydrogen molecule. The two 1s of the two hydrogen atoms come together to form
two molecular orbitals. A o-bonding orbital and a o* anti-bonding orbital. The two electrons occupy the bonding orbital
to result in a net lowering of the molecular energy relative to the non-bonded hydrogen atoms. Figure reproduced from
reference 21,

From a simplified electronic structure perspective, solid-state materials can be considered as
molecules containing billions of atoms. This results in the formation of billions of 'molecular' orbitals
spanning a distribution of energies. In these materials, energy levels lie so close in energy to one
another that they form a continuous distribution of electronic states called bands. The density of

states provides information regarding how these states are distributed with respect to their energy.

Metals contain partially filled bands. Electrons can be excited into empty states by thermal
fluctuations or by external electric fields. This accounts for most of their physical properties, such as
high electrical and thermal conductivity. An example of how a linear chain of N hydrogen atoms comes

together to form a half-filled metallic band is shown in Figure 3.
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Figure 3: A 1D chain of N hydrogen atoms bond together to form N molecular orbitals with a wide quasi-continuous
distribution of energies. This is known as an energy band. Since each hydrogen atom contributes one electron and each
molecular orbital can contain two paired electrons, the ground state of this system contains N/2 occupied levels, and
N/2 unoccupied levels. This theoretical system therefore has a half-filled electronic band resulting in metallic properties.
Figure reproduced from reference 2!

By contrast, semiconductors and insulators contain two electronic bands. A fully occupied band called
the valence band (VB), and an empty band, located at a higher energy, called the conduction band
(CB). The two electronic bands are separated by the bandgap, in which there are no energetic states

that can be occupied by an electron. This is represented in Figure 4.

Whether a material is a semiconductor or an insulator depends on the size of the bandgap. In narrow
bandgap semiconductors at room temperature, some electrons have enough thermal energy to be
excited from the valence band into the conduction band. This results in two partially-filled bands. As
in the case of a metal, partially-filled electronic bands result in a material that is electrically conductive.
Electrons are conducted through the conduction band, whereas the vacancy left behind in the valence

band can be considered as a positively-charged quantum mechanical quasiparticle called a hole.

fE) =0

E/eV | o Er 1/2 | /

N E

VB | p=Eg
AE=kyT

Figure 4: Schematic diagram to explain the steps involved Figure 5: Fermi-Dirac distribution to determine the

in photocatalytic water splitting. Absorption, excitation, population of an energetic state relative to its distance
charge separation, charge migration, charge transfer, and from the Fermi level. Figure reproduced from reference 2
redox half-reactions.

In wide bandgap semiconductors, the energy difference between the valence band maximum, VBM,
and the conduction band minimum, CBM, is too wide for an electron to be thermally excited across

the bandgap. However, the bandgap in these materials is small enough such that absorption of a
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photon will promote an electron from the VB into the CB to generate an electron-hole pair. Insulators

have even wider bandgaps.

The Fermi energy, Er, marks the energy at which 50% of the states are occupied and 50% are
unoccupied. In a metal, this point lies in the middle of a band, whereas in an intrinsic semiconductor,
it liesin the middle of the bandgap. More generally, the temperature-dependent Fermi-Dirac equation
provides the probability that a quantum state with energy E, would be occupied at a given

temperature.

1
fE) =—F% & (5)
1+e kT

The Fermi energy, Ef, is defined as the energy at which a state would be exactly half occupied. The
Boltzmann constant, k, is the amount of kinetic energy an electron gains per degree increase in

temperature. This equation is represented in Figure 5.

When a semiconductor is doped with impurities or defects, additional energy levels may form inside
the forbidden zone of the bandgap. These defect levels can be fully occupied, partially occupied, or
completely unoccupied. Depending on the energy of these defect levels and their occupancy, the
Fermi level will shift away from the middle of the bandgap accordingly. It is, therefore, possible to
increase the number of electrons in the CB or holes in the VB at thermal equilibrium by doping a

semiconductor to introduce the desired defect levels. This is the origin of p- and n-doping in silicon.

1.3.3 Photocatalysis
Thermodynamically, for a photocatalyst to be capable of driving the OWS reaction, its band edge
potentials must straddle the redox potentials of the two half-reactions involved in overall water

splitting. This is represented in Figure 6a.
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Figure 6: a) Energy level band diagram to show that the CBM and VBM potentials must straddle the HER and OER half-
cell potentials to be able to drive overall water splitting. b) Schematic diagram to explain the steps involved in
photocatalytic water splitting. Absorption, excitation, charge separation, charge migration, charge transfer, and redox
half-reactions.

Figure 6b summarises the overall photocatalysis process using a particle of Al-doped SrTiOs; loaded
with a RhCrOy co-catalyst as an example. Firstly, a photon with energy greater than the bandgap is
absorbed, resulting in the photoexcitation of an electron from the VB into the CB. The photogenerated
charges will be coulombically attracted to one another. Together, this electron-hole pair can be

considered together as a quantum mechanical quasiparticle known as an exciton.

Depending on the structural and electronic properties of the semiconductor, this exciton pair will
either dissociate into free charges and subsequently migrate through the bulk material or remain
bound and migrate through the material together before charge separation occurs at the surface.
Once at the surface, electrons and holes will participate in the water-splitting half-reactions. This is
often mediated by an intermediary step in which charges are first extracted from the photocatalysts

and injected into a co-catalyst, from which they subsequently participate in the half-reactions.

The efficiency of a photocatalyst is dependent on many factors. However, the most important is
recombination, in which electrons and holes recombine, and the energy provided by an absorbed
photon is lost. This is typically associated with the fluorescence of a photon or energy transfer from
the semiconductor into the environment. The rate at which these recombination events occur
determines the lifetime of an excited state. The longer photogenerated charges survive, the greater

the chances of migrating to the surface and subsequently participating in a reaction.

Co-catalysts are incredibly useful because they can enhance the rate of charge separation at the
surface and facilitate charge extraction. Once a photogenerated charge has been removed from the
semiconductor, the probability of photogenerated charge recombination is minimised. Co-catalysts

are also designed to have optimal electronic structures and overpotentials specific to the desired half-
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reactions. They also have optimal binding energies with reagents and intermediates. As such, they

catalyse the reactions taking part on their surfaces, resulting in enhanced rates of reaction.

The apparent quantum yield, AQY, presents the percentage of incident photons of a certain energy
which produce photoexcited charges that subsequently participate in the desired redox reaction. This
is given by equation ( 6 ), where n is the number of electrons involved in the photocatalytic reaction,
R is the molecular production rate, and / is the rate of incident photons.
AQY (hv) = (6)

Whilst the AQY is incredibly useful in determining the probability of converting a photon's energy into
chemical energy, it is specific to the wavelength tested. For a photocatalyst to attain a solar-to-
hydrogen efficiency, STH, greater than 10%, high AQYs must be maintained over all absorbable
wavelengths. The wavelengths that can be absorbed primarily depend on the optical bandgap of the
semiconductor. The equation to determine the STH is given in equation ( 7 ). r(H,) is the rate of
hydrogen evolution, AG is the change in Gibbs free energy for the overall water splitting reaction, Psyn

is the energy flux of sunlight, and S is the area of irradiation.

Output ener . X AG
STH p gy _ Ty,

- Energy of incident solar light ~ Pgy, X S (7)

Clearly, a wide bandgap semiconductor that can only absorb high-energy photons in the UV portion
of the solar spectrum (A < 400 nm) will have a limited maximum STH efficiency, even if it exhibits an
AQY of 100%. This is exemplified in Figures 7 and 8, which present the spectral output of the sun at
the earth's surface (AM 1.5 G irradiation) and the maximum theoretical STH efficiencies that can be
achieved by an overall water-splitting photocatalyst depending on the AQY and maximum wavelength

of light accessible, as calculated by Hisatomi et al.!
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Figure 7: Average solar irradiance reaching the earth's Figure 8: Relationship between AQY and STH ratios with
surface. Obtained from ASTM open-source data.?? respect to the range of wavelengths that a photocatalyst
is capable of harvesting. Figure reproduced from
reference?

After converting the wavelengths into optical bandgaps, Figure 8 demonstrates that a 10% STH
efficiency rating could either be achieved by a photocatalyst with a 2.4 eV bandgap in which the AQY
is 100% for all wavelengths shorter than 520 nm. Meanwhile, if a semiconductor has an optical
bandgap of 2.05 eV, then an STH efficiency of 10% could be obtained if it exhibits an AQY of 60% for
all accessible wavelengths (A < 605 nm). Wide bandgap semiconductors that only absorb UV radiation

are limited to a theoretical maximum of just 1.7% STH.

It should also be noted, however, that there is a fundamental limit on the maximum efficiency that
can be achieved by a single bandgap semiconductor photocatalyst. Following a similar logic as that
devised by Shockley and Quessier to determine the thermodynamic limit of efficiency in
photovoltaics,?® Ross et al. determined that the maximum theoretical efficiency for a single absorber
is approximately 29%.2* Pinaud et al. took this one step further to determine what they deemed to be
"reasonably achievable" STH values after considering the requirement of kinetic overpotentials and
energy losses from material defects.'® They concluded that optimum STH efficiencies of 11.2% can be
obtained from a semiconductor with a bandgap of 2.26 eV, which equates to a semiconductor that

absorbs all wavelengths shorter than 550 nm. Their analysis has been reproduced in Figure 9.
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Figure 9: Reasonably achievable STH efficiencies with respect to bandgap energy. Reproduced from reference 1°.

As Pinaud's analysis goes on to discuss, photocatalysis has the potential to produce hydrogen cheaply
enough that green hydrogen can compete directly with hydrogen produced from fossil fuels, assuming
a device lifetime of 10 years. Indeed, from an engineering perspective, overall water splitting panels
showing good stability have successfully been constructed and tested on a 100 m? scale.?® However,
current state-of-the-art systems are still only achieving STH efficiencies under 2%. As such, more work

is required at the research and discovery phase to design and test new materials.

1.4 Inorganic Photocatalysts

1.4.1 Oxide Photocatalyst

The first reports of photon induced overall water splitting was observed by Fujishima and Honda in
1972.% In their seminal work, hydrogen and oxygen was observed from a TiO, photoanode irradiated
with UV light. Since then, a huge proportion of the subsequent literature has focussed on TiO,. The
main challenge regarding this material is that its conduction band is formed from oxygen 2p orbitals
that are very low in energy and results in a large overpotential for the OER but only a small

overpotential for the HER. As such, it has a wide bandgap which limits its overall STH efficiency.

Many approaches have focussed on ways in which TiO, can be modified to enable the absorption of
longer wavelengths of light.?” This has included loading with gold nanoparticles that can inject charges
into the CB via the surface plasmon effect.?® These nanoparticles may also introduce an electric field
at the interface that facilitates charge separation. Dye-sensitisation is a common method in which a
dye molecule, adsorbed to the oxide surface, absorbs visible wavelengths of light and transfers the
photoexcited electron to the TiO, particles. Meanwhile, doping is also a common practice for

enhancing the optoelectronic properties of TiO,. Doping is also considered band gap engineering since
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new energy levels are introduced into the bandgap to modify the oxide's inherent electronic structure.
Doping may involve the introduction of metal cations, non-metal anions, or even intrinsic doping, such

as the introduction of oxygen vacancies. 2%

In addition to TiO,, many other oxide photocatalysts have also demonstrated photocatalytic activity.
However, all such materials suffer from low energy valence bands that limit their applicability. For
example, BiVOsand WOs have narrower bandgaps than TiO,, which enable these materials to absorb
visible wavelengths of light. However, narrow band gaps combined with a deep valence band result in
an unsuitable conduction band potential for driving the hydrogen evolution reaction. Nevertheless,
these oxides can be used as oxygen evolution photocatalysts in multi-component systems, as
discussed later. Another wide bandgap oxide photocatalyst that has been widely investigated for its
photocatalytic applications is strontium titanate, SrTiOs. This photocatalyst will also be discussed in

more detail later.

1.4.2 (Oxy)Nitride and (Oxy)Sulfide Photocatalysts

Since the primary issue associated with oxide photocatalysts is their deep valence band energies,
many other non-oxide materials have also been investigated. Of particular interest are nitrides such
as TasNs3! and sulfides such as CdS.32 These materials are predicted to exhibit suitable band edges for
overall water splitting and narrow bandgaps that allow for extensive visible light absorption; both are
highly susceptible to photodegradation.®® These photocatalysts also currently exhibit extremely low
quantum yields. It is, therefore, challenging to envisage these materials maintaining high efficiency
over a ten-year lifespan, as required for commercial applications. Nonetheless, their stability can be
improved by applying protective coatings, using efficient co-catalysts that rapidly extract

photogenerated charges, controlling particle size, and controlling particle morphology. 323

A similar approach is to combine the narrower bandgaps introduced by the nitrogen and sulfur atoms
with the increased stability of the oxides by investigating oxynitrides and oxysulfides. These are
particularly promising photocatalyst materials for which OWS has recently been observed when
irradiated by light with wavelengths up to 600 nm.>>3¢ A good review of recent progress in these
materials has recently been published by the leading academic in the field, Prof Kazunari Domen.?’
However, the AQYs over the absorbable wavelengths are low, and STH efficiencies still fall

substantially short of the minimum target of 5%.
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1.4.3 Al-doped SrTiO3

As mentioned above, SrTiOs is another wide bandgap oxide semiconductor that is capable of driving
the overall water splitting reaction. The bandgap of SrTIOs is 3.2 eV, which means it can only absorb
UV-light. However, the most significant recent advances in our understanding of the fundamentals of
photocatalytic water splitting stem from studies of this material. Indeed, in 2020, Domen et al.
reported an AQY at 365 nm of over 90%.3 Cheap, scalable water-splitting panels have been
constructed using this material®® and subsequently scaled up to a pilot study over 100 m2.% This
photocatalyst has also proven its stability and efficiency when tested over 1000 hrs of constant

illumination.*°

The breakthroughs regarding this material have been steady over the course of the last 15 years.
Initially, it was discovered in 2009 that aliovalent doping resulted in improvements in photocatalytic
activity by an order of magnitude.? It was hypothesised that triply-charged cation dopants result in
the reduction of Ti** defects. These defects introduce energy levels below the CB, acting as electron

traps and charge recombination centres.*%42

The AQY was substantially improved by preparing SrTiOs via a flux-synthesis method. This resulted in
highly crystalline facetted particles with extended photoexcited charge lifetimes.**** This study also
serendipitously incorporated AI** dopants into the particles due to the alumina crucibles and an AQY
of 30%. In 2018, Al,O; nanoparticles were added to the flux mixture, which resulted in enhanced
AIP* content and nanosized crystals. Combined, these features resulted in an AQY of 56%.3° Fine tuning
of the flux process enabled the selective exposure of anisotropic crystallographic facets on the

nanocrystals.3®

Meanwhile, additional developments were being made regarding the role of co-catalysts. Firstly, duel-
loading of Rh and Cr in the form of a RhCrOyco-catalyst was shown to enhance water-splitting activities
on a photocatalyst made of a solid solution of GaN and Zn0.* Co-loading flux-synthesised Al-doped
SrTiOs with this co-catalyst and an additional MoOy co-catalyst enhanced the AQY to 69%.% This AQY
was increased to over 90% only after changing the co-catalyst loading method. Sequential
photodeposition of Rh followed by Cr,0; resulted in a core-shell structured hydrogen evolution co-
catalyst in which the chromium oxide layer prevents oxygen diffusion to the Rh site, and inhibits the
competitive oxygen reduction back-reaction.*” Further photodeposition of an additional CoOOH
oxygen evolution co-catalyst enhanced the rate of overall water splitting further. An AQY of 96% was

observed.3® TEM images revealed that the hydrogen evolution and oxygen evolution co-catalysts were
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selectively deposited on different crystallographic facets. Computational studies revealed that this
arises from different surface energies and work functions in different crystallographic directions that
generate an internal electric field within the particles. This electric field leads to rapid charge

separation.

These discoveries indicate the importance of crystallinity, particle size, morphology, defect structure,
and co-catalyst selection. Many of these factors are currently driving the research amongst other
inorganic photocatalysts. For a relatively comprehensive review of the current state of inorganic

semiconductor photocatalysts, see the review article published by Wang and Domen in 2019.8

1.5 Organic Photocatalysts

In direct contrast to inorganic photocatalysts are their organic counterparts. Whilst some organic
molecular photocatalysts exist,*® the vast majority of reports in the literature focus on polymeric
semiconductors.”®*! Whereas inorganic semiconductors are typically highly crystalline with long
photogenerated charge lifetimes and long photogenerated charge diffusion lengths, inorganic

semiconductors are highly disordered with typically semicrystalline or amorphous structures.

Excitons are very weakly bound in inorganic semiconductors due to the high dielectric constants and
coherent delocalisation of photogenerated charges throughout the spatial confines of a single crystal.
Meanwhile, excitons in organic semiconductors are tightly bound due to their localisation on a single
polymer chain. An additional exciton binding energy of 0.1 — 1 eV must typically be overcome to
achieve charge separation. Resultingly, observed exciton lifetimes are on the timescale of
nanoseconds, and exciton diffusion lengths are 5-10 nm. As such, achieving high AQYs is incredibly

difficult.>?>>

Nonetheless, these boundaries and limitations are constantly being pushed and surprising
advancements have been made. For example, covalent organic frameworks can introduce larger

%6 nhanostructures can enable long-range exciton transport,® and polymer

domains of crystallinity,
structures can be modified to decrease binding energies and promote charge separation.>®®! Once
charge separation and, importantly, charge extraction has occurred, evidence suggests that the

remaining photogenerated charges can survive for orders of magnitude longer than the excitons.52%*

Organic semiconductor photocatalysts suffer from many of the same limitations as other devices

constructed using organic semiconductors, such as organic photovoltaics (OPV) and organic light
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emitting devices (OLEDs), and in flexible wearable electronics. However, these applications have

already been commercialised, and the cost efficiencies of these materials are ever-improving.

OPVs are the closest technology to photocatalysts since they also function by harvesting
photogenerated charges. Indeed, these devices overcome the problems associated with short exciton
diffusion lengths by building bulk heterojunction (BHJ) photoactive layers in which polymeric
absorbers form a biphasic immiscible mixture with a second organic component into which
photoelectrons are rapidly extracted. Phase separation within the bulk of the absorber layer in these
devices is on the scale of the exciton diffusion lengths. As such, single-junction OPV-based solar cells
have recently achieved over 19% efficiency, making them even more competitive with the more
expensive silicon-based solar cells.®®> Similar bulk heterojunction photocatalysts have also recently

been reported to achieve high-efficiency hydrogen evolution rates.®®"%

Overall, organic semiconductors are not limited by deep valence bands. There are also an infinite
number of polymer structures that can be made from common organic building blocks. This allows for
fine-tuning of the optoelectronic and physical properties to ensure optimal band gaps and band edge

potentials for the desired application. They can also be synthesised at scale relatively cheaply.

Despite showing significant promise and ever-increasing efficiencies for driving the hydrogen
evolution reaction, there are very few reports of organic materials that are capable of driving the
oxygen evolution reaction and even fewer capable of achieving overall water splitting.”> When testing
for activity with respect to hydrogen evolution, holes in the VB are consumed by sacrificial reagents

rather than by the oxygen evolution reaction.

1.5.1 Organic Semiconductors

Inorganic crystalline semiconductors form electronic band structures as a result of the periodic
distribution of atoms according to the crystal structure. Their derivations are beyond the scope of this
thesis, but there are several excellent textbook resources that can be consulted for more

information.”>74

The electronic structure that gives rise to the semiconducting properties of conjugated polymers is far
less obvious. Two opposing theoretical approaches are typically considered when considering organic
semiconductors. The first is that of band theory. This builds on the basis that a single linear polymer

chain is a one-dimensional semiconductor. Each conjugated atom along the backbone contributes one
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delocalised p-orbital electron. Bands form from the constructive interference that arises from the
periodic spacing of carbon atoms in each repeat unit over the length of the entire polymer chain. This
model is comprehensively discussed in the 2018 book by Luis Alcacer.?* Organic semiconductors

formed from molecular crystals can also be explained in this way.

The second theoretical approach to consider the electronic structure of conjugated polymers is to
consider them as large organic molecules. In this approximation, polymers have a highest occupied
molecular orbital (HOMO) and a lowest unoccupied molecular orbital (LUMO) rather than a valence

band and conduction band.”®

In reality, however, the true electronic structure of conjugated organic polymers lies somewhere
between the two extremes. It is also extremely structure and phase-dependent. The approach used
by Prof William Barford in his textbook titled "Electronic and Optical Properties of Conjugated
Polymers" neatly combines both theoretical approaches and develops a practical understanding that
correlates with experimental results.”® This is the approach which will be used to describe the

photophysical and photochemical processes of the conjugated polymers discussed in this thesis.

1.5.1.1 Absorbing Chromophores and Local Excitons

The band structure model of organic polymers describes the electronic wavefunctions distributed over
the entire polymer chain. In reality, disorder along the polymer backbone will create breaks in
conjugation. However, optical absorption events are also not localised to a single repeat unit or

chemically distinct monomeric unit.

Upon absorption, an exciton is formed. This exciton can be considered as a quantum mechanical
quasiparticle with its own wavefunction. This exciton will be delocalised over several adjacent
polymeric repeat units. According to Anderson's rule, the energetic and spatial extent of this

wavefunction is determined by the degree of disorder.””

As for all quantum particles, the energy of the resulting exciton is quantised and defined by an
associated quantum number. Importantly, the ground state of an exciton can be described by a
wavefunction without any nodes. The exciton can be conceptualised as a particle in a box. At the edges
of the box, the square of the wavefunction is zero. In the context of a polymer chain, the start and end
point for this box is determined by structural disorder such as bond rotations or defects that prevent

extended delocalisation over the entire chain.
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Every m-bond along the backbone of a conjugated polymer can interact with a photon and lead to
photoexcitation. Therefore, each monomeric unit will be located within the spatial confines of one
ground state exciton. Hence, the entire polymer chain can be separated into distinct, non-overlapping
ground-state excitons. Malyshev and Malyshev first predicted this.”®” These exciton states are now

typically called Local Exciton Ground States (LEGSs).%°

The spatial extent of each LEGS defines an absorbing chromophore. Therefore, the energy of each
exciton ground state will vary according to the number of repeat units contained within it, the local
polymer backbone geometry, and the local environment around that segment. When considering all
chromophores across all polymer chains within a given sample, it quickly becomes apparent that there

is a wide distribution of possible energetic states.

It should be noted that LEGS represent exciton ground states. It is also possible for a chromophore to
absorb a photon of higher energy to generate a Local Excited Exciton State (LEES). Each LEES is
confined to a chromophore defined by its underlying LEGS. As for a particle in a box, the LEES
wavefunction will have an increased number of nodes relative to the ground state. It is also possible
for a conjugated polymer to absorb a high-energy photon and generate a so-called Quasiextended
Exciton State (QEES). QEES are node-containing excitons that are delocalised over several adjacent
chromophores. In the condensed phase, it is also possible that these excitons are delocalised over
several adjacent polymer chains, particularly inside the crystalline domains of semicrystalline

polymers.

Following the absorption of a photon and the generation of an exciton, several processes occur over
several timescales, from femtoseconds to nanoseconds. These involve exciton wavefunction
decoherence, energy relaxation from a LEES or QEES to a LEGS, and further localisation of the exciton
onto a smaller section of the polymer chain as it relaxes on its potential energy surface to form a
vibrationally relaxed state. Whereas LEGSs make up all the potential absorption chromophores,
vibrationally relaxed states, VRSs, correspond to the emissive chromophores. For an excellent

summary and further reading on this topic, please see Barford et al.®

1.5.1.2 Exciton Diffusion
Given the different electronic structures of organic and inorganic semiconductors, it becomes clear

that the mechanism by which excitons and free charges migrate through the two materials also differ.
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Whereas the conduction band of an inorganic semiconductor is delocalised over a single crystal, an

exciton in a conjugated polymer is localised onto a single portion of a specific polymer chain.

Excitons migrate through the conjugated polymer via one of two energy transfer mechanisms: Dexter
Energy Transfer, and Forster Resonance Energy Transfer (FRET). Both of these mechanisms make use
of the fact that there is a large energetic distribution of exciton states available as the exciton is
transferred from one chromophore (a donor) to another (an acceptor). These mechanisms are best

understood by considering a molecular orbital approach.
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Figure 10: Representative examples of Dexter (Top) and Forster (Bottom) energy transfer mechanisms. Photoexcitation
of a chromophore is associated with the excitation of an electron from the HOMO to the LUMO.

These two mechanisms are represented in Figure 10. The Dexter mechanism involves the direct
transfer of the higher-energy electron from the excited donor chromophore into the LUMO of an
accepting chromophore. This is accompanied by the transfer of a HOMO electron on the accepting
chromophore into the HOMO of the donor. The net effect of this exchange is the donating
chromophore in its ground state, D, and the acceptor in its excited state, A*. As with photocatalytic
processes, the two electron transfer processes can occur sequentially. As such, the charge transfer
steps may occur via either a [D*- A’] or [D"- A*] transition state. For this energy exchange process to
occur, the donating and accepting chromophores must have overlapping orbitals. As such, the rate of

energy transfer decays exponentially with distance.

By contrast, FRET occurs through space and does not rely on orbital overlap. As such this process is
long range and the rate of energy transfer decay as a function of 1/R®. This process enables exciton

diffusion through a polymer photocatalyst particle on the nanometre scale. In the FRET process, the
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excited donating chromophore, D*, relaxes back down to the ground state. However, instead of
releasing a photon, as in the case of fluorescence, the energy is transferred to a nearby accepting
chromophore. For this process to occur, the ground state exciton of the donating chromophore must

have more energy than that of the accepting chromophore.

Applied to the theory of local exciton ground states, this means that the excited chromophore will
relax to its LEGS, and subsequently into its emissive VRS. For FRET energy transfer to occur, the energy
of the donating VRS must be larger than that of the accepting LEGS. Consequently, the energy from
the absorbed photon is transferred from the absorbing chromophore to the lowest energy emissive
LEGSs that lie in the low energy tail end of the total distribution. This occurs via a process involving

several sequential charge transfer events into increasingly lower-energy exciton states.

As the exciton migrates between chromophores and lowers in energy, there become fewer and fewer
LEGSs with lower energy into which further energy transfer can occur. At this point, FRET must occur
over longer distances. Resultingly the exciton hopping distance increases, but the rate of energy
transfer decreases. In this regime, the rate constant for FRET begins to compete with that of
fluorescence. This results in fluorescence spectral diffusion in which the fluorescence photon energy

is shifted to lower energies (and longer wavelengths) over the course of its lifetime.

It should be noted that the probability, and hence rate, of FRET occurring does not only depend on
the distance between chromophores. It also relies on the coupling between the transition dipole
moments associated with the relaxation and excitation transitions on the emissive and absorbing
chromophores, respectively. For a discussion of exciton diffusion from the perspective of molecular
orbitals, please see reference 8 For a more comprehensive discussion in terms of exciton ground

states, please see references 80818386,

1.5.2 Polymer Photocatalysts

The first conjugated polymer reported to produce hydrogen photocatalytically was poly(p-phenylene)
(PPP), first synthesised in 1985.%” The polymer has an optical bandgap of 3 eV and, as such, is only
active under UV irradiation. This polymer also exhibited limited stability and a relatively short lifetime.

These experiments were conducted in the presence of sacrificial electron donors and exhibited an
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AQY of only 0.03% at 365 nm. Early studies also investigated the role of noble metal co-catalysts and

a range of sacrificial reagents.?®%°

Despite a growing interest in organic semiconductors for photovoltaic devices, electronic devices, and
superconducting applications, which led to the Nobel Prize being awarded in 2000, little progress was
made with respect to polymeric photocatalysts for water-splitting applications. In 2009, however, a
breakthrough was made after overall water splitting was observed on graphitic carbon nitride, g-C3N,,
and further enhanced upon loading with a Pt co-catalyst.?® This discovery resulted in a significant shift
in research focus as the library of materials expanded from a domain mainly dominated by inorganic

materials, particularly TiO,.%!

Since 2009, g-CsN4 has remained a primary focus for much of the subsequent research into organic
photocatalysts.>*¢ This is primarily due to its abundance, stability, moderate bandgap (2.7 eV), and
favourable band potentials. However, the bulk material is an inefficient photocatalyst that suffers
from high recombination rates of photocarriers, poor electrical conductivity, low surface area, and

lack of active sites.

Building upon the discovery of photocatalytic activity in g-CsNs, other active polymeric organic
materials were rapidly realised. The most widely studied family of organic semiconductors are linear
conjugated polymers (LPs). However, many other families also exist, including covalent triazine
frameworks (CTFs),?”"1% covalent organic frameworks (COFs),%'> and conjugated microporous
polymers (CMPs)!6133  Whilst each has its merits, such as increased surface area, porosity,
crystallinity, and multidimensional band structures, discussion and investigations in this thesis focus
on linear conjugated polymers, since these materials arguably offer the most information regarding

structure/activity relationships.

Organic photocatalysts for hydrogen evolution is an incredibly active field of research. An analysis of
Web of Science search results for the field is presented in Figure 11. Clearly, there has been a rapid
increase in publications over the last decade, and there are currently over 2000 new publications
relating or organic photocatalysts for hydrogen evolution being published in the 2022 calendar year.
A total of 14,086 publications were identified by the search. Over 8,000 of these have been published

since the start of this PhD project.
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Figure 11: Web of Science Search Analysis for Papers containing the terms "polymer" or "organic", "hydrogen" or "H2",
and "Photocat*". In total, 14,086 publications were found. Search performed on 29/06/2023. Results for 2023
publications have been omitted from the chart.

1.5.2.1 Linear Polymers

In terms of linear conjugated polymers, one of the earliest breakthroughs was made in 2016 when
Sprick et al. investigated a series of linear co-polymers in which the para-phenylene unit was co-
polymerised with several planarised macrocyclic monomer units.’** This led to the discovery of the
linear conjugated co-polymer P7, which contains a phenylene moiety and a dibenzo[b,d]thiophene
sulphone (DBTS) co-monomer. Compared with the UV-active poly(p-phenylene) polymer, P1, each p-
phenylene co-polymer containing planarised co-monomers exhibited increased photocatalytic
activities under sacrificial conditions. However, P7 exhibited an increase in activity over 10 times. This
is the first reported work using the DBTS monomer unit in organic photocatalysts, which has since

become a staple of some of the most active organic photocatalysts to date. 13°
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Figure 12: Linear polymers investigated in reference 134,

Subsequent work investigated the DBTS homopolymer, P10, which exhibited improved photocatalytic
hydrogen evolution rates compared to the phenylene-DBTS co-polymer.®* Transient absorption
spectroscopy (TAS) identified a long-lived polaron state on the order of milliseconds for both P7 and
P10.5413¢ This was ascribed to a negatively charged electron polaron resulting from reductive
guenching of holes by the sacrificial reagent, TEA. The long lifetime of the polaronic state highlights
that once charges have been separated, polarons are more likely to survive long enough to diffuse to

participate in the hydrogen evolution reaction.

Molecular modelling was used to highlight the interaction of various polymers with the H,O, MeOH,
and TEA solvent mixture and calculate the relative proportions in the closest contact with the polymer
backbone.® It was found that a greater proportion of water came into close contact with the backbone
in polymers containing the DBTS monomer thanks to the polar sulfone groups. The IP, EA, IP* and EA*
of each polymer in each solvent were also calculated via DFT and highlighted that proton reduction is
only thermodynamically favourable when situated in water. However, this does raise an important
guestion about the use of TEA as a sacrificial electron donor when testing for hydrogen-evolving
polymers since the energy levels are considerably influenced by its presence in the solvent mixture.
Furthermore, TEA is strongly basic, which will affect water redox potentials and may complicate

commercial adoption.
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Linear polymers P11 — P17 constituted a family of 1,4-phenylene/2,5-thiophene co-polymers with
various mole fractions.'® The bandgap inversely correlated with the thiophene fraction as a range of
visible light-sensitive polymers were prepared. Though greater thiophene fractions increased the
range of visible absorbable wavelengths, they also reduced the IP such that greater thiophene
fractional weighted polymers had unsuitable orbital energies to react with the TEA SED. As such, the
optimal fraction was discovered to be that containing 33 mol% thiophene. Interestingly, the HER
seems to also depend on the sequence of phenylene/thiophene units, whereby a 50/50 molar ratio
polymer P13 with alternating units exhibited a slightly improved HER compared to the 50/50 molar
ratio P14, with a diphenyl-thiophene structured backbone. This discrepancy is likely related to the
optimised conformational structure of the backbone and the extent to which charge is delocalised in

a single given chain.

Computational high throughput studies have also investigated the impact of statistical co-
polymerisation between two linear co-polymers.’3® Here, thiophene, pyridine and phenylene co-
polymers were considered in terms of fractional distribution, degree of separation and range of
conformations. This work confirms earlier reports that the band gap of the overall polymer can be
finely tuned with relative proportions of monomers, whereby the IP and EA values vary between the
limits of the two co-monomers. The degree of segregation between A and B monomers along the
backbone and the conformation of that backbone only has a minimal impact on the IP and EA values.
However, this work highlights that there are currently no high-through electronic calculations capable
of investigating charge transport properties along the polymer backbone, which is likely to impact the

exciton's natural lifetime.

The introduction of nitrogen into the linear polymer backbone was also investigated by Cooper et al.1*
co-polymers combining p-phenylene and pyridine monomers resulted in improved HER compared to
poly(p-phenylene) homopolymers. The best-performing polymer was a co-polymer containing phenyl
and pyrazine monomers, exhibiting a HER of 24 umol h* under visible light irradiation. The co-polymer
containing phenyl and pyridine monomeric units and the homopolymer poly(p-pyridine) both also
performed substantially better than the poly(p-phenylene) homopolymer. Polymers in which one 6-
membered ring was linked via the meta position did not show any signs of hydrogen evolution despite
their IP and EA energies being theoretically aligned to allow for proton reduction and oxidation of the
SED. This might have been due to limited delocalisation via electron resonance in the meta-position.
A linear polymer based on triphenylamine was also investigated and found to demonstrate very

limited to no activity. As for the meta-linked polymers, rt-electron delocalisation may not have been
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favoured along the backbone due to no backbone-conjugated resonance structures. The torsion angle
between phenyl groups would also make it difficult to overlap between m-orbitals for efficient

delocalisation, stabilising the exciton and minimising the exciton binding energy.

Benzothiadiazole-containing conjugated linear polymers (CLP) and conjugated microporous polymers
(CMP) were investigated by Wang et al.2*°, who found that the activity of the linear polymer was more
significant than any cross-linked derivative. Meanwhile, Cooper's group also identified a similar
pattern within pyrene-linked CMPs, which performed only marginally better than the linear
derivatives of the same design.'** For both linear polymers, reasonable porosity was still observed,
despite the absence of cross-linking. This is in line with other linear porous CMPs previously
investigated.’*? Xiang and Chen synthesised derivatives of these linear polymers via Sonogashira—
Hagihara cross-coupling reaction, which incorporated triple-bonded ethynyl separators into the
polymer backbone.’®® This resulted in red-shifted absorption and photoluminescence spectra
attributed to an extended 1 conjugated system. This narrowing of the bandgap led to improved HER
for all investigated polymers. Upon photodepositing 3 wt% Pt on the P7 derivative with ethynyl linkers
(P7-E), this polymer exhibited an AQY of 7.2% at 420 nm.

Following this research, B-BT-E was modified further via the incorporation of fluorine and methoxy
functional groups on the BT unit to aid charge separation and exciton stabilisation.'** Interestingly,
the addition of one fluorine group was considerably more beneficial than the addition of two. Still, the
co-functionalisation of one fluorine group and one methoxy group provided the largest increase in
HER. Polymer B-FOBT-1,4-E exhibited an AQY of 5.7% compared to the 0.85% reported for the non-
functionalised B-BT-1,4-E linear polymer. As with the earlier research, linear derivatives consistently

performed better than the 1,3,5 tri-linked phenyl monomer.

One of the main advantages of linear polymers over other organic variants is the option to generate
soluble polymers. This has been particularly beneficial in organic photovoltaic devices where solution
processing of the photosensitising organics significantly benefits competing technologies and allows
for easily scalable processing methods such as spin coating and dye slot printing. An initial paper based
on poly(p-phenylene)-carbazole co-polymers look at the effects of introducing aliphatic side chains on
the carbazole nitrogen to introduce solubility in organic solvents.'® This work found that, below a
particular molecular weight threshold, both branched and linear hydrocarbon side chains result in
soluble polymers capable of photocatalytic proton reduction under visible light in the presence of TEA

with the branched polymer performing better of the two. As with most linear polymers, this hydrogen
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evolution rate improved significantly under full-spectrum irradiation. However, the soluble polymers
were found to evolve hydrogen at a slower rate compared to their insoluble derivatives of higher

molecular weight.

Soluble linear co-polymers containing dibenzothiophene[b,d]sulfone and side chain-modified
polyfluorene have also been investigated.'*® Alongside a range of linear and branched aliphatic side
chains, Woods et al. also introduced polyethylene glycol (PEG) side chains, significantly improving the
polymer's interaction with water and surface wettability. This improved contact with water is claimed
to be responsible for the improved photocatalytic activity of this particular polymer, FS-TEG, which
had a HER of 72.5 umol h'. Transient absorption measurements highlighted that reductive quenching
occurs rapidly in the presence of TEA, leaving long-lived polaronic states available to reduce protons
on the millisecond timescale. Benzodithiophene-benzothiadiazole co-polymers were also
functionalised with oligoethylene glycol side chains by Cao et al. This was also found to improve

wettability, dispersion in water, and the interaction with Pt co-catalysts.’

Given the short exciton diffusion lengths in polymer photocatalysts and the requirement of a surface
or interface to facilitate charge separation, a novel approach to produce polymer nanodots (pdots)
was devised utilising the fact that polymers can be made to be soluble in organic solvents.*® Tian et
al. used a poly(fluorene-benzothiadiazole) PFBT polymer whereby the fluorene moiety was modified
with octane side chains. This polymer was combined with a PEG-chain modified polystyrene polymer,
which contracts to nanosized dots and forms a micelle-like structured pdot with a narrow size
distribution between 20 and 100nm. These pdots can easily be dispersed in water. Further
optimisation of this polymer led to very significant weight normalised HER of over 50 mmol ht g1.14°
However, it should be noted that increased rates were only observed when decreased photocatalyst
masses were used for the reaction, and so this is not consistent with increased STH rates. There is also
limited evidence for sustained activity over the lifetime of these pdots. Pdots incorporating

cycloplatinated units into the backbone have also been investigated, with rates reaching

12.7 mmol h'tg11®

Another route to forming water-dispersible nanoparticles from soluble linear conjugated co-polymers
is to introduce ionic side chains onto the fluorene units and hence make redundant the need for PS-

PEG-COOH polymer for dispersability.'>
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Recently, mini-emulsion polymerisation has been used to synthesise nanoscale powder distributions
of otherwise insoluble polymers such as the previously highly photoactive P10.'°? Reagents were
contained in nano-emulsion particles stabilised by surfactants so that polymerisation, and hence
particle sizes, were contained on the microscale. P10 synthesised via this emulsion method displayed
an HER of over 60 mmol h'* g* and an AQE of 20.4% at 420 nm. Unlike previous pdot photocatalysts,
these polymers are not diluted by PS-PEG-COOH polymer chains, are more stable under irradiation for

longer timescales, and their activity scales with concentration.

Recently, McCullough et al. have demonstrated the use of this mini-emulsion method to synthesise
nanoparticles of an OPV-like bulk heterojunction. ®” In this material, a polymer photocatalyst sensitiser
is blended with a molecular electron acceptor, and the two organic materials phase-separate on the
nanoscale. This allows exciton charge separation within a few nanometres of the excitation event and
significantly reduces the recombination rate. Record hydrogen evolution rates over
60 mmol hr! g were obtained. Furthermore, AQY values of 6.2% were observed at 700 nm excitation.
Simultaneously, Cooper's group also investigated the fabrication of nanohybrid bulk heterojunction
polymer nanoparticles. > Using a slightly different synthetic approach, 237 different molecular donor-
acceptor pairs were explored using a high throughput experiment. This also resulted in photocatalysts

capable of achieving HER values over 50 mmol htg?,

It is worth mentioning that Suzuki cross-coupling reactions, by which the vast majority of these
polymers are synthesised, leave residual traces of Pd incorporated into the polymer after synthesis.
In most cases, this residual palladium acts as a natural co-catalyst.5>5415> However, in the case of P10,
charge transfer to palladium, as measured by transient absorption spectroscopy, is determined to be
surprisingly slow compared to other polymers.®® P10 also exhibits significant increases in activity when
loaded with photodeposited platinum as a co-catalyst, indicating a co-catalyst-dependent charge

transfer rate.'®®

Pd concentrations vary in every batch according to the synthesis conditions, and residual Pd cannot
be separated from insoluble polymers. Comparing polymer activities based on their structures alone
is, therefore, challenging. Furthermore, comparing values between different research groups is also
challenging. Research teams use different setups, testing conditions, and reporting methods. As such,
many calls have been made for standardised testing protocols and a certification system to be

implemented.’
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The light source, intensity, and filter system must be reported for comparable results. Furthermore,
the irradiation surface area, polymer concentration, and reaction mixture path length should also be
reported. Experiments should also be conducted on dispersions containing polymer concentrations in
the saturation regime. This would result in slower mass-normalised hydrogen evolution rates since
adding more polymer would increase the mass but not the absolute amount of hydrogen produced.
However, area-normalised rates are inherently more comparable. This would be particularly beneficial
since future photocatalysis systems will be best judged according to their ability to convert the solar

irradiation per unit surface area, as is the standard for solar panels.

1.5.2.2 Oxygen Evolution and Overall Water Splitting

As discussed in section 1.4, inorganic oxide photocatalysts are well-suited to drive the four-electron
oxygen evolution reaction due to deep valance bands and photogenerated holes with large oxidation
overpotentials.'®® This also results in more inorganic materials capable of driving the overall water-
splitting reaction. Although organic photocatalysts have made significant advances in their hydrogen
evolution rates using sacrificial reagents, reports of oxygen evolution and overall water-splitting

remain extremely rare, 71

Nonetheless, recent progress in this regard has been made. For example, Bai et al. achieved overall
water splitting on P10 by loading it with an iridium oxide co-catalyst.® This result followed earlier
work in which water oxidation was achieved by loading with a cobalt-based co-catalyst.'®* More
recently, a conjugated microporous polymer containing 1,3,5-triazine and benzodithiophene has

demonstrated very low activity for overall water splitting.16?

Similarly, molecular photocatalysts based on perylene diimide (PDI) have shown promise as oxygen
evolution photocatalysts. One particular paper has reported a seemingly remarkable oxygen evolution
rate of 27 mmol hr! g8 However, the scalability of such mass-normalised values should be viewed
with caution. In this case, reactions were performed by dispersing just 1 mg of material in 100 ml of
water, so evolution rates on absolute or area-normalised terms are much lower. Nonetheless, PDI
polymers and photodeposited FeOOH co-catalysts have since been used in other organic overall

water-splitting systems. 164

Possibly the most remarkable result, however, was published by Ye et al. A first publication
demonstrated that it is possible to incorporate small amounts of a 5 mol% of a peryleno[1,12-

bcd]thiophene sulfone unit into the P10 structure to narrow the bandgap and enhance the
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photocatalytic hydrogen evolution activity.’®®> This polymer has since demonstrated stoichiometric

overall water splitting after loading it with a FeOOH co-catalyst.16®

1.6 Z-scheme and S-scheme Photocatalysts

A commonly investigated alternative approach to developing single particulate photocatalysts capable
of driving the overall water splitting is to couple two photocatalyst materials together that can drive
the HER and OER reactions independently. For these systems to work, a pathway must be available
through which unused photoelectrons from the oxygen-evolving photocatalyst, OEP, can be combined
with the unused holes from the hydrogen evolution photocatalyst, HEP. This type of system is called

a Z-scheme photocatalyst and is outlined in Figure 13.%%”
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Figure 13: Z-scheme photocatalyst for overall water splitting

Compared to single-type photocatalysts for OWS, Z-schemes benefit from fewer restrictions to the
electronic band edges of each component, as no single component has to straddle both the HER and
OER half potentials. As a result, there is far more flexibility when selecting the two components,
enabling the use of semiconductors with narrower bandgaps. In turn, a greater proportion of the solar
spectrum can be harnessed. However, compared to a single semiconductor system, the main
downside to these systems is that two photons must be absorbed for each electron-hole pair that

reacts with water, amounting to a halving of efficiency.

Several approaches have been used to ensure electron-hole transport between the two components.

168-

The simplest involves using a solution-based reversible redox mediator such as 10s7/I". 1817 However,
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the redox mediator can absorb light or extract charges from the wrong photocatalyst and compete
with the water-splitting half-reactions. A second approach requires the use of a solid-state conductive
mediator, such as gold or reduced graphene oxide.”>*”7 However, embedding two particulate
photocatalysts onto a single continuous conductive matrix is challenging and not always easily

reproduced.

A third approach is to create a direct heterojunction interface between the OEP and HEP components.
This approach removes the requirement for any third electron mediator component. However, these
systems require a good direct interface between the two components and optimal alignment of the
energy bands and Fermi levels. In the cases where this is achieved, charge separation and extraction
across the interface can be enhanced by internal electric fields that arise from band bending and Fermi
level alighment. Photocatalysts belonging to this subset of Z-scheme heterojunctions are sometimes

called S-scheme heterojunctions. 758!

1.7 Conclusions

Research into particulate photocatalysts has rapidly accelerated over recent years. Novel designs and
innovative approaches are constantly being developed. Advances in inorganic photocatalysts have
resulted in materials with AQYs approaching 100%. However, overall water splitting efficiencies from
these materials still suffer due to the wide bandgaps and deep valance bands that limit the hydrogen
evolution reaction. Developments in organic photocatalysts have demonstrated remarkably high
hydrogen evolution rates under visible light when paired with sacrificial reagents. The optical bandgap
and band edge potentials can also be finely tuned by design. However, these materials lack the
overpotentials and active sites to efficiently drive the four-electron oxygen evolution reaction. It is,
therefore, logical that hybrid organic/inorganic photocatalyst systems for overall water splitting

should be considered for their complementary characteristics.

1.8 Aims, Objectives, and Thesis Outline

The primary focus of this work is to develop an understanding of the structure-activity relationships
of linear organic polymer photocatalysts and subsequently design and synthesise new ones. It is hoped
that these polymers not only function as efficient standalone hydrogen evolution photocatalysts but
can also be paired with various oxide photocatalysts to generate hybrid organic/inorganic

photocatalyst systems.
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The work presented in Chapter 2 builds upon previous research conducted in the group. In 2019, Bai
et al. published research in which a library of 6,354 theoretical linear co-polymers was investigated
computationally using a high-throughput virtual screening method.'®® High-throughput microwave
synthesis was subsequently used to attempt the synthesis of 127 these co-polymers containing the
DBTS monomer unit. Ninety-nine polymer photocatalysts were successfully synthesised, tested for
their photocatalytic activity, and characterised. Most of these were previously unreported in the

literature.

The supplementary information of their publication provides the largest available library of polymer
photocatalysts synthesised and tested under identical conditions. Resultingly, these results can be
directly compared with one another. The original analysis presented in the original publication was
limited in scope and methodology. The results were analysed globally using a machine learning
algorithm and only focussed on the HER rates without a platinum co-catalyst. Her rates after the
photodeposition of Pt were also recorded, but this data set was not analysed or dicussed in the original

publication.

Chapter 2 presents a more detailed analysis of these results. There is a particular focus on structure-
activity relationships and the change in photocatalytic activity associated with loading the polymers
with a platinum co-catalyst. Screening parameters are also applied to the 705 DBTS co-polymers
investigated as part of the wider computational study of the same publication. This analysis is used to

identify target co-polymer photocatalysts for future investigations.

Chapter 3 investigates the effects of incorporating fluorinated phenylene monomers into the
backbone of linear conjugated polymer photocatalysts. Seventeen linear conjugated polymers are first
investigated by density functional theory (DFT) calculations and subsequently synthesised using a
microwave-assisted synthesis method. Discussions focus on the impact of fluorination, synthesis
conditions, and co-catalysts on the resulting photocatalytic activities. This work also introduces the
possibility of designing ternary co-polymers for greater control over physical and optoelectronic

properties.

Work presented in Chapter 4 attempts to prepare organic/inorganic hybrid photocatalysts by
c