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Abstract  

 

In this work, organic materials have been studied for their application in 

photoelectrochemical water oxidation and the electrochemical reduction of CO2 in water, 

using porous and linear conjugated polymers and hydrogels. The use of such organic materials 

for solar fuel generation is highly attractive as they are cheap, relatively easy to synthesise and 

their structure-properties can be fine-tuned for selective gas uptake, changes in optical and 

physical properties such as band gap, pore size, surface area and solubility. 

The use of a conjugated microporous polymer containing a bipyridine (CMP-(bpy)20) 

unit allowed for the incorporation of a well-known CO2 molecular electrocatalyst, 

[Mn(bpy)(CO)3Br], in order to prevent the undesirable process of dimerisation of Mn centres 

prior to the formation of the catalytically active reduced species. Engineering of the electrode 

was explored via drop casting a suspension of CMP-(bpy)20-Mn in a polymer/acetonitrile 

solution, such as Nafion or PANI to aid adhesion to the electrode surface and exploit 

secondary functionalities such as proton and electrical conduction respectively. Although 

dimerisation of Mn catalyst was prevented, CO Faradaic Efficiencies and the electroactive 

content were low. This is likely due to only a small fraction of catalytic centres becoming 

electroactive due to structural distortions across the polymer backbone resulting in insulated 

regions, and only Mn that is in direct contact with the electrode surface is electroactive. We 

also explored growing CMP-(bpy)20 onto the surface of a GCE to produce thin film electrodes 

in an attempt to increase the planarity of CMP-(bpy)20 and diffusion through the porous 

structure. 

Two soluble linear polymers, P8s and P56, known to be good photocatalysts for 

hydrogen evolution were spectroscopically studied via transient absorption spectroscopy to 

gain insight into their photocatalytic mechanism and the role of solvents present. Due to the 

ease of processability and superior hydrogen evolution rate of P8s, we then went on to explore 

P8s as a photoanode for water oxidation purposes. XPS measurements showed P8s to be a 

suitable material for overall water splitting as it straddles the band gap for both hydrogen and 

oxygen evolution. Improved photocurrents were achieved by the fabrication of a 

heterojunction using TiO2 by a factor of 30 reaching photocurrents up to 20.97 µA.cm-2. 

Photoactivity was further enhanced by increasing the amount of absorbed photons by using 

high surface area mesoporous TiO2. Transient absorption spectroelectrochemistry gave insight 

into the excited state dynamics of the photoanode and their lifetimes, which showed a long-

lived hole in the material. Utilisation of the hole was demonstrated by the addition of a hole 

scavenger into the electrolyte, followed by the incorporation of a co-catalyst for water 

oxidation. 

An amino acid functionalised perylene bisimide (PBI-A) hydrogel was studied in 

various hydrated states using UV-Visible absorption spectroscopy and neutron scattering to 

explore how drying affects changes in structure. Although the overall networks were similar, 

drying of a PBI-A hydrogel to form a xerogel resulted in an irreversible change in packing on 

the molecular scale between PBI-A units within a fibre. Spectroscopic studies showed a long-

lived charge separated state under visible light illumination unlike previous reports of 

dominant UV activity for this class of materials. Therefore we tested the materials as 

photoanodes for water oxidation and explored how the difference in water content within a 

gel affects photoactivity and their excited state dynamics. Utilisation of the photogenerated 

hole was determined from oxygen evolution experiments in the addition of an IrOx water 

oxidation co-catalyst.   
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1.1 Scope of this thesis 

In this thesis, we focus on the engineering of a variety of organic materials for their 

application in overall water splitting and CO2 reduction via photoelectrochemical (PEC) and 

electrochemical techniques. In chapter 2 we incorporate a well-known CO2 reduction 

molecular catalyst into a conjugated microporous polymer (CMP), and carried out 

electrochemical characterisation using various electrochemical techniques. Engineering of the 

electrode to gain stability and increased activity was the primary focus of this chapter. In 

chapter 3 we use transient absorption (TA) spectroscopy to rationalise the mechanism by 

which photocatalytic hydrogen evolution occurs in two organic linear polymers in the 

presence of a sacrificial donor. We then used the most active hydrogen evolution catalyst for 

the fabrication of a photoanode for water oxidation using a bulk heterojunction to gain insight 

into the possibility of complete overall water splitting with P8s. Finally, chapter 4 focuses on 

the use of an amino acid functionalised perylene bisimide (PBI) gel for water oxidation. The 

gels used in this chapter contain ca. 95% water, and we use both photoelectrochemical and 

spectroscopic techniques to gain meaningful insight into how structure-activity is affected in 

various hydrated states. We then go on to test the most active hydrated gel for water oxidation. 

As this thesis covers a variety of organic materials and techniques, for ease and clarity each 

chapter will be accompanied by its own detailed introduction providing insight into the current 

state-of-the-art and relevant background. 

1.2 Solar fuels for renewable energy  

The cheap extraction methods and high energy densities obtained from the burning of 

fossil fuels have resulted in them becoming the favored global energy resource for > 200 

years.1 In recent years the negative impact of global warming to our climate and ecosystems 

has been a hot topic worldwide.2 The depletion of fossil fuels renders the heavy reliance we 

have on them as an energy source limited, and so finding new ways in which energy can be 

sustainably generated, stored and transported is therefore of great interest. Solar energy is the 

most abundant source of renewable energy available, and provides a promising method for the 

generation of carbon-neutral energy which is scalable, inexpensive and inexhaustible.3,4 

Nature exploits the use of solar energy every day to produce oxygen and carbon based sugars, 

and so the ability to mimic nature via artificial photosynthesis is highly attractive for the 

capturing and storing of energy in the form of chemical bonds which can be used when desired, 

for example during the night time when solar energy is not present. For example the production 

of synthesis gas (syngas, H2 and CO) yields a sustainable route to the production of numerous 

carbon based products.5,6 Ways in which artificial synthesis can be achieved is via PV 

electronic technologies,7 photocatalytic8 or electrocatalytic9 routes and are shown in Figure 

1.1. To reach commercial applications CO2 reduction and water splitting catalysts must exhibit 
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high Faradaic Efficiencies at low overpotentials and good selectivity with long operating 

stabilities, ideally in an aqueous environment. The use of organic materials for such 

applications is of interest to achieve low-cost and sustainable routes to solar fuel generation.  

Figure 1.1 Various solar fuel generation routes are shown: photocatalysis using a light absorbing material and 

suitable co-catalysts to achieve oxygen evolution (OE) and hydrogen evolution (HE) reactions (a), electrochemical 

cells which are powered by PV cells are used to produce electrical energy from sunlight (b) and PEC systems 

using an organic light absorbing photoanode to carry out water oxidation and HE at the counter electrode (c). 

Figure adapted from Issues in Environmental Science and Technology, 2018, vol. 2019–Jan, pp. 184–209.3 
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1.2.1 CO2 reduction 

A promising way for the generation of carbon-based fuels is the reduction of CO2 

coupled with water oxidation. The direct electrochemical reduction of CO2 via a single 

electron transfer, in the absence of a proton-coupled step, is thermodynamically unfavourable, 

and occurs at very negative potentials in aprotic solvents (-1.9 VNHE at pH 7) Eq. 1.1.10 In the 

presence of a proton source, lower energy CO2 reduction pathways exist (e.g. CO2 + 2H+ 

+2e- → CO + H2O, -0.53 VNHE at pH 7), however these are in competition with direct proton 

reduction (2H+ +2e- → H2, -0.41 VNHE at pH 7) which increases the difficulty of efficient CO2 

reduction as selectivity towards carbon-based products decreases. The use of molecular 

complexes of transition metals and noble metal electrodes as electrocatalysts has been 

extensively explored in the literature,11,12 because they offer a route to lowering the required 

overpotential for CO2 reduction, and increase selectivity to achieve high CO2 conversion 

efficiencies. CO2 reduction can go via 2, 4, 6 or 8 electron reduction pathways,13 where 

although the generation of methanol and methane are thermodynamically favourable, it is a 

challenging goal as it is kinetically less favourable. Therefore, the reduction of CO2 to CO is 

of particular interest as it can be used in syngas to produce carbon-based products via the well-

known Fischer-Tropsch process. To reach commercialisation the development of cheap 

electrocatalysts that exhibit high Faradaic Efficiencies at low overpotentials in aqueous 

environments is highly desirable.  

Equations 1.1 – 1.7 show the standard thermodynamic potentials for CO2 reduction and H2 evolution at pH 7 vs 

NHE in aqueous electrolyte.  

 

1.2.2 Water splitting 

The splitting of water into oxygen and hydrogen is an endothermic reaction requiring 

a large amount of energy (standard Gibbs free energy change of 237 kJmol-1, or 1.23 eV) to 

drive the half reactions for water splitting as shown in Eq. 1.8 – 1.10.14 In particular, it is 

thermodynamically challenging to oxidise water, due to the requirement of 4 electrons, which 

is often coupled with slow surface kinetics.15 The use of semiconductors for water splitting 
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applications is of particular interest due to their narrow band gaps,16 allowing for efficient 

photoexcitation using the visible region of the spectrum which accounts for ca. 46% of the 

solar spectrum.17 A semiconductor is defined as a material that has conductivity between that 

of an insulator and a metal,18 i.e. a filled valence band and an empty conduction band. Upon 

photoexcitation with photons that have an energy greater than or equal to its band gap, an 

electron from the valence band is photoexcited to the conduction band, creating holes in the 

valence band. They become highly conductive upon oxidation or reduction, which can be 

achieved via chemical, electrochemical,19 photochemical20 or chemical21 doping via the 

insertion or removal of electrons or holes respectively. 

Equations 1.8 – 1.10 showing the standard thermodynamic potentials for water splitting at pH 0 vs NHE.  

 

Therefore, ideal semiconducting materials for water splitting must possess a band gap large 

enough that the valence and conducting band edges straddle those of H2O/O2 and H+/H2 

couples at +1.23 and 0.00 VNHE at pH 0 respectively (Eq. 1.7 - 1.9). As it is desirable to utilise 

visible light (> 400 nm) the band gap should therefore be < 3 eV,17 and some examples of 

semiconductors which exhibit such narrow band gaps are shown in Figure 1.2.22,23  

Figure 1.2 Band positions of semiconductors with different valence (yellow) and conduction (red) band energies 

and their band gaps. The energies reported are vs NHE at pH 0. Figure taken from Mater. Today, 2018, 21, 1042–

1063.23 
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Photocatalytic water splitting using a single semiconductor material is theoretically 

possible, however these materials suffer from a lack of high charge separation rates and so 

need the use of a sacrificial donor or hole scavenger to prevent charge recombination.24 One 

way in which this can be overcome is by the use of a Z-scheme approach which resembles 

nature’s photosynthetic system.23,25,26 The Z-scheme approach was first reported by Bard in 

1979, where two semiconductors (PCI and PCII) work together via a coupled electron transfer 

process using a redox shuttle, such as Fe3+/Fe2+ and IO3
-/I-, to perform water oxidation at one 

semiconductor and hydrogen evolution at the other as shown in Figure 1.3a.23,26 However, 

back reactions of the redox shuttle are thermodynamically favoured along with diffusion 

limitations hindering charge transfer, pH sensitivity and instability which all result in 

decreased activity of the Z-scheme system.16,27 To overcome such limitations, solid state Z-

schemes and direct Z-schemes have been explored, Figure 1.3b and c, although they can be 

costly to synthesise and far from fulfilling practical requirements.27 

Alternatively, water splitting can be achieved via PEC routes, where ideally no bias is 

required to the semiconductor in aqueous electrolyte. The addition of this extra energy into 

the system allows the use of narrow band gap materials, Figure 1.1c.9,26 Upon the application 

of a bias, for example a positive bias, an electric field is created where electrons diffuse into 

the bulk of the material towards the electrode and holes migrate towards the surface/electrolyte 

Figure 1.3 Schematic diagram showing the traditional Z-scheme where donor (D) and acceptor (A) redox shuttles 

are used for electron and hole consumptions (a), an all-solid-state Z-scheme (b) and a direct Z-scheme (c). PC 

stands for photocatalyst. Figure taken from Mater. Today, 2018, 21, 1042–1063.23 
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interface to participate in water oxidation reactions.26 When semiconducting materials are 

used, their ability to absorb light generates an electron-hole pair in the HOMO/LUMO which 

can go on to carry out water splitting with a lower amount of electrical energy input compared 

with a purely electrochemical system. 

1.3 Organic materials for solar fuel generation  

The use of carbon-based materials for solar fuels generation is highly desirable as 

unlike inorganic materials for solar fuel generation they are cheap and relatively easy to 

synthesise, and are comprised of earth abundant elements. Additionally, organic materials can 

be easily tailored to meet desired requirements, such as changing the optical properties,28–31 

physical properties,32–34 and selective gas uptake,35–37 by modification of the structure.38 

Graphitic carbon nitride (g-C3N4) is one of the most studied organic materials for solar fuel 

generation due to its high selectivity and activity in the visible region.39–41 However, lack of 

control over the structure during synthesis makes it difficult to finely tune the structural 

properties, and its insolubility makes electrode fabrication difficult.42 Fullerenes are one of the 

most widely used electron acceptors in organic photovoltaics due to a large delocalised LUMO 

across the molecules surface, that promotes high electron mobility and transport.43 However, 

these are costly to synthesise, have instability, limited tunability and weak absorption in the 

visible region.43 Therefore, the fabrication of alternative organic materials that are cheap, 

active in the visible region, processable and easy to tune physical properties is highly 

desirable. The use of organic polymers offers a route from which this can be achieved, and to 

date organic polymers have been widely studied for their application in overall water 

splitting,44,45 CO2 reduction,46,47 photocatalysis48 and electrochemistry.49  

1.3.1 Conjugated organic materials 

Conjugated organic materials are comprised of sp2 hybridised carbon atoms where the 

non-hybridised p orbitals overlap between adjacent sp2 hybridised carbon atoms to form π-

bonds. The formation of these π-conjugated states results in electron delocalisation across the 

polymer network lowering the energy of the system giving semiconducting properties to the 

polymer.50 The HOMO is defined from the π bonding orbitals, and the LUMO from the π 

antibonding orbitals that make up the sp2 hybridised bonds. The band gap is therefore the 

energy gap between the HOMO and LUMO. The optical and conductive properties associated 

with π-conjugated polymers are dependent on many factors such as shape, size, planarity and 

isomerisation of monomer units used. An oligomer consists of few repeating units within its 

structure such as dimers and trimers, whereas a polymer consists of an infinite number of 

repeating units. Therefore, the electronic behaviour of oligomers can give meaningful insights 
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in order to rationalise the electronic structure of π-conjugated polymers both experimentally 

and computationally.50,51  

1.3.2 Organic semiconductors  

 Unlike inorganic semiconductors, organic semiconductors have narrow band gaps 

(typically ca. 1.5 eV),31 which allow for more efficient photoexcitation in the visible region 

of the spectra. Upon photoexcitation, with a photon with energy equal to or greater than the 

band gap, electrons are promoted from the valence to the conduction band, increasing 

conductivity of the organic semiconductor by the generation of excitons or longer-lived 

polarons.52 In materials that exhibit small dielectric constants, such as organic semiconductors, 

these excitons are known as Frenkel excitons, and are photo-generated electrons and holes that 

are tightly bound via Coulombic interactions.53 The photo-generation of Frenkel excitons 

occurs across the polymer chain following the direction of electron delocalisation. Upon 

aggregation of polymer chains via intermolecular forces such as Van der Waals forces and π- 

π stacking between aromatic units, overlap of the π-orbitals occurs yielding electron 

delocalisation also in directions perpendicular to the polymer chain which is fundamental for 

high charge carrier mobility.54 Whereas, a polaron is generated when an electron or hole is 

localises within the lattice inducing a structural change within the surrounding lattice; the 

polaron is then able to migrate through the material via thermally-activated hopping.55 The 

formation of an electron or hole polaron is favourable for photocatalytic applications as 

recombination is disfavoured, resulting in a long-lived charge which can migrate off the 

organic semiconductor to a substrate to carry out oxidation/reduction reactions.   

Organic semiconductors such as polymers have structural or chemical defect sites. 

Chemical defect sites occur from the presence of impurities in the material from its synthesis 

or from film preparation,56 whereas structural defect sites arise due to grain boundaries, chain 

ends and other structural parameters such as torsional disorder.56 As organic semiconductors 

have a large distribution of molecular environments, they are therefore expected to have higher 

amounts of defect sites present. Defect sites can result in charge trapping such as the 

formation, for example, of a hole polaron which can then migrate to the surface to form a 

single catalytic sites that can carry out oxidation reactions at the surface. However, charge 

localisation also may lead to charge recombination if the localised charge is not extracted 

faster than recombination rates with delocalised electrons. As organic semiconductors are 

considered as 1D inorganic semiconductors, increased conjugation is expected to reduce the 

rate of electron-hole pair recombination. Planarization to form linear π-conjugated polymers 

is one route to overcome such limitations to enhance electron-hole pair concentrations,57 and 
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linear π-conjugated polymers have been reported to exhibit higher photocatalytic hydrogen 

evolution rates than porous π-conjugated polymers.30,58–61  

1.3.3 Porous organic materials  

Polymer materials can be synthesised from click type reactions, acid or base catalysed 

condensation reactions, oxidative couplings, trimerisations or Friedel-Crafts type couplings 

which can result in the formation of 1D, 2D or 3D structures.62,63 The type of structure formed 

is controlled by the use of monomer units (building blocks) used, Figure 1.4. There are two 

types of building blocks that allow for fine control over the structure properties which are 

nodes and struts.38 Nodes establish the dimension of the network achieved from the 

polymerisation reaction, i.e. 1D, 2D or 3D, and are defined by their symmetry. Properties such 

as rigidity, pore size and selective gas uptake are controlled by the length, conjugation and 

functional groups of the strut.64 Therefore, by careful consideration over the building blocks 

used fine control over the structure and its properties can be achieved, and this has resulted in 

the synthesis of a wide variety of polymers that can exhibit high surface areas, tuneable band 

gaps, selective gas uptake, high thermal and chemical stabilities and (in)solubility.64,65 Many 

sub-classes of porous polymers have been developed and are summarised in Table 1.1. 

Figure 1.4 Schematic diagram showing the polymerisation of monomer units, and how the symmetry of node units 

and the length and functionality of strut units control the dimensionality and the properties of the polymer 

synthesised. Figure taken from Science, 2015, 348, 8075–8075.34 
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Sub-classes of porous materials are inorganic materials (zeolites), metal organic (metal 

organic frameworks (MOFs)) and organic materials (covalent organic frameworks (COFs), 

porous organic polymers, polymers of intrinsic microporosity (PIMs) and porous molecular 

solids.34 In all cases the dimensionality is determined from the node which can be an organic 

building block in the case of organic materials, or alternatively for inorganic and metal organic 

materials the co-ordination number of the metal ion or cluster.   

Porous materials have been used in applications such as catalysis,66 sensing,67 

optoelectronics,68 selective gas soprtion and energy storage.69–71 The most commonly reported 

porous materials used for solar fuel generation applications are MOFs and COFs and have 

been reviewed elsewhere,46,48,62,72–75 which are highly to moderately crystalline porous 

materials, giving rise to good conduction and diffusion pathways and gas adsorption properties 

which are advantageous for catalysis applications.34 The use of MOFs as a photocatalysts was 

first reported in 2009 using a sacrificial donor and Ru(bpy)3
2+ photosensitizer under visible 

light irradiation for hydrogen evolution,76 and since have been used in hydrogen77 and CO2 

reduction photocatalysis.78–80 Due to the poor solubility in aqueous conditions, typically MOFs 

were explored as a suspension in photocatalysis.77 Since, the fabrication of MOF thin films 

and composites has been achieved via (i) direct growth/deposition from solvothermal 

solutions, (ii) assembly of nanocrystals, (iii) layer-by-layer growth onto a substrate, (iv) 

electrochemical deposition and (v) a gel-layer approach, which is reviewed elsewhere.81 COFs 

are comprised of organic elements only such as carbon, nitrogen, hydrogen, oxygen and boron, 

and to date many different sub-classes of COFs are known such as imine-, hydrazone- and 

keto-enol- linked COFs.82–84 Similarly to MOFs, COFs are limited by their insolubility and 

unprocessable properties, but thin film fabrication has been achieved by bottom-up or top-

down approaches such as solvothermal growth and exfoliation, which have recently been 

reviewed.85 Conjugated microporous polymers (CMPs) are a sub-class of porous organic 

polymers, and are comprised of aromatic units with high surface areas and porosity, but unlike 

MOFs and COFs they form amorphous 3D networks with extended conjugation and can be 

easily processable using electrochemical,86,87 surface functionalisation88 and surface 

growth.89,90 
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Table 1.1 Summary of the physical properties of porous polymers. Micro- and meso- pores have pores sizes < nm 

or 2 – 50 nm respectively. Ultraporous materials have high pore volumes and surfaces areas. The term zeotype is 

a framework that is based upon a known zeolite topology. The term multivariate MOFs refers to MOFs comprised 

of more than one organic linker. Table reproduced from Science, 2015, 348, 8075–8075.34 
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1.3.4 Non-porous materials  

In contrast to porous polymers, linear polymers have been shown to form semi-

crystalline or amorphous structures upon aggregation and packing.54 In this case, crosslinks 

are formed between polymer chains via Van Der Waals forces between aromatic groups of 

neighbouring chains. Planarity of amorphous π-conjugated polymer chains is advantageous in 

order to decrease torsional disorder. Torsional disorder results in a partial break in the overlap 

of π-orbitals decreasing the overall conjugation length creating localised regions of 

conjugation,91,92 resulting in an increased HOMO/LUMO energies.93 Therefore, the overall 

energy of the system is minimised through equilibria between torsional disorder and electron 

delocalisation. Conjugation is affected by both torsional disorder and the ordering of building 

blocks in a polymer chain to achieve reasonable conjugation lengths.28,93 Sprick et al. have 

shown that by changing the relative monomer ratios a library of polymers can be synthesised, 

and that by doing so the band gap energies of CMPs can be altered by ca. 1 eV.28 One of the 

monomer units used in this study was a pyrene-based monomer, and as the pyrene 

concentration was increased the band gap decreased (red shift in absorbance maxima) as a 

result of more aromatic rings which increased present within the structure increasing ring 

strain i.e. less torsional disorder due to resistance to bond twisting.28  

Some linear polymers have been synthesised as the linear analogues of CMPs, by the 

incorporation of alkynyl groups to planarise the 3D structure.59 As they are comprised of 

aromatic units they exhibit extended conjugation across the rigid backbone of the polymer 

chain. Typically linear polymers are insoluble, but processability can be improved by the 

incorporation of solubilising side chains resulting in soluble linear polymers, often only 

soluble in organic solvents.94–97 Therefore linear polymers have received attention for 

photocatalytic water splitting applications due to ease of processability and device fabrication 

coupled with decreased particle size allowing for improved activity.62   

1.3.5 Other organic materials 

Alternatively to polymers, low molecular weight self-assembled structures can be 

used for solar fuel generation.44,98–101 They are made solely of organic elements, and form 3D 

networks which can entrap large amounts of solvent, and can form either crystalline or 

amorphous structures with ease of processability.102 Formation of the self-assembled network 

occurs via π-π stacking between the aromatic perylene core as well as other Van der Waals 

forces, promoting the formation of a conjugated pathway leading to good conductive 

properties,103–106 and as a result have been used in OPV devices,107,108 photocatalysis,109–111 

photoelectrochemistry44 and sensors.112 
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1.4 Techniques for solar fuel generation 

In chapter 2 we have used a CMP for the incorporation of a CO2 reduction catalyst. 

Gas sorption was used to gain insight into the surface area and pore size distributions of the 

(un)metallated CMP, along with its ability to uptake CO2. In chapters 3 and 4 we have 

developed photoelectrodes for water oxidation using linear polymers and gels. We used TA 

spectroscopy to investigate the mechanisms and charge carrier dynamics of the photochemical 

systems. In chapter 4 we use small angle neutron scattering (SANS) to gain meaningful insight 

into changes in structure of gel photoelectrodes upon various levels of hydration. Here, we 

introduce the basics of the theory for both of these techniques. 

1.4.1 Transient Absorption (TA) spectroscopy 

TA spectroscopy is a time-resolved spectroscopic technique which can give insight into the 

dynamic processes of a material upon photoexcitation at a given wavelength. Developments 

in the field of laser technology have produced TA spectroscopy systems with improved 

detection and sensitivity since the first report of the technique in 1949.113,114 In this thesis we 

focus on the dynamic processes in organic materials in the UV-Visible absorption spectrum 

using an ultrafast TA system on the fs-ns timescale which is schematically shown in Figure 

1.5.  

A short ultrafast pulse is split into a pump and probe light by a beam splitter. The pump 

light is used to excite the material at a desired wavelength to a low energy excited state. The 

Figure 1.5 Schematic diagram showing the working principles of an ultrafast (fs –ns) transient absorption 

spectrometer. Such as the one used for our measurements. 
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probe light is passed through a variable delay line before passing through a sapphire crystal to 

generate white light, which then passes through the sample to a detector to generate a 

difference absorption spectrum (ΔA), i.e. the change in absorbance from the low energy 

excited state after white light excitation in comparison to the ground state at a single time 

point. This is carried out at various time delays, τ, by changing the variable delay line distance 

in order to acquire a 3D plot of the change in absorbance against time and wavelength. TA 

spectroscopy gives insight into processes related to a change in the optical density following 

excitation, and commonly observed signals can be assigned to:  

(i) Ground state bleach: A fraction of the molecules in the ground state absorbance 

of the material are promoted to a low energy excited state upon excitation with 

the pump light, hence the number of molecules in the ground state adsorption 

decreases resulting in an inverse of the absorption profile of the absorbance of the 

ground state i.e. a negative absorbance signal.  

(ii) Stimulated emission: Upon excitation of the material with the high energy laser 

pulse, an electron can drop to a lower energy level releasing a photon in phase 

with the incoming photons from the laser pulse, therefore hitting the detector and 

resulting in a negative absorption, often corresponding to the emission spectra of 

the material. 

(iii) Excited state absorptions: The excitation of the low energy excited state 

molecules to higher energy excited states upon excitation with the probe light 

results in a positive absorption signal. If long-lived molecular states are generated 

such as triplet states or charge separated states, a positive signal is detected at 

longer timescales. As the spectra are recorded at various time delays, insight into 

the decay of the excited state as it relaxes back down the ground state, and any 

charge transfer, intersystem crossing and recombination processes can be gained 

from the kinetic analysis of these signals.  

In this thesis TA spectroscopy was used in chapters 3 and 4, to gain insights in the charge 

carrier kinetics and electron/hole transfer processes for a PBI gel and linear polymers for 

overall water splitting applications. The full experimental details for each experiment are 

described in the respective materials and methods section of the chapters.  
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1.4.2 Small angle neutron scattering  

SANS is a technique commonly used to probe the primary fibre dimensions and network 

within gels, as it has the ability to probe structures formed on the hundreds of nanometres 

scale. All SANS measurements shown in this thesis were carried out using the ISIS neutron 

source (STFC, Rutherford Appleton Laboratories), using an electric discharge method to form 

H- ions and electrons in the injector. Upon injection into the synchrotron alumina foil is used 

to remove electrons in order to produce a beam of photons. The photons are accelerated with 

the use of a radio-frequency electric field, around a 163 m ring with the use of strong magnets 

to direct the beam, and remove 84% of the protons from the synchrotron. Upon their removal, 

the fast travelling photons are directed towards a tungsten target, allowing for the production 

of neutrons via spallation. This reduces the speed at which the now formed neutrons travel, 

which are sent to the target stations for use in experiments, Figure 1.6. 

Neutrons can interact with the nucleus of an atom via elastic or inelastic scattering. Here we 

are interested in coherent elastic scattering of a neutron. Elastic scattering conserves energy 

meaning there is no energy losses or transfer occurring, and so the radiation of incident and 

scattered neutrons should in principle be the same. Elastic scattering only accounts for the 

energy of the neutron and not its momentum, and therefore only structural information can be 

obtained. There are two types of elastic scattering which can occur, coherent and incoherent 

scattering. Coherent scattering is governed by the neutron scattering interference from nearby 

atoms, allowing for the construction of the relative atomic positions of neutron centres in a 

material, giving insight into the materials size and shape.115 Incoherent scattering has no 

scattering interference between neighbouring atoms, therefore no structural insight can be 

gained. For hydrogen, incoherent scattering is particularly large and greatly contributes to the 

background scattering noise. Since the scattering length density (SLD) is a measure of strength 

between the neutron and nucleus of an atom, this means that the SLD of isotopic elements will 

Figure 1.6 ISIS neutron facility showing the injector, synchrotron and target stations involved in the production of 

neutrons. 
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have different scattering patterns as seen for hydrogen and deuterium. As deuterium has a 

smaller SLD, it can be used to reduce the background scattering noise. The SLD of an element 

is calculated as follows: 

𝜌N= 
1

𝑉m

 ∑ 𝑛i𝑏i𝑖  =
𝜌mNA

𝑀
 ∑ 𝑛i𝑏i𝑖        Eq 1.11 

Where Vm is the molecular volume, ρm is mass density, M is molecular weight, ɳi is the number 

of atoms in the molecule of type i and bi is the scattering length of atom i. The SLD for a 

particular material is calculated via the equation above for powders and solids. As there is 

uncertainty in the total volume of water present in hydrogels, it is not clear how this affects 

the density of the material. Therefore, in order to obtain an accurate SLD value for non-solid 

materials, water content needs to be experimentally calculated. This is done by monitoring the 

SLD of the material in various ratios of solvent, for example H2O:D2O, and plotting it against 

the scattering intensity. When the SLD intensity is at a minimum, the low angle scattering 

vector (Q) is equal to 0, meaning the SLD has matched that of the molecule. A scattering 

pattern arises when there is a difference in scattering length between a solvent and a molecule, 

therefore when Q=0 the scattering length of solvent and molecule are the same, as shown in 

Figure 1.7.  

 

Figure 1.7 Neutron beam penetrates the sample and a difference in scattering length is seen for the molecule and 

solvent present within the sample (a), when the low angle scattering factor, Q, is equal to 0 this means that both 

the molecule and solvent have the same scattering pattern, allowing the SLD of the molecule to be determined (b). 

The SLD can then be calculated from the ratio of solvents using the following equation, where 

V is the volume of the component and ρ is the SLD of the component: 

𝜌mix =  
𝑉1𝜌1+𝑉2𝜌2

𝑉1+𝑉2

    Eq. 1.12 

Analysis of the data is initially fitted to an assumed structure, in this case to a flexible cylinder 

and power law model, which is described by the following equation; 

I(Q)=SFO(SFPLP(Q)PL+SFCP(Q)C)+Background    Eq. 1.13 
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There are three scaling factors present in the model used to determine the scattering intensity, 

I(Q): 

1. An overall scale factor, SFO, is present and fixed to 1, as the volume fraction is very low 

and so it is assumed the system is relatively dilute.116 

2. A power law scaling factor, SFPL, takes into account the radius, Kuhn length and contour 

length.116 The flexible cylinder model describes a worm like chain of freely jointed units 

with a contour length, L, and each unit within the chain has a length, lp, that is half of the 

Kuhn length, b, Figure 1.8. The contour length is the length of the chain if it was fully 

stretched out.117 The Kuhn length is where a polymer chain is considered as a collection 

of Kuhn segments. A Kuhn segment describes how flexible and bent the chains are, as 

denotes the length at which the segments can be considered as rigid.117 A short Kuhn 

length means there is more flexibility and random coil structure within the polymer, 

whereas a large Kuhn length represents a more sturdy and rod-like structure.  

3. A worm-like cylindrical scaling factor, SFC, takes into account the volume fraction of 

cylinders.116 

For systems with isotropic scattering and mass fractal structures (a mass fractal structure 

consists of small molecules clustered together forming a 3D network containing crosslinks 

and branching points within its structure.), Porod’s law is used to carry out data fitting to 

obtain the power law, P(Q-N), where N is the mass fractal dimension. The background 

scattering noise is also considered due to the presence of a small amount of incoherent 

scattering from the sample. Incoherent scattering arises from hydrogen atoms in the PBI 

structure, the presence of a small amount of water in D2O, and small incoherent scattering 

Figure 1.8 Schematic diagram for the fitting of SANS data to a flexible cylinder and power law model including 

parameters affecting the Porod’s power law. Figure reproduced from Soft Matter, 2016, 12, 3612–3621.116 
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contributions from other elemental atoms present within the PBI structure such as carbon, 

nitrogen and oxygen.  

In this thesis we used SANS in chapter 4 to gain insight into the difference in structure 

of gels at various hydration levels. Full experimental details are given in the materials and 

methods section of chapter 4.  

1.4.3 Gas sorption 

Gas sorption is a technique used to characterise porous solids and fine powders giving insight 

into the porous structure of such materials. The absorption/desorption isotherms obtained from 

these measurements are a measure of the molar quantity of gas absorbed/released at a constant 

temperature. It is therefore important that the solid sample has a clean surface, achieved via 

the application of a vacuum at a given temperature, to prevent blockages in pores hence 

ensuring accurate pore measurements.118 Once the solid sample has been degassed, the cell is 

then flushed with a known amount of the desired gas and the quantity of gas adsorbed is 

monitored against relative pressure, P/Po, which gives insight into the porous structure. As the 

pressure of the system is increased the amount of gas absorbed increases; initially a build-up 

of gas occurs at the solid surface (1) until full monolayer coverage is achieved (2), and this 

gives insight into the surface area.118 As the pressure is increased further, information into the 

mesopore size can be measured (3), followed by total pore volume and additional pore size 

information upon complete saturation (4) (Figure 1.9).118,119   

 

As the pressure is reduced, the amount of gas adsorbed decreases mirroring the adsorption 

profile. Adsorption/desorption isotherms are grouped into six types as shown in Figure 1.10.  

 

Figure 1.9 Schematic diagram of the filling of pores upon increasing pressure. Image taken from Micromeritics 

Instrument Corporation, Gas Adsorption Theory Poster.119 
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Briefly:118 

• Type I indicates narrow micropores and gas adsorption is limited by accessible 

micropore volumes.  

• Type II + IV are given by either non-porous materials or macroporous solids. 

• Type III + V are found in either non-porous or macroporous solids where weak 

adsorbent-adsorbate interactions are present. 

• Type VI is found in non-porous materials with a uniform surface where adsorption 

occurs by layer by layer resulting in steps in the isotherm.  

A hysteresis loop is present when there is a difference between the adsorption and desorption 

data points as a result of the presence of meso- and macro- pores. The presence of a hysteresis 

Figure 1.10 Types of adsoption/desorption isotherms. Image taken from Pure Appl. Chem., 2015, 87, 1051–

1069.118 
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loop is generally due to capillary condensation, which arises due to gas condensing in a pore 

at a pressure (p) lower than the saturation pressure (po) of the bulk liquid.118 Therefore, 

desorption is equivalent to a reversible liquid-vapour transition. Alternatively, hysteresis loops 

can be a result of network effects and pore blocking.118 For example, if a narrow pore leads 

into a larger pore upon adsorption the larger pore will fill first, whereas upon desorption the 

narrower pore must empty first before desorption from the larger pore can occur.118 There are 

5 types of hysteresis loops reported and are shown in Figure 1.11, they are:118 

• H1 loops are found in materials that have a narrow range of uniform mesopores.  

• H2 loops are a result of a complex pore structures due to network effects. There are 2 

types of H2 loops which are attributed to pore blocking due to narrow ranges of pore 

necks (a) and large size distribution of pore necks (b).  

• H3 loops are distinguished by the adsorption isotherm mimicking that of a type II 

isotherm. It is commonly seen in clay materials, or macroporous materials which are 

not completely saturated.  

• H4 loops are similar to H3 except the adsorption isotherm mimics that are a type I and 

II isotherm, and a distinct gas uptake is seen at early pressures due to the filling of 

micropores.  

• H5 loops are due to a mixture of partially and non blocked mesopores.  

  

Figure 1.11 Types of hysteresis loops. Image taken from Pure Appl. Chem., 2015, 87, 1051–1069.118 
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2.1 Introduction 

Molecular electrocatalysts for CO2 reduction, based on transition-metal centres have 

been extensively explored, and catalysts that exhibit good selectivities towards carbon 

products and remarkable levels of activity with turn-over frequencies (TOFs) >106 are 

known.1–3 A particularly attractive feature of molecular catalysts is that rational design is 

possible due to the well-defined nature of the catalyst. However, a general issue with many 

studies is that they are often studied when dissolved in organic solvents as homogenous 

catalysts. Frequently, a small amount of organic acid such as tetrafluoroethylene or water are 

added to act as a proton source to aid catalysis.4,5 The large number of studies in organic 

solvents is due to the often poor solubility of the catalyst in aqueous media, the increased CO2 

solubility, and the ability to suppress undesired hydrogen evolution by tuning of the acid 

concentration. Although ideally, CO2 electrocatalysts would be developed to have a high 

selectivity and activity in aqueous environments. For eventual deployment a sustainable 

source of H+/e- are required, and this is likely to be from water oxidation.  Unfortunately, only 

a few homogeneous CO2 reduction electrocatalysts are reported to be active in aqueous 

media,1,6–9 however the fact that they have been known to exhibit Faradaic Efficiencies (FEs) 

as high as 98% for carbon based products9 suggests that developing molecular electrocatalysts 

for use in water is a viable approach, Table 2.1. 

Table 2.1 Some of the transition metal based electrocatalysts for CO2 reduction that exhibit activity in aqueous 

media. GCE = glassy carbon electrode. 

Catalyst 
Electrolysis 

conditions 

Overpotential 

(mV) 

Major 

products 

Faradaic 

efficiency 

(%) 

Ref. 

1. 

 

Aq. buffered 

0.1 M KCl, 

pH 6.7, GCE 

330 CO 98 9 

2. 

 

0.1 M KCl, 

GCE 
770 CO 90 8 
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3.  

 

0.5 M 

NaHCO3 aq. 

solution, , 

carbon cloth 

working 

electrode 

670 CO 66 7 

4. [Fe4N(CO)12]- 

Aq. buffered 

KHCO3/HC

O3
− pH 6.5, 

GCE 

670 HCOO- 96 6 

 

An alternative approach to using homogenous molecular electrocatalysts is to attempt to 

directly reduce CO2 on a metal or alloy electrode. Known metal electrodes for CO2 reduction 

include Au, Ag, Zn, Pd, Hg, Sn, Cu and many metals have been shown to be effective catalytic 

surfaces able to achieve selectivity to CO or formate in water.10 However, leading metal 

electrodes for CO production are based on costly elements (Au, Ag), and attempts to improve 

onset potentials are hampered by the inability to rationally design the active site. Therefore, 

the heterogenisation of molecular catalysts is an attractive option as it allows for a route to 

overcome such limitations. Such an approach also permits (i) experiments in aqueous media 

(for aqueous insoluble catalysts), (ii) easy product and reactant separation, (iii) improved 

electron transfer to the catalyst, and (iv) easy catalyst recycling.  

There are three main families of molecular CO2 reduction electrocatalysts are: (i) 

macrocyclic, (ii) phosphine and (iii) polypyridyl ligands and a full review of these is beyond 

the scope of this chapter, instead the reader is recommended the following excellent 

reviews.3,11–14 Here we focus on bpy (2,2ʹ-bipyridine) polypyridyl complexes containing metal 

centres such as, cobalt (Co), iron (Fe), rhenium (Re), manganese (Mn) and ruthenium (Ru) 

which have been shown to form particularly active catalysts for CO2 reduction, and in 

particular on the heterogenisation of these catalysts.1,2,15–17 Conjugated microporous polymers 

(CMPs) are also introduced, and a study of a CMP containing bpy sites which can be modified 

to contain a transition metal electrocatalyst based on the known solution electrocatalyst 

[Mn(bpy)(CO)3Br],18 for CO2 reduction is reported.  

2.1.1 Mn molecular electrocatalysts for CO2 reduction in solution 

[fac-Re(bpy-R)(CO)3Cl] (bpy-R = R groups substitution of bpy at the 4,4ʹ- positions) 

and its analogues have been widely studied for CO2 reduction to CO and formic acid 

(HCOOH), due to their facile synthetic modifications and reported excellent selectivities.19,20 
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From here onwards the fac label is omitted and instead geometry labels are included solely for 

mer-complexes. However, the natural abundance of rhenium is low and therefore limits 

practical application. In contrast, the Mn analogue, [Mn(bpy-R)(CO)3Br], is based on 

abundant elements. Recently (2011) this complex has also been shown to be an excellent CO2 

reduction catalyst which has exhibited high catalytic turnover numbers (TONs),3–5 and also a 

good selectivity in aqueous conditions at modest overpotentials as both a homogenous catalyst 

and when immobilised.18,21–25  

The redox behaviour of [Mn(bpy-R)(CO)3Br] was first reported by Hartl and co-

workers over 20 years ago,26 and several research groups have since further developed our 

understanding of the complex through the use of spectroelectrochemical techniques.4,5,27–33 

The mechanism is summarised in a recent review,34 and key steps are shown in Figure 2.1. 

Under an inert argon atmosphere, in aprotic solvents such as acetonitrile (MeCN), 

[Mn(bpy)(CO)3Br] displays two one electron reductions at -1.56 and -1.80VAg/AgNO3, (approx. 

-1.21 and -1.45 VAg/AgCl, the reference electrode that will be used in this study).18 The first 

irreversible reduction at -1.56 VAg/AgNO3 is assigned to the loss of the labile bromide ligand. 

The subsequently formed [Mn(bpy)(CO)3]● species rapidly dimerizes (kdim = 1.3 x 109 M-1s-1) 

at room temperature to form [Mn(bpy)(CO)3]2.35 The second reduction at -1.80 VAg/AgNO3 

results in dimer cleavage, forming [Mn(bpy)(CO)3]ˉ. In a CV the return potential sweep shows 

the oxidation of  [Mn(bpy)(CO)3]ˉ to reform [Mn(bpy)(CO)3]2, and then the oxidation of the 

dimer to form [Mn(bpy)(CO)3X] at -1.39 and -0.51 VAg/AgNO3 (approx. -1.05 and -0.17 VAg/AgCl) 

respectively.18 Here X represents that of either a bromide or solvent ligand, as when cycling 

through the potential window multiple times, a new reductive feature at -1.35 VAg/AgNO3 grows 

in due to the formation of the solvo-complex, [Mn(bpy)(CO)3(MeCN)], as a result of ligand 

exchange. Intriguingly, it has been long known that during electrocatalytic reduction with 

[Re(bpy)(CO)3Cl] that [Re(bpy)(CO)3]- is formed (typically not via a dimerisation step) in two 

successive one electron reductions, is the active catalyst that binds CO2, yet despite the 

formation of  [Mn(bpy)(CO)3]ˉ being observed, early studies reported no catalytic activity 

with the Mn analogue.29   

It was not until over 15 years after these initial spectroelectrochemical studies that 

Chardon-Noblat and Deronzier et al. reported how [Mn(bpy-R)(CO)3Br], (R = H, or CH3) 

could be used for electrocatalytic CO2 reduction.18,36 It was shown that when 

[Mn(bpy)(CO)3Br] was reduced under a CO2
 atmosphere, no significant activity towards CO2 

reduction occurs, until a Brønsted acid (in the first studies H2O) was added. In the presence of 

the acid and CO2 a large increase in current density is observed at the second reduction, 

indicating that [Mn(bpy)(CO)3]- can be an active electrocatalyst for CO2 reduction.18 It is now 

known that the Brønsted acid plays a key role in stabilising the initial formation of the M-CO2 
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intermediate (where M represents the metal center).31,37–39 The role of the acid strength has 

been investigated experimentally in work by Smieja et al. using [Mn(bpy-tBu)(CO)3Br] in the 

presence of a range of acids of differing pKa’s (MeOH > 2,2,2-trifluoroethanol (TFE)~H2O 

).40 They saw that the stronger Brønsted acid gave the highest stabilisation of charge on Mn(I)-

CO2, resulting in greater current densities and higher TOFs. Although the trend mirrored that 

seen for [Re(bpy-tBu)(CO)3Br] with 100 ± 15% CO FE, activity of [Mn(bpy-tBu)(CO)3Br] 

was superior, with a 60% increase in TOF in MeCN with 1.4 M TFE, and a 400 mV reduction 

in overpotential.18,40 Subsequently, numerous other groups, including our own31,39 have shown 

experimentally5,40 and computationally37,41,42 that the strength of the acid actually controls not 

just the initial CO2 binding, but also the pathway of catalysis, Figure 2.1. Following 

protonation of the M-CO2 adduct to form M-CO2H, by either electron transfer (reduction first) 

or protonation and cleavage of one of the CO bonds, where H2O evolution also (protonation 

first) occurs, with the balance between the two being acid and potential dependent, Figure 

2.1.40,43,44 Remarkably, recent works have now modified the bpy ligand to incorporate a local 

proton source, which has enabled dominant activity, from the lower overpotential protonation 

first pathway, and even catalytic activity (albeit it short-lived) in the absence of an external 

proton source.42,45–47  

 

Figure 2.1 Reaction mechanism for [Mn/Re(bpy-R)(CO)3Br](red box) when under a CO2 atmosphere in the 

presence of a proton source, whereby reduction can occur via a protonation first pathway (red) and a reduction 

first pathway (blue). The catalytically active species, [M0(bpy•-)(CO)3]-, is highlighted in a green box. Figure 

reproduced from Coord. Chem. Rev., 2018, 374, 173–217.34 

Interestingly, some studies have also shown an increase in current under CO2 prior to 

the potential at which [Mn(bpy)(CO)3]ˉ is electrochemically formed.5,37 Early works by 

Deronzier demonstrated that using [Mn(bpy-Me)(CO)3]2 (where bpy-Me is 4,4ʹ-dimethyl-2,2ʹ-

bipyridine), CO2 reduction could also occur without the formation of [Mn(bpy-Me)(CO)3]- via 
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a dimer first pathway,48 Figure 2.2. Similar behavior has also been proposed by several other 

groups, and recently Neri et al. confirmed that this third reduction pathway, also takes place 

with [Mn(bpy)(CO)3]2 through the use of in-situ vibrational sum frequency generation 

spectroscopy.31 Again, it has been shown that for [Mn(bpy)(CO)3]2 to interact with CO2 the 

Brønsted acid plays a key role in enabling this lower overpotential pathway for CO2 

reduction.31 However, although catalysis is possible by direct interaction of the CO2/H+ with 

the dimer, the reported TOFs are well below those achieved following the generation of  

[Mn(bpy)(CO)3]ˉ.48 

 

Although the overpotential for CO2 reduction by [Mn(bpy-R)(CO)3Br] is significantly 

smaller than its Re analogue, it has been proposed that the need to generate the active catalyst 

([Mn(bpy)(CO)3]ˉ) by the formation and subsequent reduction of [Mn(bpy)(CO)3]2 is 

undesirable4,40 Therefore, several groups have been working on elimination of dimer 

formation with the anticipation that it will enable the generation of [Mn(bpy)(CO)3]ˉ at more 

positive potentials, and offer improved TOFs for catalysis at more moderate overpotentials. In 

particular, sterically bulky groups have been added to the bpy with complexes containing 

ligands such as 6,6ʹ-dimesityl-2,2ʹ-bipyridine (mesbpy) being developed to prevent two Mn 

center’s from coming into close contact.4 In this previous work a single reduction at -1.55 

VFc+/Fc (approx. -1.13 VAg/AgCl) in MeCN was reported for the formation of 

[Mn(mesbpy)(CO)3]-, via two one electron steps with reduction of the initially formed 

[Mn(mesbpy)(CO)3]● occurring at potentials positive of the starting material. However, 

although dimerisation was prevented, the overpotential for catalysis was not initially 

Figure 2.2 Possible reaction mechanisms for [Mn(bpy-R)(CO)3Br] when under a CO2 atmosphere in the presence 

of a proton source where CO2 reduction is proposed to go via the dimer. Figure adapted from Phys. Chem. Chem. 

Phys., 2019, 21, 7389–7397.31 
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improved. [Mn(mesbpy)(CO)3]- was generated 300 mV positive of the potential required for 

[Mn(bpy)(CO)3]- formation,  but CO2 reduction to CO only occurred ~400 mV negative of the 

potential at which [Mn(mesbpy)(CO)3]- was electrochemically formed.4 Only when a third 

electron was introduced via a bpy based reduction, at more negative overpotentials (-2.01 

VFc+/Fc, approx. -1.58 VAg/AgCl), did catalysis occur.
4 Although preventing dimerisation did not 

aid the overpotential the TOF of the catalyst was improved, with the TOF = 5000 s-1 for CO2 

to CO (MeCN with 0.3 M TFE) being significantly higher than for other [Mn(bpy-R)(CO)3Br] 

catalysts. Building on work by Savéant and co-workers who previously reported improved 

stability and an increased rate in CO2 reduction in the presence of Mg2+, which acted as a 

Lewis acid when used with an iron tetraphenylporphyrin CO2 reduction catalyst,49 studies with  

[Mn(mesbpy)(CO)3Br] in the presence of Mg2+ were carried out.5 These showed a ten-fold 

increase in TOF and the lowest overpotential for homogeneous electrocatalysts for CO2 

reduction (300 - 450 mV).5  

An alternative approach to prevent dimerisation is through modification of the axial 

binding site. Replacement of the bromide ligand with a cyano (CN) group in place minimises 

axial ligand loss50 and prevents  [Mn(bpy)(CO)3]0 generation, which would otherwise rapidly 

dimerise. Solution phase electrochemistry in MeCN showed the presence of two reductions at 

-1.94 and -2.52 VFc+/Fc ( approx. -1.52 and  -2.09 VAg/AgCl), assigned to ligand based reductions 

of the bpy and CN respectively, leading to the generation of [Mn(bpy)(CO)3]- (Figure 2.3).50 

Although dimerization was prevented, formation of the catalytically active species occurred 

ca. 650 mV more negative than for [Mn(bpy)(CO)3Br]. Again, although a large overpotential 

of ca. 1350 mV for CO2 reduction to form CO was required, the catalyst exhibited good 

activity and selectivity with a 98% FE for CO.50 

Figure 2.3 CV of 1 mM [Mn(bpy)(CO)3CN] in MeCN with 0.1 M TBAP supporting electrolyte recorded at a scan 

rate of 100 mVs-1 under a CO2 atmosphere, with the assigned mechanisms to each reduction. Figure was 

reproduced from Inorg. Chem., 2015, 54, 8849–8856.50 
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2.1.2 Heterogenised Mn catalysts for CO2 conversion in water 

There are relatively few known molecular electrocatalysts for CO2 reduction that 

show activity when dissolved in water, most have been studied in organic media.9,51–54 As 

noted above immobilisation of the catalyst onto the electrode offers a way to study otherwise 

aqueous insoluble molecules. Immobilisation of a [Re(bpy)(CO)3Br] CO2 reduction catalyst 

was reported by Yoshida et al. in 1993, where the complex was incorporated into a Nafion 

solution, spread onto a carbon electrode and allowed to dry in air.55 Due to the ease of 

fabrication, and good stability of the immobilised electrode, the use of a supporting polymer 

such as Nafion has been widely used in multiple similar studies.21,55,56 Yoshida et al. saw ca. 

2:1 selectivity for CO2 reduction (CO:H2) in 60 mM phosphate buffer pH 7, unlike for 

homogenous catalysis of [Re(bpy)(CO)3Br] in MeCN which has 100% selectivity.55 Although, 

the immobilisation of the catalyst resulted in greater activity (TOF = 166 h-1) when compared 

to in an MeCN solution (TOF = 21 h-1), the electrode was limited by a lack of electroactive 

catalyst (~5%) within the membrane.55 The vast majority of the Re complex deposited was 

inactive, and thought to be due to formation of large clusters of the catalyst upon drying. 

Nafion is an excellent cation/proton conductor,57 however it does not provide an electroactive 

support making it possible for clusters of catalysts to become electrically isolated.  

The first studies on [Mn(bpy)(CO)3Br] in water were carried out within the Cowan 

group, in part by myself.21,22 As the Mn catalysts require the use of a suitably strong acid for 

CO2 reduction, Nafion membranes were hoped to also have a catalytic role, in addition to 

aiding immobilisation. A similar immobilisation method to that used by Yoshida was 

employed, and we were surprised to find that similar to solution phase electrochemistry, even 

when in Nafion, [Mn(bpy)(CO)3Br] underwent rapid ligand loss and dimerisation.21 Indicating 

that either diffusion of the catalyst occurs within the membrane, or in-line with the suggestions 

of Yoshida et al. the catalyst aggregates upon drying, resulting in [Mn(bpy)(CO)3Br] residing 

close enough to each other permitting dimerisation.55 Controlled potential electrolysis (CPE) 

of a Nafion/[Mn(bpy)(CO)3Br] membrane, showed a 2:1 selectivity to CO:H2 for potentials 

as low as -1.3 VAg/AgCl at pH 7 in phosphate buffer with good stability over a 20 hour time 

frame.21 Although, as previously reported by Yoshida et al. the system was limited by a lack 

of electroactive content of the catalyst. This was partially overcome by the addition of multi-

walled carbon nanotubes (NTs) into the Nafion/[Mn(bpy)(CO)3Br] membrane, where a ratio 

1:1 of catalyst:NTs showed optimal activity.21 Although the addition of NTs to the membrane 

resulted in ca. 10 fold current enhancement, ca. 100 mV more positive onset for CO 

production, and an increase in electroactive content from 0.25% to 11%, the electroactive 

content was still relatively low and the overall TON only reached a maximum of 101.21 Further 

studies looked at modification of the bpy ligand in the 4,4ʹ position with electron withdrawing 
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(EWG) and donating (EDG) groups to examine how functionalisation could change the Mn 

reduction potentials and overpotential for CO2 reduction for the immobilised catalyst.22 The 

incorporation of an EWG (-COOH) to [Mn(bpy-R)(CO)3Br] shifted the reduction potentials 

positive, however when immobilised within a NT/Nafion membrane little selectivity towards 

CO2 reduction was seen.22 Interestingly, [Mn(bpy-COOH)(CO)3Br] is soluble in water and as 

a homogenous catalyst between pH 7-9 it was active with good selectivity towards CO2 of 65 

± 15%.23 Addition of EDG, such as tertiary butyl, to [Mn(bpy-R)(CO)3Br]/NT/Nafion 

membrane gave a selectivity of ~1.04 for CO : H2 as opposed to ~0.28 for the parent [Mn(bpy-

H)(CO)3Br] system, but improved TOFs.22  

Immobilisation has also been achieved through the π-π bonding interactions between  

NTs and a Mn complex modified with a pyrene anchoring group, [Mn(bpy-pyr)(CO)3Br], 

Figure 2.4.24 For this study electrodes were prepared by drop casting NTs in N-

methylpyrrolidone onto a glassy carbon electrode (GCE), once dry the electrode was 

immersed in an anhydrous solution of [Mn(bpy-pyr)(CO)3Br] in DMF for 30 minutes. Product 

analysis under CO2 showed CO and formate as the carbon-based products, although proton 

reduction to form H2 was the dominant product. However, the electrodes did show good 

stabilities with TONs of up to 1790 ± 290 and 3920 ± 230 for CO and formate respectively 

being achieved at ca. -1 VAg/AgCl, which are far superior to those previously reported for an 

immobilised [Mn(bpy)(CO)3Br] catalyst.24 Interestingly, by altering the loading of [Mn(bpy-

pyr)(CO)3Br] a change in product selectivity was observed. Low [Mn(bpy-pyr)(CO)3Br] 

loadings resulted in high levels of formate production, whilst higher loadings gave rise to CO 

as the main CO2 reduction product.24 The authors rationalised this as being the result of two 

different catalytic pathways, where low catalyst loadings resulted in the formation of a Mn-

hydride complex, identified by in-situ FTIR SEC (Figure 2.4), which gave rise to formate 

following CO2 binding. In contrast, at high concentrations dimer formation can occur enabling 

CO production. 
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Immobilisation of CO2 reduction molecular catalysts by polymerisation of functional 

groups attached to the bpy ligand is also a popular approach, and has commonly been achieved 

via electropolymerisation.58,59 Meyer and co-workers were the first to report 

electropolymerisation of pyridine complexes containing metal centres for CO2 reduction.60–62 

Electrode fabrication was achieved by modifying the bpy ligand in [Re(bpy)(CO)3Cl] with a 

vinyl group. Cycling the potential from ca. 0 V to – 1.65 VAg/AgCl resulted in a polymerised 

film on the surface of the electrode. They saw an increase in stability and reactivity towards 

CO2 in comparison to homogenous studies, demonstrated by an increase in TON to 516 from 

ca. 20. However, undesirable side reactions from the formation of vinyl radicals upon 

electropolymerisation have led to film degradation.59 Similar studies have been reported with 

Mn derivatives with bpy ligands modified with pyrrole groups.63  

2.1.3 Porous polymer frameworks for catalysis 

Immobilisation of the Mn catalyst onto supports has been a successful route to making 

active electrodes for CO2 reduction in water. However, in the majority of cases studied the 

complex is still able to undergo dimerisation following the first one-electron reduction. 

Furthermore, partial current densities for CO and HCOO- formation have been relatively low, 

due to a combination of low concentrations of electroactive species on the support electrodes, 

and also possibly the low concentration of CO2 within the structure of the immobilised 

materials. In principle, the ability to bind a catalyst into a conductive framework could allow 

for improved electroactive contents, and potentially enhanced catalytic activity when 

compared to solution based electrocatalysis.64 Additional advantages may also occur. First the 

use of well-defined molecular catalytic centres that are synthetically addressable may combine 

Figure 2.4 Concentration dependent proposed mechanism for CO2 using [Mn(bpy-pyr)(CO)3Br] immobilised onto 

NTs via π-π interactions with a pyrene linker. Figure reproduced from J. Am. Chem. Soc., 2017, 139, 14425–

14435.24 
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the advantages of homogenous electrocatalysts with heterogenous catalysts (e.g. recycling, 

product separation). Second, the high surface area of a porous conductive framework offers 

increased surface areas, and in some cases the framework can be designed to concentrate 

reactants (e.g. CO2 capture) or exclude possible poisons. Therefore, covalent binding of 

[Mn(bpy-R)(CO)3Br] into the rigid structural framework of a porous molecular solid65 is of 

particular interest, both as a strategy to prevent dimerisation and as a way to improve the level 

of CO2 catalysis.56,66 

Crystalline porous frameworks such as  metal organic frameworks (MOFs) and 

covalent organic frameworks (COFs) have begun to receive significant levels of interest for 

both the photo- and electrocatalytic reduction of CO2.64,67–71 However, even though MOFs and 

COFs have been extensively used in solar fuel generation applications,71,72 they are hindered 

by their long-term instability.73–75 Therefore we also discuss porous polymers constructed by 

the cross-coupling reactions of aromatic building blocks which give rise to a high degree of 

conjugation. These materials, known as conjugated microporous polymers (CMPs), can be 

tuned again through ligand design,76,77 and through the selection of monomer struts of different 

sizes and chemical functionalities, it is possible to achieve fine control over the porosity, 

surface area and gas sorption properties of the resulting polymer.76,78–83 Importantly, CMPs 

typically exhibit excellent stability making them ideal candidates for their applications in solar 

fuel generation. Although CMPs have been studied for use in a wide range of applications 

including gas storage, heterogeneous catalysis,56,64,67,84,85 photocatalysis72,86–89 and energy 

storage90–93 there is limited literature precedence for electrocatalytic CO2 reduction. Therefore 

following a brief summary of MOF/COF catalysts for CO2 reduction, focusing on Re and Mn 

systems, CMP materials as potential electrocatalysts are introduced in the following section. 

The first reported MOF-CO2 electrocatalyst of which we are aware was by Hinogami 

et al. in 2012, where copper ethanedithioamidate was incorporated into a MOF, which 

achieved a FE >98% for formate production.66 Since this report, the incorporation of metal 

porphyrins into porous materials has gained interest with a number of porphyrin and related 

catalysts being studied within MOFs,94–96 and these are thoroughly discussed in a recent 

review.97 Of particular relevance to the work reported here is a study from 2016 by Sun et al. 

where [Re(bpy)(CO)3Cl] was incorporated into a MOF framework, following modification of 

the bpy ligand in the 5,5ʹ position with carboxylic acid groups allowing for attachment to the 

Zn nodes.98 Thin film electrodes were prepared via sequentially spray coating ethanolic 

solutions of Zn acetate and [Re(bpy-COOH)(CO)3Cl] onto conductive glass (FTO). 

Electrochemical analysis in MeCN with 0.1 M tetrabutylammonium hydroxide (TBAH) as the 

supporting electrolyte showed an initial bpy based reduction (-0.9 VAg/AgCl), followed by 

reduction of the Re metal centre and loss of Cl ligand (ca. -1.1 VAg/AgCl). Importantly under 
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CO2 a drastic increase in current density was observed indicating CO2 reduction.98 Current 

densities up to 2.5 mA.cm-2 were achieved, with a FE of 93 ± 5% for CO production and a 

TON of 580 after 2 hours of bulk electrolysis at ca. -1.8 VAg/AgCl.98 The FE obtained is one of 

the highest for MOF and COF based systems thus far. However, degradation of the MOF was 

apparent during CPE measurements indicated by a decrease in current over time.98 Recently, 

Marinescu and co-workers have explored to the use of COFs for heterogeneous catalysis, as 

they have greater electrical conductivity and possess good stability in water under harsh acidic 

and basic conditions.67 [Re(bpy)(CO)3Cl], Co and Iron (Fe) porphyrins were each incorporated 

into COF structures to produce, COF-Re, COF-Re-Co and COF-Re-Fe respectively (Figure 

2.5a), and drop cast onto carbon fabric and left to dry.67 CPE was carried out in pH 7 aqueous 

phosphate buffer under a CO2 atmosphere for one hour at -1.3 VAg/AgCl. However, the 

metallated COFs exhibited little to no activity towards CO2
 reduction with the bimetallic COF-

Re-Co, which showed the most activity and a 18 ± 2% FE for CO and 55 ± 5% for H2.67 A 

significant factor behind the low activity was proposed to be the presence of multiple 

reductions on multiple different metal sites inhibiting CO2 reduction, due to a competition of 

electrons preventing the generation of the doubly reduced catalytically active species, hence 

favouring H2 evolution.67 Additionally, although relatively modest Brunauer-Emmett-Teller 

(BET) surface areas < 700 m2g-1 were reported for the COF systems, the small pore sizes of 

both systems, COF-Re and COF1-Re, may have also been limited by diffusion of CO2 and/or 

products through the structures. FEs were later improved by the incorporation of 

[Re(bpy)(CO)3Cl] into COF1 (Figure 2.5b). In this study a carbon ink method was used to 

immobilise COF1-Re onto the surface of a GCE, where it was mixed with carbon black and 

poly(vinylidene fluoride) in N-methyl-2-pyrrolidone.64 An optimised current density of 2.2 

mA cm-2 was achieved at the relatively negative potential of -2.37 VAg/AgCl when 29.38 wt% 

Re was incorporated into COF1. However, after 30 minutes of CPE the FE decreased from a 

maximum value of 81%.64 This was attributed to an instability of the catalyst under prolonged 

CPE measurements.  



Chapter 2 

41 

 

A porous polymer (UiO-67 = Zr6O4(OH)4(bpdc)6) incorporated with a CO2 reduction 

catalyst, [Re(dcbpy)(CO)3Br] (dcbpy = 2,2ʹ-bipyridine-5,5ʹ-dicarboxylic acid), for 

photocatalyst was also  reported in 2011 by Lin and co-workers for CO2 photocatalysis (Figure 

2.6).73 A TON of 5 was reported for CO, with good selectivity in comparison to H2 (10:1) 

when irradiated for 6 hours under >300 nm light source in acetonitrile with 5% trimethylamine 

(TEA) as a sacrificial electron donor.73 Recyclability measurements of the catalyst showed 

that after 20 hours of irradiation 43.6% of Re had leached from UiO-67-Re.73  

 

[Mn(bpy)(CO)3Br] derivatives have also been incorporated into other polymeric 

frameworks for use in photocatalysis,75,89 although to the best of our knowledge they have not 

been applied as MOF or COF electrocatalysts. The immobilisation of [Mn(bpy-

CO2H)(CO)3Br] into UiO-67 (UiO-67-Mn) was later reported by Kubiak and Cohen.89 They 

Figure 2.5 The structure of two COFs used to immobilise [Re(bpy)(CO)3Cl], with (a) and without (b) a second 

metal center. Figure adapted from Dalt. Trans., 2018, 47, 17450–17460 and ACS Appl. Mater. Interfaces, 2018, 

10, 37919–37927 respectively.64,67 

Figure 2.6 Schematic diagram of the UiO-67 framework showing the [Zr6O4(OH)4]- nodes (purple circles), linker 

units (black) and catalyst units (red) for the immobilisation of [M(bpy-R)(CO)3Br] where M = Mn or Re. Figure 

adapted from Chem. Soc. Rev., 2017, 46, 761–796.3 
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found UiO-67-Mn to be an active CO2 photocatalyst to formate when a suitable sensitizer 

([Ru(4,4′-dimethyl-2,2′-bipyridine)3]2+) and sacrificial electron donor (1-benzyl-1,4-

dihydronicotinamide, BNAH) is present (Figure 2.6).99 TONs of 110 were achieved after 18 

hours under 470 nm irradiation, significantly higher than those reported for [Mn(bpy-

R)(CO)3Br] analogues under the same experimental conditions, demonstrating the high 

activity of [Mn(bpy-CO2H)(CO)3Br] when immobilised.99 Stability measurements were 

performed by reusing UiO-67-Mn, and showed that after three 4 hour cycles activity was 

largely retained with a decrease in TON from 24 to 17.99 The loss in activity was due to loss 

of CO ligands form Mn centres and degradation of UiO-67 when under prolong visible light 

exposure and alkaline experimental solution, which was confirmed by FTIR and Inductively 

Coupled Plasma-Optical Emission Spectrometry (ICP-OES) studies.99 

More recently, immobilisation of [MnBr(CO)3] units at bpy sites within a periodic 

mesoporous organosilica (PMO), Mn@bpy-PMO, has been reported, Figure 2.7. Similarly to 

MOFs, PMOs exhibit high surface areas, uniform pores and are robust. Surprisingly, 

immobilisation of Mn into the bpy-PMO framework resulted in the formation of both the fac- 

and mer- isomers.75 By adjusting the ratio of photosensitizer ([Ru(bpy)3]Cl2) and a sacrificial 

electron donor (1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzoimidazole, BIH) under visible 

light irradiation and catalyst loading, working experimental conditions were optimised. An 

excellent selectivity for carbon based products was reported and TONs of 168, 292 and 72 

were also achieved for CO, formate and H2 respectively after 16 hours of irradiation.75 

Recyclability studies showed that by separating and washing Mn@bpy-PMO the catalyst 

could be reused, and after 3 cycles of 5 hours of irradiation TONs of 484 and 239 for formate 

and CO were reached.75 The photo-generation of formate and CO was rationalised by the 

Figure 2.7 Synthetic pathway to Mn@bpy-PMO. Figure reproduced from Chem. Sci., 2017, 8, 8204–8213.75 
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presence of two parallel reduction pathways; (i) via the formation of the hydride species or 

(ii) the binding of CO2 to the Mn metal centre respectively and is shown in Figure 2.8.75 

Modifications of the MOF framework have also been explored to improve CO2 

photocatalysis. UiO-67 was shown to be unstable in solution and when under prolonged 

visible light irradiation. Furthermore, activity was limited by the small pores restricting 

diffusion of products and reactants through the structure. In an attempt to overcome such 

limitations, Lin and co-workers have explored the use of an elongated modified linker unit in 

UiO-67 (MOF-1), Figure 2.6.100 After 6 hours of irradiation with a 410 nm LED selective 

conversion of CO2 to CO was achieved in an MeCN/TEA solvent were TONs of 0.40 and 6.44 

for H2 and CO respectively were reported.100 By changing the solvent from MeCN to THF the 

selectivity was altered with TONs of 4.15 and 0.32 for H2 and CO respectively being met.100 

However, decomposition of MOF-1-Re was still observed due to partial hydrogenation of the 

bpy ligand resulting in leaching of Re.100 Addition of –NH2 functional groups to MOF linker 

units has also been shown to improve photocatalytic activity for CO2
 reduction due to 

Figure 2.8 Proposed mechanisms for two parallel photocatalytic CO2 reduction pathways to form formate and CO 

with Mn@bpy-PMO. Figure taken from Chem. Sci., 2017, 8, 8204–8213.75 
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intermolecular stabilisation of the initially formed carbamate with –NH2 ligands as shown in 

Figure 2.9.74  

CMPs were first synthesised at the University of Liverpool by Cooper group in 

2007.101 These CMPs exhibited high apparent surface areas, up to1000 m2g-1 in the dry state.101 

CMPs can also be modified with metal centres to produce a metal-organic CMP.102 Many bpy 

based CMPs have since been reported, including the CMP-[Re(bpy)(CO)3Cl] analogue which 

was synthesised by Sonogashira-Hagihara cross-coupling reaction using the monomer units 

shown in Figure 2.10, resulting in a porous material with a high surface area.102 [Re(CO)5Cl] 

was then reacted with the CMP structure by refluxing in toluene (boiling point 111˚C) to yield 

CMP-(bpy)xRe. It was also shown that a CMP-(bpy)xRe containing x=20% of 5,5ʹ-dibromo-

bipyridine units in the structure produced the highest BET surface area of 859 m2g-1, giving 

the highest rhenium content (15.06 wt%).102 Although the CMP-(bpy)20Re was synthesised, 

showing the catalyst can be successfully immobilised within CMP structures, it has yet to be 

used for electrocatalytic CO2 reduction . There is however one study on the use of a closely 

related CMP, containing [Re(bpy)(CO)3] subunits for the photocatalytic reduction of CO2 

which showed improved stability when compared to the parent [Re(bpy)(CO)3Cl] complex in 

solution.103 

Figure 2.9 Schematic diagram showing the formation of UiO-67 type MOF with the immobilization of [Re(bpy-

COOH)(CO)3Br] and –NH2 functionalised groups (a) where the presence of –NH2 ligands aids photocatalytic CO2 

reduction by a cooperative effect via stabilization of the carbamate reaction intermediate (b and c). Figure taken 

from Sci. Rep., 2017, 7, 1–8.74 



Chapter 2 

45 

 

 

Figure 2.10 Synthetic route to CMP-(bpy)xRe of differing bpy loadings. Figure adapted from Angew. Chemie Int. 

Ed., 2011, 50, 1072–1075.102 

CMPs are particularly interesting for CO2 conversion as many CMP structures have 

been shown to be effective for CO2 capture.104–106 CO2 capture by CMPs has been studied in 

detail, with the ability to add functionality into CMPs (e.g. amine and carboxylic acid groups) 

being particularly useful. These have been reported for selective CO2 uptake in CMPs due to 

their strong affinity for CO2, and ability to stabilise absorbed CO2. CO2 absorption using 

organic materials is of particular interest as it is cost effective, and does not need the high 

energy demands industrial methods of chemical sorption of CO2 require.104,106–108  

CMPs have been used in electrochemical applications such as supercapacitors,109 

batteries,110 oxygen reduction.111–113 However an issue is that in many cases they are not very 

conductive due to torsional disorder which is discussed in detail in chapter 1. Nonetheless, the 

ability to combine gas capture and conversion in a single device makes them of interest for 

CO2 electrocatalysis. To the best of our knowledge there is only one report where a CMP has 

been used for electrocatalytic CO2 reduction, where TPE-CMP prepared was synthesised 

using a Yamamoto coupling reaction (Figure 2.11) and was then deposited with 10 wt% Pt or 

Fe nanoparticles to give TPE-CMP-M (M = Pt or Fe).114 A gas diffusion membrane was 

fabricated by depositing a homogeneous ink of CMP-M in ethanol onto a gas diffusion layer 

and compressing it onto a Nafion layer (Figure 2.11). In this case the catalyst particles (Pt or 

Fe) are not part of the CMP structure but are instead deposited/doped on the polymer. The Pt 

doped TPE-CMP resulted in < 2 × 10-5 mmol h-1 of carbon based products, which was 

increased to ca. 7 × 10-5 mmol h-1 upon the addition of 30% NTs to the homogeneous casting 
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ink.114 The carbon based products detected were that of mainly alcohols, in particular methanol 

and acetone.114 Although the authors report the detection of carbon based products from CO2 

reduction, the authors only report the total FE, > 95%, and note that majority of the 95% FE 

is hydrogen.114 Even though selectivity is low for the system reported here, this study 

highlights that CMPs may be useful materials for electrocatalytic CO2 reduction.  

 

 

  

Figure 2.11 Schematic reaction scheme for the synthesis of TPE-CMP (a) and electrochemical set up of the cell 

and working gas diffusion electrode (b). Figure reproduced from J. Appl. Electrochem., 2015, 45, 701–713.114 
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2.1.4 Scope of this chapter 

[Mn(bpy)(CO)3Br] has been previously shown to be selective for CO2 reduction to 

CO and formate in organic solvents such as MeCN and in aqueous solution.18,21 However, it 

has been postulated that Mn-Mn bond cleavage during dimer reduction results in a larger over-

potential for the onset of CO2 catalysis.37,21 Some studies have explored the prevention of 

dimerisation through the addition of bulky groups to the bipyridine ligand, with varying 

degrees of success.4,5,99 An alternative pathway to avoid dimerisation is the immobilisation of 

the catalyst. Previous electrochemical studies of [Mn(bpy)(CO)3Br] deposited onto the surface 

of a GCE show that dimerisation still occurs, however immobilisation onto NTs using a 

flexible linker at low concentrations did prevent this pathway.24 In principle, immobilisation 

into a rigid conductive framework is an attractive opportunity, as it should prevent 

dimerisation and provide a high concentration of electroactive catalytic sites. 

CMPs offer a high surface area electroactive framework, and CMPs are also highly 

effective CO2 uptake materials.80,107,115,116 However, to date a CO2 reduction electrode based 

on a metal organic CMP has not been reported. This chapter describes the synthesis, 

characterisation and electrochemical testing of a CMP modified with a [Mn(bpy)(CO)3Br] 

derivative. The targeted structure is based on a modification of CMP-(bpy)20, originally 

reported by the Cooper group.102 The aim is to explore (i) if electrochemically triggered Mn 

dimerisation can be prevented using a CMP structure and (ii) the catalytic activity towards 

CO2 and H+ reduction. 

Experiments also explore in detail the methods of electrode fabrication (e.g. the choice 

of supporting polymer to aid adhesion to the electrode). An issue with CMPs as electrode 

materials is that long-range charge transport is limited by twisting of the structure.117,118 Here, 

we also explore a route to template the CMP directly onto carbon supports to achieve planarity 

and conjugation, which has significance to the wider field of CMP based electrochemical 

materials. 
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2.2 Results and Discussion 

2.2.1 Synthesis and characterisation 

The synthesis of CMP-(bpy)x (x = 10, 20, 50) has previously been reported, and the 

framework has also been modified by reaction with [Re(CO)5Cl] to provide [Re(bpy)(CO)3Cl] 

moieties within the structure, (Figure 2.10).102 The notation for the bpy content of the polymer 

arises from the feed percentage of 5,5ʹ-dibromo-2,2ʹ-bipyridine in the polymerisation reaction. 

In this past study CMP-(bpy)20 yielded the highest BET surface area  and also the maximum 

Re loading (15%), therefore studies here are based on using CMP-(bpy)20 for the 

immobilisation of the Mn analogue. Initial experiments, (method (a), Figure 2.12) followed 

the method described by Jiang et al. to prepare the CMP-(bpy)20. Full synthetic details can be 

found in the materials and methods section (2.4).102 Briefly, under an argon atmosphere 1,4-

dibromobenzene, 5,5ʹ-dibromo-2,2ʹ-bipyridine and 1,3,5-triphenylbenzene were refluxed in 

DMF/NEt3 for 3 days in the presence of CuI and Pd(PPh3)4, yielding a brown solid. Following 

ball milling to reduce the particle size, purification of CMP-(bpy)20 was then achieved via 

soxhlet extraction in methanol at 90˚C for 3 days. Incorporation of the Mn catalysts was 

achieved by refluxing a suspension of CMP-(bpy)20 in toluene with an excess of [Mn(CO)5Br] 

for 24 hours in the dark.  
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Figure 2.12 Synthetic routes (a-d) explored for optimised [Mn(bpy)(CO)3Br] loading into the CMP-(bpy)20 via 

post metalation of CMP-(bpy)20 at 110˚C (a) and 45˚C (d), a one pot synthesis (b) and metalation of the bpy 

monomer unit prior to CMP-(bpy)20  synthesis (c). Spectroscopic techniques described below, showed that synthetic 

route d gave optimal loading of the catalyst.  
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FTIR spectroscopy confirmed the presence of a fac-tricarbonyl complex, likely 

[Mn(bpy)(CO)3X]n+ (where X may be a solvent or Br- and n = 0, 1), through the presence of 

three new (CO) bands at 2026, 1942 and 1921 cm-1 (compared to 2027, 1933 and 1924 cm-1 

for a solid sample of [Mn(bpy)(CO)3Br] 22), Figure 2.13. The sample prepared by method (a) 

in Figure 2.12 is here on described as CMP-(bpy)20-Mn (A) and was found to contain 6.02 ± 

0.07% Mn by weight through ICP-OES analysis, Table 2.2. Despite the soxhlet extraction and 

washing steps outlined in the methods section, 0.31 ± 0.013% of Pd from the initial coupling 

reaction was still present. The weight content of Mn in CMP-(bpy)20-Mn (A) (ca. 6%) is 

roughly in-line with the highest achieved when CMP-(bpy)20-Re was prepared (15%) taking 

into account the ratio of masses of the metal center (Re:Mn = 3.38, Re:Mn wt./wt. = 2.5). 

However, it was decided to explore a range of synthetic routes to incorporate [Mn(CO)5Br] 

into the CMP network in an attempt to minimise the change in surface area and optimize the 

Mn loading level. Although the theoretical maximum weight loading of Mn into CMP-(bpy)20 

is 6.4% (based on 100% reaction of all bpy units and the Mn complex formed maintain the Br 

ligand) was apparently reached by method (a), it was noted that the BET surface area was 

greatly decreased upon addition of the Mn center from 612 m2 g-1 to 405 m2 g-1, Table 2.2. 

 

 

Figure 2.13 FTIR spectrum of CMP-(bpy)20 (red) and CMP-(bpy)20-Mn (A) (black), confirmed the presence of a 

Mn fac-tricarbonyl complex. 
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 Table 2.2 Physical properties of CMP-(bpy)20 and CMP-(bpy)20- Mn, where CMP-(bpy)20-Mn was synthesised via 

various synthetic routes for optimisation of catalyst content. 

[a] BET Surface area calculated over the pressure range (P/P0) 0.00017–0.1. [b] Total pore volume at P/P0 = 0.102. 

[c] ICP-OES was used to determine Mn loading. Samples were prepared via microwave digestion in nitric acid.  

 

Figure 2.12 provides an overview of the synthetic methods explored. We hypothesised 

prior incorporation of [Mn(CO)5Br] into the brominated bpy monomer may lead to a change 

in porous structure and two methods were examined. Firstly, a one pot synthetic approach 

involved the addition of [Mn(CO)3Br] into the starting polymerisation mixture, Figure 2.12b, 

which resulted in 4.74 ± 0.52% weight of Mn within CMP-(bpy)20-Mn (B) and a very low 

BET surface area. FTIR analysis showed weak, broad, potentially multiple carbonyl stretches 

shown in Figure 2.14. Presence of a fac-tricarbonyl species is evident at ca. 2020, 1947 and 

1930 cm-1, some dimer species could also be present, indicated by stretches at ca. 1975, and 

1878 cm-1 but it is difficult to assign all the expected v(CO) modes for the dimer due to most 

of them being masked by the tricarbonyl stretches ([Mn2(bpy)2(CO)6] in THF has reported 

v(CO) at 1975, 1963, 1936, 1886 and 1866 cm-1 119).  

 

 

 

 

 

Synthetic route 
BET surface area 

(m2/g)[a] 

Total pore volume 

(cm3/g)[b] 
MnICP  (%)[c] 

CMP-(bpy)20 636.86 0.24 - 

CMP-(bpy)20-Mn (A) 404.94 0.16 6.02 ± 0.07 

CMP-(bpy)20-Mn (B) 94.37 0.035 4.74 ± 0.52 

CMP-(bpy)20-Mn (C) 24.35 0.0082 2.12 ± 0.02 

CMP-(bpy)20-Mn (D) 549.25 0.21 5.47 ± 0.21 
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As an alternative synthetic route where the 5,5ʹ-dibromo-2,2ʹ-bipyridine monomer 

was reacted with [Mn(CO)5Br] prior to synthesising the CMP-(bpy)20 framework was also 

tested method (c), Figure 2.12. This was used as it should ensure that all bpy sites in the CMP-

(bpy)20 backbone were metalated. [Mn(bpy-Br2)(CO)3Br] was synthesised using the literature 

methods reported for [Mn(bpy)(CO)3Br], section 2.4.18 FTIR analysis of the product of the 

first step was consistent with the formation of a fac-tricarbonyl complex ((CO) = 2031 and 

1934 cm-1 (broad, 2 stretching modes), and H1-NMR recorded of the Mn confirmed the 

presence of [Mn(bpy-Br2)(CO)3Br], Figure 2.15 and Figure 2.16.  

 

 

 

 

 

 

 

 

Figure 2.14 FTIR of CMP-(bpy)20-Mn (B) showing the presence of carbonyl streches. 
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Figure 2.16 FTIR of [Mn(bpy-Br2)(CO)3Br]in MeCN showing a strong (CO) mode at 2031 and a broad band at 

1934 cm-1 due to the overlap of two (CO). 

 

 

 

 

Figure 2.15 H1-NMR of [Mn(bpy-Br2)(CO)3Br]in d3-MeCN. Assignments to the protons present on the bpy ligand 

are shown as a,b and c which have been assigned to peaks in the spectra. 1H NMR (400 MHz, CD3CN) δ 9.27 (d, 

J = 1.9 Hz, 2H), 8.29 (dd, J = 8.7, 2.0 Hz, 2H), 8.23 (d, J = 8.7 Hz, 2H). 
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Subsequent use of the [Mn(bpy-Br2)(CO)3Br] monomer unit in the Sonogashira-Hagihara 

cross-coupling reaction led to the formation of CMP-(bpy)20-Mn (C), however this material 

had the lowest Mn wt% (2.12 ± 0.02%, Table 2.2) and BET surface area. Finally, a modified 

version of the synthesis, method (a), was tested where the temperature was decreased from 

110˚C to 45˚C for the reaction CMP-(bpy)20 with [MnCO)5Br]. The lower temperature was 

more in-line with literature reports for the synthesis of [Mn(bpy)(CO)3Br] in solution, where 

the yield decreases at higher temperature,21 Figure 2.12(d). Using this method CMP-(bpy)20-

Mn (D) was obtained which contained 5.47 ± 0.21% by weight of Mn (Table 2.2), and 

significantly also an improved BET surface area (529 m2 g-1). FTIR spectroscopy of CMP-

(bpy)20-Mn (D) also showed v(CO) bands at 2025, 1937 and 1918 cm-1, Figure 2.17b, again 

consistent with the formation of a tricabonyl complex. It is notable that the ratio of the (CO) 

band at 2025 cm-1 to the ring mode at 1576 cm-1 in CMP-(bpy)20-Mn (D) is ~2:1, in contrast 

the ratio in CMP-(bpy)20-Mn (A) is ~1:3 (Figure 2.17). Although pathway A exhibits a slightly 

higher Mn content, it seems apparent that the lower temperature route actually provides a 

greater level of incorporation of the desired [Mn(bpy)(CO)3Br] moieties, presumably with a 

range of MnOx species being present in CMP-(bpy)20-Mn (A). Therefore, synthetic route (D) 

was taken forward for all future studies. 

 

Figure 2.17 FTIR spectra overlay of CMP-(bpy20)-Mn (D) (red) and CMP-(bpy20) (black) (a), showing the presence 

of three v(CO) stretches indicative of the incorporation of [Mn(bpy)(CO)3Br] catalyst into the CMP network (b). 

UV-Visible absorption spectroscopy of the unmodified framework, CMP-(bpy)20, 

shows the presence of a broad absorption with a maxima at ca. 400 nm, with an absorption 

tail out to 800 nm, likely due to the presence of a conjugated system with many different local 

environments as a result of torsional disorder affecting the conjugation lengths Figure 2.18a.120 

A shoulder in the solid-state UV-Visible absorption spectrum of CMP-(bpy)20-Mn (D) at 500 

nm is assigned to a metal (Mn) to ligand charge transfer (MLCT). The MLCT is significantly 
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shifted compared to the parent [Mn(bpy)(CO)3Br] complex which has MLCT max ~ 410 nm 

in MeCN solution, again indicating a marked difference in the electronic structure of the Mn 

center/ligands.21 Thermogravimetric analysis (TGA) analysis showed ~7% mass loss between 

300-500˚C, proposed to be due to the loss of CO ligands, further indicating the presence of 

[Mn(bpy)(CO)3Br] incorporation, Figure 2.18b. Based on the Mn weight content (5.47%) the 

CO ligands would be anticipated to account for 8.26% of the weight of CMP-(bpy)20-Mn (D), 

suggesting that the majority of the Mn centers are present as tricarbonyl complexes. Complete 

decomposition of the material did not occur until 900˚C showing the high stability of the CMP-

(bpy)20 polymer.  

 

Figure 2.18 UV-Visible absorption spectroscopy of CMP-(bpy)20 (black) and CMP-(bpy)20-Mn (D) (red) (a). TGA 

analysis of CMP-(bpy)20 (black) and CMP-(bpy)20-Mn (D) (red) (b). 

CMPs are known to form amorphous structures.80 CMP-(bpy)20-Mn (D) was 

confirmed to be amorphous by powder X-ray diffraction (PXRD), where only very weak broad 

signals were present, indicating a small degree of ordering of the network, likely due to 

stacking of polymer chains through intermolecular forces, Figure 2.19.121 The PXRD pattern 

of the CMP showed three broad peaks at 2θ values of 17.37, 22.45 and 42.90˚. Addition of 

[Mn(bpy)(CO)3Br] into the CMP show an additional peak at 10.76˚, which could be a result 

of a change in packing upon the immobilisation of the catalyst. 
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BET surface areas are reported in Table 2.2 and adsorption-desorption isotherms and 

pore volumes (77 K) are shown in Figure 2.20 providing insight into the porous networks. All 

materials show type I and type IV physisorption isotherms with hysteresis, where CMP-

(bpy)20-Mn (D) is the only material to display a clear H2 hysteresis loop, indicating the 

presence of a porous network. Analysis of the differential pore volume shows a broad range 

of pores are present in CMP-(by)20 and CMP-(bpy)20-Mn (D). Differential pore volume plots 

for CMP-(bpy)20-Mn (B) and (C) are not shown due to the low surface areas making it difficult 

to fit the pore volumes within a reasonable error. In-line with expectations, addition of the Mn 

complex led to a lower surface area as a result of the increased weight of the polymer, Table 

2.2.  

 

 

Figure 2.19 PXRD patterns of CMP-(bpy)20 (a) and CMP-(bpy)20-Mn (D) (b). 

Figure 2.20 N2 adsorption-desorption isotherms measured at 77.4 K for CMP-(bpy)20 (black), CMP-(bpy)20-Mn 

synthesis a (red), CMP-(bpy)20-Mn synthesis b (pink), CMP-(bpy)20-Mn synthesis c (blue). Adsorption data is 

shown with filled labels, and desorption data with open labels (a). Differential pore volume of CMP-(bpy)20 (black) 

and CMP-(bpy)20-Mn (D) (red) fitted to a DFT model.  
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The distribution of differential pore volumes is broadly the same for CMP-(bpy)20-Mn-(D), 

and CMP-(bpy)20, however decreased volume for the metallized samples is observed. The CO2 

absorption-desorption isotherm of CMP-(bpy)20-Mn (D) at 298 K shows the ability of CO2 to 

be absorbed and desorbed from the porous structure from its non-linear response (Figure 

2.21).105,122 The CO2 uptake at atmospheric pressure and 298 K is approximately 1 mmol gm-

1, and is similar to those of previous metal free CMP materials with values ranging between 

~1-2.2 mmol gm-1 being reported.106,123,124 However it should be noted that although not the 

highest capacity, the sample prepared here still exceeds the CO2 uptake levels of many 

reported activated carbon capture materials.125,126 It is therefore apparent that CMP-(bpy)20-

Mn-(D) is a high surface area porous material that has the potential to provide high local 

concentrations of CO2 to the catalytic sites. 

2.2.2 Electrochemical analysis 

The electrochemical behaviour of CMP-(bpy)20-Mn (D) and CMP-(bpy)20 was studied 

in pH 7 phosphate buffer electrolyte under both an argon and CO2 atmosphere. For the 

remainder of this chapter CMP-(bpy)20-Mn (D) is referred to as CMP-(bpy)20-Mn as the 

materials prepared by the other synthetic methods were not further studied. A common 

approach often used to immobilise materials that are insoluble in the electrolyte of interest is 

to drop cast a small amount of material onto the surface of a glassy carbon electrode, in some 

cases without any additional binder that aids adhesion to the electrode surface.21,22,55 As it was 

not possible to dissolve any of the CMP samples prepared, electrodes were initially drop cast 

from a suspension in toluene or acetonitrile after 15 minutes sonication, full sample 

Figure 2.21 CO2 adsorption-desorption isotherms measured at 298 K for CMP-(bpy)20 (black) and CMP-(bpy)20-

Mn (red). No difference in CO2 sorption is seen with the addition of Mn. Adsorption data is shown with filled labels, 

and desorption data with open labels. 
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preparation details are in section 2.4. However, the poor stability of the electrode prevented 

detailed electrochemical studies. Samples detached upon either immersion of the electrode 

into electrolyte, or upon cycling during a standard electrochemical experiment, and this was 

evident from delamination of the film during electrochemical measurements as shown in 

Figure 2.22. To improve the adhesion of the sample to the carbon electrode two different 

approaches have bene used (i) the introduction of a supporting/binder polymer and (ii) grafting 

the CMP directly onto the surface of the electrode.  

 

 

 

 

 

 

2.2.2.1 Supporting polymer – Nafion 

Nafion is the most widely used polymer for the immobilisation of CO2 reduction 

electrocatalysts onto electrode surfaces.21,55,127 As described above Nafion has previously been 

used to immobilise [Mn(bpy)(CO)3Br] onto the surface of a GCE, which resulted in good 

stability with electrodes lasting > 48 hours under operating conditions.21 Therefore the 

electrochemical behaviour of CMP-(bpy)20 and CMP-(bpy)20-Mn samples was initially 

studied using a Nafion support. Electrodes were prepared by casting 10 µL of  a suspension 

of either CMP-(bpy)20 or CMP-(bpy)20-Mn (5.5 mg/mL) in a Nafion (at 0.5% weight) 

acetonitrile/alcohol solution onto a GCE (0.07 cm2). Full details of the sample preparation are 

given in section 2.4.  

Figure 2.22 Photographs of a CMP-(bpy)20-Mn electrode before (left) and after (right) electrochemical 

measurements. 
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Figure 2.23 Linear sweep voltammogram of CMP-(bpy)20 (a) and CMP-(bpy)20-Mn (b) under an atmosphere of 

argon (red) and CO2 (blue) at 10 mVs-1. Square wave voltammograms of CMP-(bpy)20 (dashed) and CMP-(bpy)20-

Mn (solid) under argon (red) and CO2 (blue) at 5 Hz. All mesaurements were carried out in 0.1 M phosphate buffer 

electrolyte. 

Linear sweep voltammetry and square wave voltammetry for the CMP-(bpy)20 sample 

in the absence of the Mn catalytic site under both argon and CO2 in pH 7 phosphate buffer 

(0.1 M) is shown in Figure 2.23 (a,c,d). Under argon a single reduction at -1.46 V is present 

that appears to shift to more positive potentials (-1.44 V) under CO2. All potentials throughout 

the rest of this chapter are referenced against Ag/AgCl unless stated otherwise. This reduction 

for the CMP-(bpy)20 sample is proposed to be either due to reduction of the CMP-(bpy)20 

sample backbone, or to be associated with residual Pd within the sample (0.24 ± 0.02%). 

Despite repeated washings in chloroform, acetone and methanol (50 mL each), followed by 

soxhlet extraction in DCM, the Pd could not be removed in-line with past studies on the 

framework by Jiang et al.102 The slight shift in reduction potential under CO2 may indicate 

that CO2 binds to the reduced CMP-(bpy)20 or Pd site (see below). 
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In addition to the reduction at -1.46 V under argon the LSV and square wave 

voltammogram (SWV) of CMP-(bpy)20-Mn (Figure 2.23, b-d) also show a new reduction at -

1.37 V which is assigned to a Mn based reduction. Under the same conditions, films of 

[Mn(bpy)(CO)3Br] in Nafion show two main reductions, at -1.15 V which is assigned to the 

reduction of [Mn(bpy)(CO)3Br] to form ½[Mn2(bpy)2(CO)6], and at -1.47 V due to the 

reduction of ½[Mn2(bpy)2(CO)6] to form [Mn(bpy)(CO)3]- Figure 2.24.21 When bulky 

substituents are placed on the bpy ligand dimerisation can be prevented, and in acetonitrile the 

formation of [Mn(bpy-R)(CO)3]- has been reported to occur via a two-electron process at a 

single potential.4 Here, the incorporation of the Mn centre into the CMP-(bpy)20 structure 

would be expected to prevent dimerisation, and the presence of a single reduction assignable 

to the Mn centre allows us to tentatively assign the feature to the reduction of CMP-

[Mn(bpy)20(CO)3Br] by two electrons to form the catalytically active species, CMP-

[Mn(bpy)20(CO)3]-. Further comparison of the CV of CMP-(bpy)20-Mn to that of 

[Mn(bpy)(CO)3Br] in Nafion also supports the conclusion that incorporation of the catalytic 

centre into the CMP-(bpy)20 structure has prevented dimerisation upon reduction, Figure 2.24. 

In addition to the two reductions described above, the [Mn(bpy)(CO)3Br]/Nafion sample 

(Figure 2.24a) also shows an oxidation at -0.35 V which has been shown elsewhere to be due 

to the oxidation of [Mn2(bpy)2(CO)6] which forms in small clusters within the film.21 In 

contrast, CMP-(bpy)20-Mn shows no oxidation feature that can be assigned to the dimer 

complex, indicating that the reductions identified in Figure 2.24 generate an unstable species, 

likely CMP-[Mn(bpy)(CO)3]-.  
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In order to further study the behaviour of the Mn centre within CMP-(bpy)20-Mn, CVs 

at a range of scan rates were recorded under argon, Figure 2.25. Attempts to plot the peak 

current versus scan rate were unsuccessful for the Mn based reduction at -1.37 V. However, 

the assignment to a Mn based reduction within the framework is also supported by the 

behaviour of CMP-(bpy)20-Mn under CO2. In addition to an increased current density and 

earlier onset potential under CO2 (which is discussed fully in the catalysis section below) the 

SWV also shows a 30 mV shift positive for the Mn based reduction to -1.34 V, indicating that 

CO2 may be binding to the reduced metal centre. Fujita et al. have previously described the 

relationship between observed reduction potential and CO2 binding constant (KCO2) for 

electrocatalysts that operate by a ERCcat mechanism, where the catalysis step is sufficiently 

slow to allow for electrochemical detection of the CO2 adduct,128 and is shown in Eq. 2.1. 

Where E and Eo are the peak potentials at which fast and slow catalysis occur.4  

𝐸 = 𝐸° + (
𝑅𝑇

𝑛𝐹
) ln{1 + [𝐶𝑂2]𝐾Q}      𝐸𝑞. 2.1 

Previous studies on similar Mn carbonyl complexes have reported shifts in potential on the 

order of 30 mV for the formation of the catalytically active [Mn(bpy-R)(CO)3]- centre in the 

presence of 0.26 M CO2 and a suitable proton source (to enable binding of CO2 in the form of 

MnI-CO2H) which corresponds to a CO2 binding constant of 46  10 M-1.4 Here CO2 saturated 

Figure 2.24 CVs [Mn(bpy)(CO)3Br]/Nafion5% (a) and CMP-(bpy)20-Mn/Nafion0.5% (b) under argon (red) and CO2 

(blue) at a scan rate of 10 mVs-1. Electrodes were prepared using 5.5 mg of [Mn(bpy)(CO)3Br] or CMP-(bpy)20-

Mn in 5% wt or 0.5% wt. Nafion respectively. [Mn(bpy)(CO)3Br]/Nafion5% data shown here is reproduced from 

Chem. Commun. (Camb)., 2014, 50, 12698–701.21 
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aqueous solutions are used ([CO2] ~ 0.03 M), however the CMP-(bpy)20-Mn structure is based 

on known CO2 absorbent structures making it difficult to accurately determine the local CO2 

concentration. Assuming the formation of CMP-[Mn(bpy)20(CO)3]- by a two electron 

reduction an upper limit of KCO2 ~ 300 M-1 would be arrived at, however it must be reiterated 

that the very high apparent binding constant for CO2 is more likely an indication of the ability 

of the CMP-(bpy)20 structure to concentrate CO2, instead of being a measure of the reduced 

Mn centre to bind to CO2.  

 

Figure 2.25 Various scan rates of CMP-(bpy)20-Mn/Nafion0.5% under an atmosphere of argon in 0.1 M pH 7 

phosphate buffer.  

Figure 2.24 also shows that the current densities for the reductions associated with 

CMP-(bpy)20-Mn are significantly increased, particularly under CO2, in Figure 2.24(b), 

despite the concentration of Mn being less on the CMP-(bpy)20-Mn electrode compared to the 

[Mn(bpy)(CO)3Br]/Nafion electrode. Determination of the electroactive content of Mn centres 

in the [Mn(bpy)(CO)3Br]/Nafion sample has previously been reported to be 0.25% (3.5 x10-

10 mol on a 0.07 cm2 GCE).21 Integration of the reductive feature in the SWV of CMP-(bpy)20-

Mn/Nafion0.5% electrodes (Figure 2.26) which is assigned to the Mn centre, indicates 5.2 ×10-

6 C is passed, corresponding to 2.7 ×10-11 mol of electroactive Mn on a 0.07 cm2 GCE 

assuming a two electron reduction.  
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It is therefore apparent that despite incorporation of the catalytic centre into the CMP-(bpy)20 

framework the vast majority (99%) of the Mn centres appear to be inactive, a point which will 

be discussed further below. The differences in the electrochemical behaviour of the Mn centre 

when incorporated within the CMP-(bpy)20 framework and when freely deposited within 

Nafion are summarised in Figure 2.27. 

 

Figure 2.27 Schematic diagram of the different electrochemical reduction pathways of [Mn(bpy)(CO)3Br] (a) and 

CMP-(bpy)20-Mn (b). 

Figure 2.26 SWV of CMP-(bpy)20-Mn/Nafion0.5% under an atompshere of argon at a frequency of 10 Hz (black) 

and the fitting of the electrochemical features to obtain an area for the Mn based redution (green) accompanied 

by the overall fit (red).  



Chapter 2 

64 

 

2.2.2.2 Electrocatalytic behaviour of CMP-(bpy)20-Mn in the presence of CO2  

In Figure 2.23, the low scan rate data (10 mV s-1) shows enhancements in current 

density under CO2 at potentials negative of -1.15 V, reaching a plateau at ca. -1.35 V with 

CMP-(bpy)20-Mn. Using CMP-(bpy)20, a sample that does not contain the Mn sites, an 

increased current density is still observed under CO2, however the onset occurs at more 

negative potentials, -1.30 V, Figure 2.23. This indicates that electrocatalytic CO2 reduction 

may be occurring at the Mn centre at relatively positive potentials. The electrochemical 

responses of both CMP-(bpy)20
 and CMP-(bpy)20-Mn have also been studied under CO2 at a 

range of scan rates, Figure 2.28. Interestingly, increasing the scan rate of the CV does not lead 

to an increase in measured current density for CMP-(bpy)20-Mn between -1.15 and -1.35 V. 

Savéant et al. have discussed the scan-rate dependence of CVs during CO2 electrocatalysis in 

several recent reviews,129,130 and highlighted that such behaviour indicates that the catalysts 

TOF is not limited by substrate diffusion. In our case it indicates either slow catalysis between 

-1.15 and -1.35 V at the Mn centre, or that the substrate (CO2/H+) concentration is very high. 

Increasing the scan rate does however lead to the growth of a new catalytic wave between -

1.6 and -1.8 V under CO2 using CMP-(bpy)20-Mn, Figure 2.28b. Using CMP-(bpy)20 we do 

not observe the same behaviour, indicating that the electrochemical activity in this region is 

due to the Mn centres within the material. The increasing current under CO2 at high scan rates 

at more negative potentials indicates that substrate consumption (CO2/H+) is limiting catalysis 

in this potential region.131 Therefore, it can be concluded that two CO2 reduction pathways are 

Figure 2.28 LSVs of CMP-(bpy)20 (a) and CMP-(bpy)20-Mn (b) at various different scan rates under an atmopshere 

of CO2, accompanied by CV of CMP-(bpy)20-Mn (c) under argon (red) and CO2 (blue) in 0.1 M pH 7 phosphate 

buffer. 
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potentially occurring with the Mn centres within the CMP-(bpy)20 material. At potentials 

positive of -1.6 V slow catalysis (which therefore is not limited by the availability of substrate) 

occurs. Negative of -1.6 V a faster catalytic pathway is available. 

To asses if CO2 reduction can occur, CPE experiments were carried out and are shown 

in Table 2.3. Gas-chromatography (GC) analysis was used to detect gaseous products formed 

and were recorded every hour. Such experiments are carried out in a gas tight cell, and the 

electrolyte (phosphate buffer) is stirred to promote gaseous products out of solution and into 

the head space. For all potentials, the FE for CO2 reduction was low and the total FE is < 100% 

in all cases (maximum 85%). As no liquid products were detected from ion-chromatography 

(IC), the portion of unaccounted charge passed is likely to be due to (i) a leak present within 

the cell despite best efforts to keep the cell gas tight, or (ii) liquid product formation which 

was not seen after analysing post CPE electrolyte via IC. TONs up to ca. 1300 are observed 

at -1.6 V which is indicative of catalysis as opposed to catalyst degradation which would 

otherwise render a TON < 3 due to loss of the carbonyl ligands. To ensure the presence of CO 

was not due to degradation of the CMP-(bpy)20-Mn, CPE under argon was carried out for 3 

hours at -1.6 V with 610 mC of charged passed yielding FEs of 33.24% and 0.19% for H2 and 

CO respectively. The FE was very low, meaning that either gas is leaking from the cell or that 

the sample is degrading. Repeated experiments under argon showed no improvement in FE 

suggesting that sample degradation may be a concern in the absence of CO2. Regardless, the 

greatly decreased rate of CO production (ca. 6 times) under argon, coupled to the lower current 

density during the experiment strongly suggests that the CO does come from the CO2.  

Table 2.3 FE for CMP-(bpy)20-Mn/Nafion0.5% electrodes in 0.1 M phosphate buffer electrolyte. CPE was carried 

out at various potentials under a CO2 atmosphere for 3 hours. TONs were determined based on 100% of bpy sites 

occupied with Mn catalyst, and 100% Mn centers being electrocatalytically active for a 10 µL drop, 54 nmol.†The 

TON was determined by using 2.7 × 10-11 mol of electroactive catalyst.‡ 

Potential 

(VAg/AgCl) 

Charge 

passed 

(mC) 

FEH2% FECO% FETotal% 

TONCO
† 

(total Mn 

content) 

TONCO
‡
 

(electroactive 

content) 

-1.4 531 69.68 0.44 70.12 0.22 448 

-1.5 1318 56.17 0.16 56.33 0.19 393 

-1.6 1589 84.57 0.43 85.00 0.71 1311 
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Analysis of charge versus time plot from CPE measurements shows a lack of stability during 

bulk electrolysis at all of the potentials tested, due to the presence of a slight curvature of the 

slope (Figure 2.29a-c). This instability is likely to be due to the formation of bubbles on the 

electrode surface during prolonged CPE measurements causing rupturing of the film, indicated 

by the sudden decrease in current at various times (Figure 2.29d).  

2.2.2.3 Improving the concentration of electrochemically active Mn sites in CMP-

(bpy)20-Mn/Nafion electrodes: 

Nafion is a good proton conductor, however it is not a good electron conductor and 

therefore we investigated how changing the concentration of Nafion impacted the 

electrochemical activity. We tested the use of casting solutions containing different amounts 

of Nafion (5, 0.5 and 0.25% wt.) for the immobilisation of CMP-(bpy)20-Mn on a GCE surface. 

Higher Nafion concentrations (5% wt.) did not form stable films by drop casting a mixture of 

CMP-(bpy)20-Mn/Nafion, due to immiscibility between the hydrophobic CMP-(bpy)20 and 

hydrophilic Nafion solution. Therefore, electrodes with 5% wt solutions were fabricated via a 

bilayer approach as shown in Figure 2.30, where CMP-(bpy)20-Mn (5.5 mg/mL) was 

Figure 2.29 Charge vs time plot obtained from CPE measurements at -1.4 (a), -1.5 (b) and -1.6 V (c). The current 

vs time plot for -1.4 V is shown here as an example to show the formation of bubbles on the electrode surface 

during CPE measurements (d). 
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suspended in acetonitrile (1 mL) and drop cast onto the surface of a GCE electrode. Once dry, 

5 µL of 5% Nafion was deposited on top of CMP-(bpy)20-Mn and allowed to dry in air.  

 

CVs of a CMP-(bpy)20-Mn/Nafion5% electrode showed no distinct electrochemical features, 

indicating either (i) a lack of electroactive catalytic centres present due too low conductivity 

of the CMP-(bpy)20 backbone, or (ii) the lack of charge transport through a thick layer of 

Nafion, Figure 2.31. As we have shown so far in this chapter, using a mixed casting method 

with Nafion0.5% the presence of electroactive Mn centres for CMP-(bpy)20-Mn electrodes 

concluded the latter to be the limiting factor. Supporting this conclusion are experiments 

where the concentration of the Nafion casting solution (5%) was kept constant, but the volume 

deposited (2 µL) via a bilayer approach was decreased. These samples showed an 

improvement in the CV response with a clear reduction at -1.5 V under argon (Figure 2.31a). 

However, activity was still below that observed for the 0.5% wt. Nafion films prepared by 

casting a mixed CMP-(bpy)20-Mn/Nafion suspension (described above).  

Attempts to prepare films using Nafion concentration as low as 0.25% wt. via a mixed 

casting procedure produced unstable films upon both immersion and the application of a bias. 

As shown in the previous section, films prepared with 0.5% wt. Nafion concentration resulted 

in a good electrochemical stability when fabricated via a mixed casting method, therefore it 

was concluded that no further gains could be made by modifying the content of the supporting 

Nafion polymer.  

 

 

 

 

Figure 2.30 Schematic diagram representing the fabrication of a CMP-(bpy)20-Mn/Nafion electrode via a bilayer 

(a) or mixed casting approach (b). 
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Figure 2.31 CV of CMP-(bpy)20-Mn at 10 mVs-1 with a 5 µL (solid) and 2 µL (dashed) bilayer of Nafion under an 

argon (red) and CO2 (blue) atmosphere (a). 100 mVs-1 CV under argon (red) and CO2 (blue) of CMP-(bpy)20-Mn 

in a mixed casting with Nafion0.5% (solid lines) and 2 µL Nafion5% under CO2 (blue dashed) (b). 5 µL of CMP-

(bpy)20-Mn was deposited onto a GCE during electrode preparation. Electrochemistry was carried out in 60 mM 

phosphate buffer at ~pH 7, using a Pt counter electrode and Ag/AgCl reference electrode. 

Soaking of the CMP-(bpy)20-Mn/Nafion0.5% electrode overnight, < 20 hours, did however 

increase the current density under both argon and CO2 (Figure 2.32) likely to be due to 

increased wetting/hydration of the Nafion support polymer.132,133 Broad reductions were 

present under argon at -1.30 and -1.47 V (Figure 2.32). Upon the addition of CO2, the 

reduction features became more pronounced with an increase in current density to ca. 3 mA 

cm-2.  

 

Figure 2.32 CV of CMP-(bpy)20-Mn /Nafion electrode at a scan rate of 100 mVs-1, showing soaking of the electrode 

prior to use gave increased activity under argon (red, solid) and CO2 (blue, solid) in comparison to no prior 

soaking under CO2 (black, dashed). Analysis was carried out in 0.1 M phosphate buffer pH 7 with a Pt counter 

electrode and Ag/AgCl reference electrode. 
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Although the CMP-(bpy)20 framework is made up of aromatic groups and is therefore 

expected to be highly conductive, the presence of sp bonds within its structure allows for free 

rotation around the bonds. Therefore, limited long-range regions of localised conjugation are 

present, but long-range electron transport may be limited. This results in a low concentration 

of the Mn centres being electroactive. It is proposed, that in the electrodes described so far, 

only sites very close to/on the carbon electrode interface will be electroactive. As previously 

discussed in the introduction to this chapter, the addition of NTs has been shown to increase 

the electroactive concentration in CO2 reduction electrodes containing molecular catalysts.21 

Therefore, NTs were added into the film preparation in a 1:1 mass ratio with CMP-(bpy)20-

Mn. As the previous section showed, soaking the electrode exhibited optimal activity, and so 

the electrode were soaked for a minimum of 20 hours prior to use. Figure 2.33 shows a 

significant increase in current density, to ca. 30 mA cm-2 (vs 3 mA.cm-2 Figure 2.32, in the 

absence of NTs) under CO2, indicating an increase in electroactive Mn centres upon the 

addition of NTs. The current densities achieved here are among the highest reported for this 

class of molecular catalyst in aqueous electrolyte,22–24,40 however films were found to be 

unstable under catalytic conditions, regularly breaking apart due to the presence of gas 

bubbles. A CPE experiment was achieved at -1.4 V, but relatively poor selectively was still 

observed (FEH2% = 110 and FECO% = 4).  

 

 

Figure 2.33 CV of CMP-(bpy)20-Mn/Nafion/NT after soaking for ~ 20 hours under an argon (red) and CO2 

atmosphere (blue) in 0.1 M phosphate buffer, pH 7, at a scan rate of 100 mVs-1. Voltammogram’s were recorded 

using a Pt counter electrode and Ag/AgCl reference electrode. 
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2.2.2.4 CMP-(bpy)20-Mn/Polyaniline electrodes for CO2 reduction 

Polyaniline (PANI) is a known conducting polymer, therefore experiments were 

attempted using films coated with the emeraldine salt of PANI, as it was hoped to both increase 

the surface-active catalyst content in addition to improving film stability. Intimate mixing of 

the PANI with CMP-(bpy)20-Mn may overcome the known issues related to the low levels of 

conjugation of the framework. However, PANI has also been reported to act both as a CO2 

reduction electrocatalyst134–136 and photoelectrode137 in its own right. Therefore, initial control 

electrochemical experiments of PANI films were carried out on a GCE by drop casting 10 µL 

of PANI (25 mg) dissolved in DMF (1 mL) and left to dry for < 20 hours. Experiments at 

higher scan rates (100 mV s-1, Figure 2.34a) in pH 7 phosphate buffer (60 mM) under argon 

are dominated by PANI based reductions at -0.02 and -0.35 V and an oxidation at 0.03 V, 

attempts to go to more positive potentials led to instability of the films. The reductions show 

a significant shift in the presence of CO2 to -0.25 and -0.60 V, Figure 2.34a. Previous 

electrochemical studies of PANI have assigned these features to the fully reduced form owed 

to the electrochemical formation known as a leucoemeraldine base, through to the fully 

oxidised form of pernigrailine.138 As the emeraldine salt is protonated it is electrically 

conducting.138 At slower scan rates (Figure 2.34b), comparable to those used in the 

electrocatalysis studies below (5 - 10 mV s-1) it can be seen that at potentials negative of -1.6 

V (more negative than CMP-(bpy)20-Mn based reductions) a marked increase in current does 

occur under CO2 using the PANI film. 

Figure 2.34 CV of PANI under an argon (red) and CO2 (blue) atmopshere in 60 mM phosphate buffer electrolyte, 

pH 7, using a Ag/AgCl reference electrode and a Pt counter electrode at a scan rate of 100 mVs-1 (a) and 5 mVs-1 

(b). 
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Stable electrodes of CMP-(bpy)20-Mn/PANI as shown in Figure 2.35, were prepared by 

casting a suspension of 5 µL or 10 µL of CMP-(bpy)20-Mn (5.5 mg/mL) in DMF onto the 

surface of an electrode, and once dry 5 µL of 2.5% wt. PANI in DMF was cast on-top of the 

electrode and left to dry in the dark. Attempts to make films from mixtures of PANI and CMP-

(bpy)20-Mn directly exhibited lower activity. 

CVs of the CMP-(bpy)20-Mn/PANI electrode in 60 mM phosphate buffer under an argon 

atmosphere showed a broad reduction at ca. -1.65 V. When under a CO2 atmosphere current 

densities up to -0.46 mA.cm-2 were achieved Figure 2.36a. Due to the broadness of the 

reduction in the CV, square wave voltammetry was used to examine the sample. SWV of 

CMP-(bpy)20-Mn/PANI under argon showed the presence of two reductions at ca. -1.45 and -

1.6 V, Figure 2.36b. SWV of  CMP-(bpy)20/PANI and PANI electrodes has also been carried 

out. These indicate that the reduction at -1.45 V can be assigned to a CMP-(bpy)20 reduction, 

or to the reduction of residual Pd in the CMP-(bpy)20 from the synthesis. The second reduction 

at -1.60 V is therefore assigned to that of the direct two electron reduction of the 

[Mn(bpy)(CO)3] moieties within CMP-(bpy)20-Mn/PANI to form the catalytically active 

species, CMP-[Mn(bpy)20(CO)3]-, in a manner similar to seen in the previous section when 

Nafion was used as the supporting polymer. Again, these results indicate that the 

immobilisation of the catalyst within the CMP-(bpy)20 framework has prevented dimerisation. 

An increase in current density up to ca. 0.5 mA cm-2 at -1.6 V was obtained when CO2 was 

present within the cell with a current increase at the potentials where the Mn based reduction 

is proposed to occur, suggesting that the complex remains catalytically active towards CO2. 

Surprisingly, when PANI is used as a supporting polymer the electrochemical potentials for 

both CMP-(bpy)20 and Mn based reductions are shifted to more negative potentials, which 

could indicate that the PANI interacts more strongly with CMP-(bpy)20-Mn.  

Figure 2.35 Photograph of CMP-(bpy)20-Mn/PANI electrode before and after electrochemical analysis. 
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Figure 2.36 CV analysis of CMP-(bpy)20-Mn/PANI under an argon (red) and CO2 (blue) at a scan rate of 10 mVs-

1 (a). SWV under argon of PANI (blue), CMP-(bpy)20 (red) and CMP-(bpy)20-Mn (pink) recorded at 5 Hz (b). 

Voltammograms were recorded in 60 mM phosphate buffer electrolyte, pH 7, using a Ag/AgCl reference electrode 

and a Pt counter electrode. 

Although PANI was anticipated to help increase the concentration of electroactive 

catalyst, the current densities obtained were lower, in comparison to the CMP-(bpy)20-

Mn/Nafion electrodes discussed earlier in this chapter. Using square wave voltammetry an 

electroactive content of 8.55 × 10-13 mol was determined for CMP-(bpy)20-Mn/PANI 

electrodes, Figure 2.37. The lower activity observed in comparison to Nafion electrodes (2.7 

× 10-11 mol) could be due to (i) PANI not penetrating the CMP-(bpy)20 network efficiently to 

increase the concentration of active Mn centres or (ii) increased proton source at Mn sites in 

the presence of PANI resulting in increased proton reduction.  

 

Figure 2.37 SWV of CMP-(bpy)20-Mn/PANI (a) and CMP-(bpy)20-Mn/PANI/NT (b) under an atmopshere of argon at a 

frequency of 5 Hz in 60 mM phosphate buffer electrolyte, ~pH 7. 
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Addition of NTs to the electrode was also investigated to increase the electroactive content of 

CMP-(bpy)20-Mn/PANI electrodes,21,22,24 by a mixed casting of CMP-(bpy)20-Mn/NTs in a 1:1 

weight ratio in PANI (Figure 2.38). Addition of NTs to the mixed CMP-(bpy)20-Mn/PANI 

electrode resulted in a large increase in current density ca. 10 fold to ca.12 mA cm-2 under 

CO2 at -1.6 V (compared to ca. 1.2 mA cm-2 in the absence of NTs, Figure 2.38b), and an 

increase in electroactive content to 5.1 nmol from fitting of the SWV shown in Figure 2.37b.  

Although good current densities were achieved during CV measurements for CMP-

(bpy)20-Mn/NT/PANI product analysis was hampered due to instability of the electrode during 

CPE measurements. As with the CMP-(bpy)20-Mn/NT/Nafion samples the films were found 

to rupture, likely due to the high levels of gas (CO, H2) being produced. Therefore, product 

analysis of CMP-(bpy)20-Mn/PANI electrodes at -1.6 and -1.7 V was carried out. Total FEs > 

ca. 55% were obtained at -1.6 and -1.7, Table 2.4.  

Table 2.4 FEs for CMP-(bpy)20-Mn/PANI on a 0.07 cm2 GCE  at -1.6 V and -1.7 VAg/AgCl after 2.2 hours† and 4 

hours‡ of CPE under a CO2 atmosphere in pH7 phosphate buffer. TONs were determined based on 100% of bpy 

sites occupied with Mn catalyst, and 100% Mn centers being electrocatalytically active for a 5 µL drop, 27 

nmol.†Electroactive content was detrermined by integration of the Mn reduction from SWV, 8.55 × 10-13 mol.‡  

Potential 

(VAg/AgCl) 

Charged 

passed 

(mC) 

FEH2% FECO% 
Total 

FE% 

TONCO
† 

(total Mn content) 

TONCO
‡ 

(electroactive 

content) 

-1.6† 1830 34.47 0.13 34.60 0.47 14,766 

-1.7‡ 1500 54.70 0.05 54.75 0.15 4584 

Figure 2.38 CV analysis of CMP-(bpy)20-Mn/PANI (a) and CMP-(bpy)20-Mn/PANI/NT (b) electrodes at a scan 

rate of 100 mVs-1 in 60 mM phosphate buffer, pH 7, under an argon (red) and CO2 (blue) atmosphere. Electrodes 

were prepared by drop casting 5 µL of material as a mixed casting. NTs were added in a 1:1 mass ratio with CMP-

(bpy)20-Mn. Ag/AgCl reference electrode and Pt counter electrode were used. 
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Again, hydrogen remains the dominant product from CPE measurements, and the low overall 

FEs indicated that gases may be being lost during the experiment. However, as the selectivity 

towards CO2 reduction was low this was not further investigated. From CPE measurements 

we can also gain insight into the stability of the electrode over a prolonged time. The linear 

response obtained for the amount of charge generated over a 3-hour electrolysis period 

indicates good stability of the electrode (Figure 2.39).  

 

 

2.2.2.5 Investigating the behaviour of [Mn(bpy)(CO)3Br]/NT/PANI electrodes 

The use of PANI as a supporting polymer for the immobilisation of the parent 

molecular catalyst ([Mn(bpy)(CO)3Br]) has not previously been reported in the literature. 

Previous experiments on [Mn(bpy)(CO)3Br]/NT/Nafion electrodes showed reasonable levels 

of activity towards CO2 reduction. Therefore, it was decided to also test 

[Mn(bpy)(CO)3Br]/NT/PANI electrodes. [Mn(bpy)(CO)3Br]/NT/PANI electrodes were 

prepared in a similar way to that of CMP-(bpy)20-Mn, where 5 µL [Mn(bpy)(CO)3Br] (5.5 

mg/mL) and NTs (5.5 mg/mL) were suspended in a solution of 2.5% w.t PANI, and films 

were fabricated via drop casting. CV analysis under argon shows three reduction features ca. 

-0.95, -1.12 and -1.40 V in 0.1 M K2CO3 electrolyte (Figure 2.40). The first two reductions 

are assigned to the formation of the dimer species upon loss of a bromide or solvent ligand 

respectively, which is further confirmed by the presence of a large re-oxidation at ca. +0.3 V, 

due to cleavage of the dimer bond by comparison to the known electrochemical behaviour of 

Figure 2.39 CPE of CMP-(bpy)20-Mn/PANI held at -1.6 V for 3 hours under a CO2 atmosphere at pH 7 in 60 mM 

phosphate buffer electrolyte. 
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the complex in MeCN solution, and when immobilised in a Nafion polymer.18,21 The third 

reduction at -1.40 V is assigned to the formation of [Mn(bpy)CO)3]-. When under a CO2 

atmosphere, the current density increases significantly at potentials negative of -1.1 V, 

reaching a maximum of ca. 7 mA cm-2 at -1.3 V and ca. 11 mA cm-2 at -1.6 V, indicative of 

catalytic CO2 reduction. The presence of two catalytic regions in Figure 2.40 indicates that in 

a manner similar to that seen in solution, both [Mn2(bpy)2(CO)6] and [Mn(bpy)(CO)3]- are 

electrocatalytically active.34 

Figure 2.40 CV of [Mn(bpy)(CO)3Br]/PANI/NT under an argon (red) and CO2 (blue) atmosphere. Voltammograms 

were recorded at a scan rate of 50 mVs-1 in 0.1 M K2CO3 electrolyte with a Pt counter electrode and Ag/AgCl 

reference electrode.  

Comparison of the CVs of both [Mn(bpy)(CO)3Br]/PANI and CMP-(bpy)20-Mn/PANI 

electrodes further supports the proposed 2 electron reduction to CMP-[Mn(bpy)20(CO)3]-, 

Figure 2.41. At slower scan rates (10 mVs-1), only one broad reduction for CMP-(bpy)20-Mn 

is measured. In contrast, [Mn(bpy)(CO)3Br]/PANI has two reductions at -1.15 and -1.49 V 

assignable to the two one electron reduction pathway. Upon reoxidation, three oxidations are 

assigned to dimer and PANI oxidations at -0.66, 0.35 and 0.15 V (Figure 2.41). 
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CPE measurements have been carried out at a range of potentials under CO2. Potentials tested 

include those where [Mn2(bpy)2(CO)6] would be dominant (-1.2, -1.3 V), and where 

[Mn(bpy)(CO)3]- can be formed (-1.45 V) in order to assess if each species is active towards 

CO2 reduction. In all cases hydrogen was the dominant product, however at -1.2 V a FE of 

22% was achieved for CO production, Table 2.5.  

Table 2.5 FEs for 10 µL [Mn(bpy)(CO)3Br]/PANI/NT electrodes in aqueous (0.1 M K2CO3) electrolyte. CPE was 

carried out at various potentials under a CO2 atmosphere for 3 hours. The TON was determined by using the total 

[Mn(bpy)(CO)3Br] deposited, 146.7 nmol,† and the electroactive content of [Mn(bpy)(CO)3Br], 2.7 nmol, was 

determined from the integration of the reduction under Ar. ‡ 

Potential 

(VAg/AgCl) 

Charged 

passed 

(mC) 

FEH2% FECO% 
Total 

FE% 

TONCO 
† 

(total Mn content) 

TONCO
‡ 

(electroactive content) 

-1.2 919 54.20 22.0 76.24 7.14 385.19 

-1.3 2570 91.80 1.98 93.78 1.80 97.7 

-1.45 1973 63.04 1.52 64.56 1.06 57.41 

Figure 2.41 CV of CMP-(bpy)20-Mn/PANI (a) and [Mn(bpy)(CO)3Br]/PANI (b) under argon (red) and CO2 (blue) 

at a scan rate of 50mVs-1 in 0.1 M K2CO3 electrolyte. 
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At -1.2 V very high TONs were achieved (385) based on the electroactive content of Mn 

(determined from SWV, Figure 2.42), and even when the TON is calculated based on the total 

Mn content it is greater than 3 at -1.2 V, confirming catalysis and that CO cannot have solely 

come from [Mn(bpy)(CO)3Br] complex degradation.  

Figure 2.42 SWV of [Mn(bpy)(CO)3Br]/PANI/NT under an atmopshere of argon at a frequency of 5 Hz in 0.1 M 

K2CO3 electrolyte, pH 7, with fitting (green) and overall fit (red) also shown. 

2.2.2.6 Templating CMP-(bpy)20-Mn onto the surface of a GCE 

As discussed earlier, we anticipate the concentration of electroactive catalyst to be 

lower than the total concertation of Mn centres present within the CMP-(bpy)20, due to breaks 

in the long-range conjugation due to rotation around sp bonds within the CMP-(bpy)20 

framework. To overcome this in the previous section we added NTs to the electrode film. In 

the final part of this chapter, an alternative route that exploits the strong π-π interactions that 

can be formed between the CMP-(bpy)20 and a GCE are presented. The aim is to template the 

CMP-(bpy)20 directly on the surface of a GCE or NT as schematically shown in Figure 2.43. 

The templating of a thin film also allows for the removal of the supporting polymer, which 

was hoped to further improve the catalytic activity.  
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Electrodes were prepared by adding a GCE into the CMP-(bpy)20 synthesis method (D) during 

the first step, Figure 2.12. After polymerisation had occurred the electrode was removed from 

the bulk of the CMP-(bpy)20 material, and dried in a vacuum over overnight at 110˚C. The 

electrode was then sonicated for ca. 15 minutes in water to remove any remaining bulk 

material to leave only a thin film on the surface of the GCE, indicative by a brown glaze across 

the electrode surface. Addition of [Mn(CO)5Br] was incorporated by soaking the electrode in 

a solution of [Mn(CO)5Br] in diethyl ether, refluxing at 45˚C overnight. The electrode was 

then washed and left stirring in DCM overnight to remove any unbound [Mn(CO)5Br] and 

dried at 50˚C.  

Raman spectroscopy is a quick and none invasive method used to determine if there 

was a change from the pristine GCE surface upon templating. Features at 1345, 1592 and ca. 

2700 cm-1 are bands associated to sp2 hybridised carbons known as D, G and Gʹ bands.139 The 

G bands are often seen in graphene and graphite, whereas the D band is observed in NT like 

materials indicating disorder or defects within the material.139 When CMP-(bpy)20-Mn has 

been templated on the surface of a GCE, a change to the bands occurs as a result of the 

increased presence of sp2 carbon bonds on the GCE surface. A change in the ratio of D and G 

bands, indicate an increase in sp2 hybridised defects and C-H stretches, which are consistent 

with the type of stretches expected from the CMP-(bpy)20 framework (Figure 2.44).   

Figure 2.43 Schematic diagram to demonstrate templating CMP-(bpy)20-Mn onto a carbon surface such as a GCE, 

or as shown in the figure for ease NTs. 
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Figure 2.44 Raman spectroscopy of a pristine GCE (black) and a GCE with CMP-(bpy)20-Mn templated on the 

surface (red). Spectra were recorded with Dr. M. Forster. 

 FTIR spectroscopy was unable to detect the presence of the metal carbonyl complex 

or the CMP-(bpy)20 material. The most facile method to characterise the electrode was by 

electrochemical methods as no redox features were visible from CV analysis. Therefore, 

square wave voltammetry was used to gain insight into the electrochemical behaviour of the 

electrodes. Two reductions at -1.5 and -1.65 V were observed, which are more negative than 

that reported for the PANI or Nafion systems. Comparing the SWV of both templated CMP-

(bpy)20 and CMP-(bpy)20-Mn, the electrochemical characterisation of the templated system is 

similar to what has previously been discussed in this chapter. Two reduction features were 

observed for CMP-(bpy)20-Mn one of which (-1.5 V) is assigned to reductions of the CMP-

(bpy)20 or Pd, and the other to the two electron reduction of the Mn catalyst (-1.65 V) (Figure 

2.45).  
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Figure 2.45 SWV of CMP-(bpy)20-Mn templated on the surface of a GCE under argon (red) and CO2 (blue) (a). 

SWV of CMP-(bpy)20 templated on the surface of a GCE under argon (b). SWVs were recorded at a frequency of 5 

Hz in 60 mM phosphate buffer with a Pt counter electrode and Ag/AgCl reference electrode.  

To determine if the fabrication of a thin film had any catalytic activity, we carried out CPE of 

the electrode at various potentials under CO2 using GC and IC for product determination. 

Differential pulse voltammetry (DPV) was used to determine the electroactive content (Mn) 

of CMP-(bpy)20-Mn, Figure 2.45. Over the course of the 1 hour CPE measurements, the 

electrode exhibited good stability overall (Figure 2.46), however as with previous studies the 

dominant product was H2 with minimal CO production. 

Table 2.6 FEs for CMP-(bpy)20-Mn templated on the surface of a GCE in 0.1 M phosphate buffer electrolyte. CPE 

screening was carried out at various potentials under a CO2 atmosphere for 1 hour. The TON was determined 

from DPV measurements. 

 aElectroactive content determined from DPV measurements = 2.8 × 10-10 mol. 

Potential  

(VAg/AgCl) 

Charge 

passed (mC) 
FEH2% FECO% FETotal% TONCO

a 

-1.3 151 41.56 0.169 41.73 4.7 

-1.4 417 69.35 0.057 67.41 4.3 

-1.5 331 87.97 0.098 88.07 5.9 

-1.6 476 88.61 0.078 88.69 6.8 
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Although the FE and yield of CO was low during CPE measurements under CO2, CPE under 

an argon atmosphere at -1.5 V showed no CO production only that of hydrogen, confirming 

that CO produced is not from degradation of the Mn catalyst of CMP-(bpy)20 framework. 

Importantly, when under CO2 a TON > 3 was obtained, confirming that CO produced was not 

from the degradation of [Mn(bpy)(CO)3Br] via loss of CO ligands, indicating catalysis of the 

Mn catalyst. To ensure the CMP-(bpy)20 itself was not responsible for the formation of CO, 

CPE of a templated CMP-(bpy)20 electrode was carried out under CO2. After 1 hour of CPE 

at -1.5 V, in-line with CMP-(bpy)20-Mn measurements, more charge was passed (681 mC) and 

CO and H2 FEs of 0.025% and 61.97% were obtained. This indicates that for templated 

samples the CMP-(bpy)20 framework can also reduce CO2, and that further studies of this 

interesting system are required to fully understand its behaviour. 

 

 

 

Figure 2.46 CPE of CMP-(bpy)20-Mn templated on a GCE, held at -1.3 (a), -1.4 (b), -1.5 (c) and -1.6 V (d) for 1 

hour under a CO2 atmosphere. 
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2.3 Conclusions 

  [Mn(bpy)(CO)3Br] has been shown to be a selective heterogeneous catalyst in 

aqueous electrolyte,21,22,24 allowing for easier recovery of catalyst and products and more 

efficient electron transfer. The catalytic cycle of [Mn(bpy)(CO)3Br] has been well studied, and 

is shown that dimerisation of the catalyst is a prerequisite for [Mn(bpy)(CO)3].- formation, 

resulting in an increased over-potential for CO2 reduction to form CO at high rates. Although 

the dimer complex can be catalytically active it operates at reduced TOFs. Here, we present 

the incorporation of [Mn(bpy)(CO)3Br] into a CMP framework containing bpy sites to prevent 

dimerisation. 

 An optimal loading, ca. 5.5% wt, of [Mn(bpy)(CO)3Br] was achieved by post 

metalation of the CMP-(bpy)20 at low temperatures of 45˚C without affecting the porosity of 

the CMP-(bpy)20. Initial studies focused on the immobilisation of CMP-(bpy)20-Mn using a 

Nafion supporting polymer. These works demonstrated that an electroactive Mn complex was 

present within the CMP-(bpy)20 structure, and that the behaviour was markedly different to 

[Mn(bpy)(CO)3Br] in solution, with the rigid framework preventing dimerisation. However, 

the electroactive contents of Mn within the CMP-(bpy)20 framework were very low. The 

addition of NTs as an electroactive filler increased current densities to ca. 40 mAcm-2 under 

CO2 for electrodes that were soaked prior to use. Although these initial studies demonstrate it 

is possible to form an active electrocatalyst within the CMP-(bpy)20 framework, bulk 

electrolysis experiments showed a lack of selectively for CO production with H2 being the 

main product. 

In an attempt to increase the electroactive content, the use of a conducting polymer, 

PANI, was also explored. Higher current densities of ca. 0.5 mAcm-2 were achieved for CMP-

(bpy)20-Mn/PANI electrodes, ca. 5 times greater than the equivalent Nafion electrodes in the 

absence of NTs. Similarly to Nafion electrodes, selectivity was poor with hydrogen being the 

dominant product detected and very little CO. Since [Mn(bpy)(CO)3Br]/PANI has yet to be 

reported in the literature, we explored how the presence of PANI affects the electrochemical 

behaviour of [Mn(bpy)(CO)3Br]. Product analysis showed selectivity of [Mn(bpy)(CO)3Br] 

was improved for CO2 reduction and catalytic activity for CO2 reduction at -1.2 V was 

achieved.  

To overcome the diffusion limitations observed from lowering the Nafion 

concentration, and to improve the overall electroactive Mn centres, we templated the CMP-

(bpy)20 on the surface of the GCE to produce a thin film for reactants and products to diffuse 

across more facile. TONs up to ca. 7 was achieved indicating that activity was not improved 

by the removal of a supporting polymer. As observed previously, although dimerisation was 
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prevented, selectivity was poor. Although the local concentration of CO2 is thought to be high 

due to the CMPs ability for good CO2 uptake, low selectivity could be due to diffusion 

limitations hindering replenishment of CO2 at the active sites. Other studies have shown that 

by changing the functional group in the 5,5ʹ position to EWG or EDG selectivity of this 

catalyst can be altered.22 Therefore, it is not unreasonable to suggest that the poor selectivity 

could be due to the incorporation of the catalyst into the CMP-(bpy)20 backbone, which has 

altered the electron density on the metal centre. Although TONs are low for the system we 

report here, this is one of the first examples that shows immobilisation of [Mn(bpy)(CO)3Br] 

into a porous framework for dimer prevention exhibiting CO2 reduction, albeit with poor 

selectivity.64,67 

2.4 Materials and Methods 

2.4.1 Materials 

Milli-Q water (18.2 MΩ) was used throughout (Millipore Corp). All chemicals were 

purchased from Sigma Aldrich except for 5,5ʹ-dibromo-2,2ʹ-bipyridyl which was purchased 

from TCI chemicals. 3 mm GCE were purchased from IJ Cambriam Scientific Ltd. Argon and 

helium N6 grade, and CO2 CP grade were purchased from BOC. Calibrant gas for the GC was 

a custom order of 500 ppm H2 and 200 ppm CO in helium.  

2.4.2 Methods 

Synthesis of CMP-(bpy)20: Under an argon atmosphere 1,4 dibromobenzene (0.35 g), 5,5ʹ-

dibromo-2,2ʹ-bipyridine (0.34 g) and 1,3,5 triphenylbenzene (0.375 g) were stirred under 

reflux at 90˚C for 3 days in DMF (8 mL) and NEt3 (8 mL ) with CuI (20 mg) and Pd(PPh3)4 

(40 mg). Over the 3 day period the mixture had turned from a brown suspension to a brown 

solid. The polymer was then ball milled for 30 minutes, to obtain a powder which was then 

washed and purified via soxhlet extraction in methanol at 90˚C for 3 days. Yield: 322 mg. 

Elemental analysis calculated (%): C 92.3, H 3.35, N 4.23; Found: C 82.17, H 3.42, N 4.14.  

BET surface area: 716 m2/g. Median pore width: 7.504 Å. 

Synthetic routes of CMP-(bpy)20-Mn: 

a) CMP-(bpy)20 (0.4 g) was suspended in toluene with [Mn(CO)5Br] (0.25 g) at 110˚C for 24 

hours, and washed with methanol, water and chloroform (50 mL each). Followed by stirring 

in DCM for 2 days to remove any residual [Mn(CO)5Br]. Yield: 500 mg. BET surface area: 

400 m2/g. Median pore width: 7.326 Å. 

b) All CMP-(bpy)20 monomer units were added into a mixture of DMF and NEt3 as described 

above, [Mn(CO)5Br] was added also and the reaction mixture was left to polymerise for 3 days 

at 90˚C. Soxhlet extraction was then carried out in DCM at 75˚C. Yield:380 mg Elemental 
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analysis calculated (%): C 72, H 2.24, N 3.93; Found: C 56.96, H 2.97, N 3.47. BET surface 

area: 94.37 m2/g. Median pore width: 8.273 Å. 

c) 1,4 dibromo bipyridine (0.13g) and [Mn(CO)5Br] (0.2g) were mixed in diethyl ether (30 

ml) at 40˚C for 3 hours, and washed with cold diethyl ether yielding an orange product. 

[Mn(bpy-Br2)(CO)3Br] (0.13 g)  was added to a reaction mixture of 1,3,4 triphenylbenzene 

(0.093 g) and 2,4 dibromobenzene (0.088 g) and stirred under reflux at 90˚C for 3 days in 

DMF (4 mL) and NEt3 (4 mL) with CuI (5 mg) and Pd(PPh3)4 (10 mg). Brown product was 

washed with chloroform, acetone and methanol (50 mL each) and soxhlet extraction in DCM 

at 90˚C for 3 days. Yield of [Mn(bpy-Br2)(CO)3Br]:0.17 g. Elemental analysis calculated for 

[Mn(bpy-Br2)(CO)3Br] (%): C 29.28, H 1.13, N 5.25; Found: C 28.99, H 1.10 N 5.06. 1H 

NMR (400 MHz, CD3CN) δ 9.27 (d, J = 1.9 Hz, 2H), 8.29 (dd, J = 8.7, 2.0 Hz, 2H), 8.23 (d, J 

= 8.7 Hz, 2H). Elemental analysis calculated for CMP-(bpy)20-Mn (%):C 72, H 2.24, N 3.93; 

Found: C 64.67, H 2.60, N 3.31. Yield for CMP-bpyMn: 132 mg BET surface area: 24.34 

m2/g. Median pore width: 9.049 Å. 

d) CMP-(bpy)20 (0.25 g) was suspended in diethyl ether with [Mn(CO)5Br] (0.25 g) at 45˚C 

for 24 hours, and washed with methanol, water and chloroform (50 mL each), followed by 

soxhlet extraction in DCM at 75˚C. Yield: 300 mg. Elemental analysis calculated (%): C 72, 

H 2.24, N 3.93; Found: C 57.35, H 2.72, N 3.28.  

UV-Visible absorption spectroscopy: Recorded on a Shimadzu UV-2550 UV-VisNIR 

spectrometer as powders in the solid state in absorption mode. 

Fourier-transform infrared (FTIR) spectroscopy: Spectra recorded using a JASCO 4000 

FTIR in either absorbance or transmission mode using the appropriate mounting apparatus for 

solid and liquid samples. 

1H-NMR: Recorded on a Bruker 400 MHz spectrometer. Chemical shifts (δ) are reported 

against d3-MeCN solvent signal. 1H NMR (400 MHz, CD3CN) δ 9.27 (d, J = 1.9 Hz, 2H), 8.29 

(dd, J = 8.7, 2.0 Hz, 2H), 8.23 (d, J = 8.7 Hz, 2H). The coupling constants, J, are given in Hz, 

and the multiplicity of the peaks are denoted as: d, doublet and dd, doublet of doublets.  

Powder x-ray diffraction (PXRD): Measurements were performed on a PANalytical X’Pert 

PRO MPD, with a Cu X-ray source, used in high throughput transmission mode with Kα 

focusing mirror and PIXCEL 1D detector. 

Gas sorption: Surface area and pore size distributions were performed on a Micromeritics 

ASAP 2020 volumetric adsorption analyzser under nitrogen and CO2 adsorption and 

desorption at 77.4 K. Samples were degassed at 120˚C or 60˚C for 15 hours under vacuum 

(10-5 bar) prior to analysis.  
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Thermogravimetric analysis (TGA): Measurements were performed on an EXSTAR6000 

by heating samples at rate of 5˚C min-1 under an air flow of 25 mL/min and nitrogen flow of 

10 mL/min, in open aluminium pans from 40 to 600˚C and holding at 600˚C for 30 minutes. 

ICP-OES and CHN analysis: Carried out by the University of Liverpool analytical services. 

ICP-OES samples were prepared via microwave digestion as described below. 

Microwave digestion: A PerkinElmer titan MPS microwave sample preparation system was 

used. A method developed for the digestion of conjugated polymers was used. A full carrousel 

was used, and the temperature was ramped to 170˚C over a ramp time of 5 minutes at 30 bar 

and held for 5 minutes. The temperature was then increased to 210˚C over 3 minutes at 30 bar 

for 45 minutes. Finally, the temperature was lowered to 50˚C over 1 minute at 30 bar and held 

for 15 minutes. Digestion was carried out in concentrated nitric acid, and diluted with water 

to 14% nitric acid before ICP-OES analysis. 

Electrode preparation of CMP-(bpy)20-Mn: CMP-(bpy)20-Mn (5.5 mg/mL) in toluene was 

sonicated for 15 minutes, and then 5 µL of the suspension was deposited onto the surface of a 

cleaned glassy carbon working electrode, and allowed to dry in the dark.  

Electrode preparation of CMP(bpy)20-Mn/Polyaniline and Nafion: PANI was prepare by 

dissolving PANI in DMF and sonicating for 20 minutes, followed by centrifuged to remove 

any residual undissolved PANI. Different Nafion concentrations were prepared by diluting 

Nafion 5% wt. in MeCN. Bilayer casting films were prepared as follows: CMP-(bpy)20-Mn 

(5.5 mg/mL) was suspended in toluene or MeCN by 15 minutes sonication. Once dry a layer 

of PANI or Nafion was drop cast ontop and allowed to dry in the dark. Mixed casting films 

were prepared as follows: CMP-(bpy)20Mn (5.5 mg/mL) in toluene (500 µL) and PANI (500 

µL) was sonicated for 15 minutes, or CMP(bpy)20-Mn was suspended in Nafion 0.5% wt. 

(1000 µL in MeCN) and drop cast onto a glassy carbon electrode and left to dry in the dark. 

For electrodes containing NTs, the NTs were added in a 1:1 mass ration with CMP(bpy)20-

Mn, typically 5.5 mg/mL of both NTs and CMP(bpy)20-Mn in solution. 

Cleaning of multi-walled carbon nanotubes (NTs): NTs (1.5 g) were stirred in 6 M nitric 

acid (26 mL) overnight at 80˚C. The NTs were then filtered and rinsed with water. The NTs 

were then centrifuged in water until the pH of the water was neutral. The NTs were rinsed 

with acetone and left to dry under vacuum overnight.  

Electrochemical analysis: Experiments were carried out in a 3 neck flask using Ag/AgCl 

reference electrode, Pt counter electrode and glassy carbon working electrode. The electrolyte 

used was either 60 mM or 0.1 M phosphate buffer for CMP(bpy)20-Mn experiments, and 0.1 

M K2CO3 for [Mn(bpy)(CO)3Br]/PANI experiments. The cell was kept in the dark using 
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aluminium foil for the entire experiment. The cell was purged with argon or CO2 for 20-30 

minutes before starting the experiment. Palmsens or emstat potentiostats were used.  

Gas chromatography (GC): Performed using an Agilent 6890N with N6 helium as the carrier 

gas (5 ml.min-1). A 5 Å molecular sieve column (ValcoPLOT, 30 m length, 0.53 mm ID) and 

a pulsed discharge detector (D-3-I-HP, Valco Vici) were employed. 100 µL injections were 

recorded of the cell headspace periodically. Calibrant injections were also obtained for each 

experiment. 

Ion chromatography (IC): Performed on an Eco IC set up for the detection of anions. A 

metrosep A sup 5-150/4. Column was used, and a metrosep A sup 5 guard/4.0 with a pump 

rate of 0.7 mL/min, pressure of 7.3 MPa and conductivity of ca. 16.17 µS.cm-1. An eluent of 

3.8 mM potassium carbonate and 1.2 mM potassium bicarbonate, and a regen solution 

containing sulphuric acid (350 mM), oxalic acid (100 mM) and acetone (5%) was used. Liquid 

products were tested for by injection 2 mL of post experimental electrolyte. The system was 

calibrated using a primary multi-anion standard solution.  

Controlled potential electrolysis (CPE): Experiments were carried out in a custom made gas 

tight cell with bola fittings. The cell was purged for 30 minutes with argon or CO2. For 

experiments using an organic media as the electrolyte, Ag+ wire was used and calibrated 

against ferrocene, whereas for aqueous electrolyte Ag/AgCl reference electrode was used. The 

Pt counter electrode was kept being a Vycor tip containing ferrocene carboxylic acid in 0.1 M 

KOH. The electrolyte was stirred through the experiment, and 100 µL injections were taken 

periodically. Faradaic efficiencies were calculated by measuring the gaseous products of CO 

and H2 from GC analysis and the charge passed (Q), accounting for the 2 electrons to produce 

one molecule of CO. The calculations for determining the Faradaic efficiency and turn over 

number (TON) are shown below. 

𝐹𝐸co(%) =  [
𝐶𝑂 (𝑚𝑜𝑙)

(𝑄(𝐶)
2 × 96485 (𝐶𝑚𝑜𝑙-1)⁄ )

] × 100 

 

𝑇𝑂𝑁CO= 
𝐶𝑂 (𝑚𝑜𝑙)

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑎𝑐𝑡𝑖𝑣𝑒 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (𝑚𝑜𝑙)
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3.1 Introduction 

In this chapter we explore the application of organic linear polymers for overall water splitting. 

Initially we discuss the recent advances in the field of photocatalytic hydrogen evolution, 

followed by photoelectrochemical (PEC) water oxidation using organic polymer materials.  

3.1.1 Photocatalytic hydrogen evolution 

 The first report of an organic semiconductor for photocatalytic hydrogen evolution 

was published in 1985, using a poly(p-phenylene) polymer which showed a low apparent 

quantum yield (AQY) of ca. 0.04% in the presence of an electron donor, trimethylamine 

(TEA), excited with λ>290 nm.1 However, it was not until 2009 when 2D graphitic carbon 

nitride (g-C3N4) was reported for visible light photocatalytic hydrogen evolution using a 

sacrificial donor and Pt co-catalyst which produced >106 µmolh-1g-1 H2,2 that the use of 

organic semiconductors for hydrogen evolution received significant levels of attention.3–5 To 

date, g-C3N4 and its related structures have been widely studied for photocatalytic water 

splitting applications due high AQYs of ca. 50%.6 However, the high temperatures used 

during synthesis leads to lack of control over the exact structure of g-C3N4. g-C3N4 is usually 

described as comprising solely of heptazine or triazine units, however in reality analysis by 

FTIR, CHN and XPS shows both a deviation from the expected C:N ratios and the presence 

of a wide range of unexpected functional groups (e.g. –CN, -CO), making it difficult to 

rationally fine tuning the structure-properties for desired applications. Recently, many other 

π-conjugated polymers have also been discovered and shown to be active hydrogen evolution 

photocatalysts under both UV and Visible light. Examples include; COFs, CTFs, CMPs, and 

linear polymers,7–9 and organic semiconductors have now been shown to reach hydrogen 

evolution reaction (HER) rates comparable to common inorganic photocatalysts.10–13 Here, we 

briefly discuss some of the most commonly studied classes of organic materials for 

photocatalytic hydrogen evolution, before focusing on linear polymers. 

3.1.1.1 Covalent Organic Frameworks (COFs) 

 COFs are highly ordered 2D or 3D crystalline structures that possess high surface 

areas and uniform pore sizes. They have been shown to be promising materials for 

photocatalysis as the structure-properties of COFs allows for good charge carrier mobilities, 

rapid diffusion of reactants and products, they are highly stable and robust and are good light 

harvesting materials which can be easily tailored for their desired application.14 Stegbauer et 

al. were the first to report visible light (> 420 nm) photoactivity with a hydrazone-based COF 

for hydrogen evolution. In this study they achieved HERs as high as ca. 1900 µmol h-1g-1 in 

the presence of a triethanolamine (TEOA) sacrificial electron donor and a Pt co-catalyst, 

(Figure 3.1).15 The application and development of COFs for photocatalytic hydrogen 
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evolution have been well reviewed elsewhere in detail and it is apparent that although 

challenging to prepare, and often unstable during photocatalysis, these highly ordered 

materials can achieve high levels of activity for the HER.14,16–19 

3.1.1.2 Covalent Triazine Frameworks (CTFs) 

 CTFs offer an alternative porous organic photocatalyst. CTFs are structurally related 

to g-C3N4 and have high chemical stability and good HER due to encompassing the use of 

triazine units to gain high nitrogen content, which is hypothesised to correlate with improved 

HER due the ability of nitrogen to act as a catalytic site.2,7 CTFs are often synthesised by high 

temperature ionothermal approaches,3,20 although low temperature and/or microwave assisted 

synthetic routes also exist.21–23 Due to the presence of triazine or heptazine linker units CTFs 

exhibit good stability as, unlike COFs, they are not susceptible to hydrolysis.24,25 CTFs exhibit 

high surface areas, porosity, good thermal and chemical stabilities and form amorphous or 

crystalline structures giving them potential applications in catalysis and energy storage.25 Guo 

et al. have reported the highest HER for CTFs and, to the best of our knowledge, organic 

porous materials using a nitrogen doped CTF for photocatalytic hydrogen evolution (10760 

µmol h-1g-1, >420 nm light) in the presence of a TEOA sacrificial electron donor and a Pt co-

catalyst under visible light, (Figure 3.2).26  

Figure 3.1 Condensation reaction scheme of 1,3,5-tris-(4-formyl-phenyl)triazine (TFPT) and 2,5-diethoxy-

terephthalohydrazide (DETH) building blocks for the synthesis of a hydrazone-based COF catalysed by acetic acid 

(a). The hydrazone-based COF exhibits a hexagonal 2D crystalline structure and is an effective HER photocatalyst. 

Figure taken from Chem. Sci., 2014, 5, 2789–2793.15 
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3.1.1.3 Conjugated Microporous Polymers (CMPs) 

CMPs are amorphous and exhibit high surface areas, porosity and are thermally and 

chemically robust. CMPs were first reported for photocatalytic hydrogen evolution in 2015 by 

the Cooper group at the University of Liverpool.27 A series of CMPs were co-polymerised, 

demonstrating how the optical gap can simply be tuned. In this work H2 evolution reactions 

were carried out with the polymer as a suspension in water, in the presence of a sacrificial 

electron donor (diethylamine, DEA) and HER rates as high as 174 ± 9 µmol h-1g-1 under visible 

light irradiation (> 420 nm) were measured. Interestingly, as the optical gap of the CMPs 

decreased HER activity increased, before decreasing below an optical gap of 2.33 eV.27 The 

highest HER reported in this series of CMPs was higher than that for g-C3N4, and a linear 

polymer under the same experimental conditions.27 All CMPs in this study were active under 

visible light irradiation, unlike most g-C3N4s demonstrating a route to achieving highly active 

photocatalysts under visible light. However, the activity of CMPs was limited to a small 

portion of the visible spectrum with the AQY at wavelengths > 420 nm being relatively 

low.7,28,29 This has been proposed to be due to inefficient charge separation in polymers with 

small optical gaps, that absorb light more strongly at longer wavelengths.  

Figure 3.2 CTFs were synthesised by a condensation reaction and doped with N-CH2CH3, S or O yielding CTF-N 

(red), CTF-S (blue) and CTF-O (black) (a). Energy diagram of CTFs (b) and HER under >420 nm irradiation in 

the presence of a TEOA sacrificial donor and Pt co-catalyst (c). Figures taken from J. Mater. Chem. A, 2018, 6, 

19775–19781.26 
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The use of donor-acceptor groups has since been suggested to provide a way to 

achieve effective charge separation and band gap narrowing due to orbital overlap interactions 

between the donor and acceptor units, and hence improved visible light activity with narrow 

optical gap materials and studies have achieved visible light activity for the HER at 

wavelengths that corresponds to >50% of the solar spectrum.30–35 Of note is a recent report by 

Zhang et al. on nitrogen containing CMPs with donor-acceptor units (Figure 3.3).35 A cyano 

unit was employed as the acceptor group, whilst carbazole and diphenylamine units were 

electron donor units. By altering the substitution positions and the number and type of electron 

donor units, narrow band gaps from 1.64 - 2.29 eV were achieved, along with high AQYs 

(6.4% at 420 nm, overall HER of 2103 µmol h-1g-1), with para substitution by acceptor groups 

providing the most active photocatalysts.35 Co-polymerisation of donor and acceptor groups  

to synthesise CMPs for photocatalytic hydrogen evolution has been shown as an effective 

route to increasing AQYs and HER to as high as 1.93% and 8633 µmol h 1g-1.36  

 

3.1.1.4 Linear polymers 

Despite it being widely anticipated that porosity would be an important property of 

effective HER photocatalysts, studies have shown in several cases that the non-porous 

analogues of CMPs are superior HER photocatalysts, suggesting microporosity may not be 

essential.37,38 Although in some instances the porous CMP analogue have had greater activity, 

the role of the porosity is not clear and it may be that the change in behaviour can be assigned 

to differences in charge transport and wettability of the specific CMPs used.39 Therefore there 

is increasing interest in the study of linear polymer photocatalysts for the HER. Synthesis of 

Figure 3.3 Modified CMPs with cyano groups (CN) where the substitution position, numbers and types of 

substitutions is altered (a). Comparison of the most active CMP from the study by Zhang et al. in the presence of 

a Pt co-catalyst (3% wt.) and TEOA sacrificial donor with other reported organic polymers form H2 evolution (b). 

Figures taken from Appl. Catal. B Environ., 2019, 245, 114–121.35 
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CMP linear analogues is achieved by the addition of alkyl chains to the polymer backbone 

which blocks the formation of a 3D network.28,40 Additionally the alkyl chains shift the LUMO 

to more negative potentials, leading to a narrowed optical gap and increased visible light 

activity. Furthermore, it has been suggested that the addition of long chains restricts torsional 

disorder with the planarization of the polymer chains increasing charge migration and hence 

HER rates. Xiang et al. have shown that the addition of alkyl chains to a donor-acceptor CMP 

to linearize the structure results in a superior HER rate of 9600 µmol h-1g-1, and an AQY of 

1.8%.40  

In addition to linear polymers based on CMP analogues a number of studies have also 

examined polymer chains based on modification of the original poly(p-phenylene) structure.1 

The incorporation of heteroatoms such as nitrogen, sulphur and fluorine, has been shown to 

increase AQYs and HER rates.26,29,39 In the same study by Xiang et al. they showed 

fluorination of donor-acceptor linear polymers increased the AQY by >30% (maximum AQY 

ca. 5%) with optimal HER rates of 13,300 h-1g-1 where F substitution para to the electron 

donating group showed greatest activity.40 This was rationalised via computational studies, 

where the electron donating ability of F promoted greater electron density on the carbon atom 

in the meta position (relative to F) resulting in greater overlap with the nitrogen heteroatom in 

neighbouring polymer chains, and so promoting electron transfer.40  Sprick et al. have gone 

on to show that the use of sulfone polymers outperform their fluorine analogues for a class of 

CMPs and linear polymers when under sacrificial conditions.39 This was rationalised from 

water uptake measurements, where it was found fluorine analogues exhibited a lower water 

uptake in comparison to the sulfone polymers, as water is able to better penetrate the pores of 

the more polar sulfone polymer.39 Sprick et al. also conducted an investigation into how the 

difference in residual palladium (Pd) content from the polymer synthesis in the fluorine and 

sulfone polymers affected the photocatalytic activity, to ensure Pd was not acting as a co-

catalyst, and hence contributing to the difference in HER. By varying the concentration of Pd 

within the polymers by washing samples with a Pd scavenger, a decrease of ca. 94% in HER 

rates from 3106 µmol h-1g-1 to 110 µmol h-1g-1 were observed.39 However, the difference in 

HER rates between fluorine and sulfone polymers cannot be fully attributed to Pd content. 

Sprick et al. along with other groups41,42 have shown that although a linear increase in HER 

rates occur upon increased Pd content, at high levels of Pd content (ca. 100 ppm) as seen for 

those reported by Sprick et al. the HER saturates,39 whereas at low Pd levels (< 1 ppm) the Pd 

concentration can have a profound effect on activity.41                
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CMP analogues of linear polymers can be synthesised by fusing phenylene units 

together with the use of bridging functionalities, as shown in Figure 3.4, and has also been 

explored as a way to increase rigidity along linear polymer chains with the aim of restricting 

torsional distortion. Comparison of fused polymer chains with unfused chains with similar 

optical band gaps showed that the fused polymers gave higher HER rates.29 Interestingly 

computational studies indicated that the main effect of the bridging groups was to make the 

ionization potentials of the fused polymers more negative, resulting in a greater driving force 

for electron migration onto water.29  

 

Most organic materials for photocatalytic hydrogen evolution are insoluble in organic 

solvents making it difficult to process the materials for applications in PEC water splitting, 

and also gives rise to a loss in photoactivity due to the necessary need to suspend the polymer 

in solution during reactions.43 One way in which this can be overcome is by the fabrication of 

solution processable polymers, for ease of fabrication of photoelectrodes or deposition onto 

supporting substrates.44 In addition to providing a route to controlling the torsional distortion 

of the structure the incorporation of side chains, such as alkyl chains, can also aid solubility 

enabling solution processing. Similar approaches have been used in OPV devices to synthesise 

solution processable conjugated polymers, where branched alkyl chains such as 2-ethykhexyl 

have been shown to give rise to good solubility in comparison to linear chains.45 Of particular 

note is recent work at Liverpool which has developed a π-conjugated linear polymer, P8s 

modified with alkyl groups, shown in Figure 3.5, that could be cast into films from a 

chloroform solution and was shown during this project to be an effective photocatalyst for the 

HER in the presence a sacrificial electron donor solution of MeOH and TEOA.46  

Figure 3.4 Schematic diagram showing the planarization of conjugated phenylene oligomers (SM1-SM5) and 

poly(o-phenylenes)s (P1K,P1S) by the fusion of the phenylene rings to produce the fluorene analogues. Figure 

reproduced from Angew. Chemie - Int. Ed., 2016, 55, 1792–1796.29 
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Over recent years, much work has focused on optimising the activity of organic 

semiconductors for photocatalytic hydrogen evolution by modification of the electronic 

properties. Computational studies have paved a way to rationalise the mechanism by which 

photocatalysis occurs. But remarkably, little in the way of spectroscopic studies to gain 

meaningful insight into the excited state dynamics and the role of the different solvent/electron 

donor has been reported28,39,47,48 – and this is a topic we explore in this chapter. 

3.1.2 Polymers for water oxidation 

The first example of photoelectrochemical (PEC) water splitting was reported by 

Fujishima and Honda in 1972, where a TiO2 photoanode was illuminated with UV light to 

achieve water oxidation, and was combined with a Pt counter electrode were hydrogen 

evolution occured.49 Since, many inorganic semiconductors have been studied for their 

application in overall water splitting PEC cells, and have shown impressive solar-to-hydrogen 

efficiencies > 10%.50–52 Although this is above the practical commercialisation threshold, they 

are limited by the following: (i) expensive to fabricate, (ii) use of non-abundant elements and 

(iii) lack of utilisation of the visible region of the spectrum as most require UV light. The use 

of organic semiconductors overcomes some of these limitations, as they are cheap to fabricate 

as they are comprised of earth abundant elements, can be designed to have narrower band gaps 

and so utilise a larger portion of the solar spectrum and the structure-properties can be easily 

fine-tuned. 

However, despite the high levels of interest in polymer photocatalysts for the HER to 

date there are few reports of organic photoanodes and photocathodes for PEC cells for overall 

water splitting. Those that are known are summarised in Table 3.1 and it is apparent that 

photocurrents as high as ca. 6 mA cm-2 for organic photocathodes can be achieved. However, 

in contrast the highest photocurrents for PEC devices with organic photoanodes for water 

oxidation are ~150 µA cm-2,53 and the majority of photoanodes achieve less than 100 µA cm-

2.  

Figure 3.5 Structure of P8 polymer. 
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In contrast to organic photoelecrodes, nanostructured inorganic photoanodes reported such as 

α-Fe2O3,54 TiO2,55 BiVO4
56 and WO3

57 are known to achieve photocurrents > 1  mAcm-2. A 

further drawback of the organic photoelectrodes is often their lack of stability under the 

working conditions required, which results in degradation of the photoelectrodes from 

prolonged periods in acidic/basic electrolyte and/or due to the application of a bias and 

prolonged light irradiation. Ways in which this can be overcome is by the use of protecting 

over layers such as TiO2 or Al2O3,58,59 which not only improve the stability of the electrode, 

but also aid charge separation upon photoexcitation of the absorber. As there are relatively 

few examples of solely organic materials that can carry out overall water splitting, here we 

focus on the use of polymers as sensitizers of inorganic materials for water oxidation either 

by transfer of the hole or electron into the inorganic support. In chapter 4, a new fully organic 

system based on the use of a PBI gel for water oxidation is introduced. 

In 2011 g-C3N4 was first reported for PEC water oxidation in the presence of a TiO2 

heterojunction.60 TiO2/g-C3N4 electrodes were prepared by heating the TiO2 electrode at 425˚C 

in a gaseous urea pyrolysis which resulted in a 1-3 nm layer of g-C3N4 on the surface of the 

TiO2.61 PEC measurements of the TiO2/g-C3N4 photoelectrode were carried out in pH 7 0.1 M 

phosphate buffer. Photocurrents < ca. 100 µAcm-2 have been reported for TiO2/g-C3N4 

photoanodes, which exhibit visible region activity.61 In the absence of a co-catalyst no oxygen 

Table 3.1 Summary of organic semiconductor photoelectrodes for solar water splitting. Table taken from Adv. 

Energy Mater., 2018, 8, 180258.74 
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was detected for TiO2/g-C3N4 photoanodes under 420 nm illumination. Upon the addition of 

an IrOx WOC an oxygen Faradaic efficiency (FE) of 19% was reported at +0.5 VAg/AgCl.61 The 

low FE obtained was assigned to poor adhesion of g-C3N4 to TiO2 resulting in inadequate 

electronic coupling between g-C3N4 and TiO2.61 Further studies optimising g-C3N4 

photoelectrodes have consisted of exploring different water oxidation co-catalysts (WOCs), 

doping the TiO2 heterojunction and altering the working pH of the electrolyte.62–66 Optimal 

photocurrents of 49,500 µA cm-2 at +1VAg/AgCl in 0.1 M Na2SO4 electrolyte for pristine g-C3N4 

with 1 wt% Au nanoparticles has since been reported under visible light illumination.67  

 The use of wide band-gap inorganic semiconductors, such as TiO2, as heterojunctions 

for improved PEC response is a common technique used to improve photoactivity.68,69 Dai et 

al. fabricated photoelectrodes by spin coating 10 mg/mL of a soluble fluorene-

dibenzothiophene-S,S-dioxide-based conjugated polymer, C12, from THF on the surface of a 

TiO2/FTO electrode to improve electron-hole pair separation.70 An improved photocurrent of 

32.5 µA cm-2 was obtained under visible light irradiation (>420 nm), 29.5 times that of 

C12/FTO electrodes, confirming electron transport through the organic semiconductor was 

limited.70 These photocurrents reported are of significant size for organic semiconductors in 

the absence of a co-catalyst. Although C12 photoanodes were optimised, no FEs for O2 

generation were reported. Alternatively, Xiao et al. have used ZnO nanorods to improve 

charge separation of a poly-pyrrole (PPy) conducting polymer in 0.5 M Na2SO4 pH 7 

electrolyte.71 Steady state photocurrents ca. 680 µA cm-2 at +0.8 VAg/AgCl were observed, 

double than that for ZnO alone under white light irradiation.71 Although the authors conclude 

that the photo-generated holes can oxidise H2O, no O2 measurements were reported. ZnO is 

known to be susceptible to photocorrosion and have stability limitations in acidic and basic 

pHs,72,73 and therefore further study is warranted into both O2 generation and stability. 

Organic semiconductor photoanodes have been shown to have poor stability under 

the harsh working conditions required for water oxidation,71,74–76 and efforts have been made 

to improve stability by the use of protecting layers on the organic semiconductor, and by the 

use of robust organic semiconductor materials.77 In 2015 Bornoz et al. were the first to report 

an organic semiconductor exhibiting sustained solar driven water oxidation using 

poly(benzimidazobenzophenanthroline) (BBL), as it is a highly robust organic semiconductor 

with moderate electron mobility.75 Thin film photoanodes were prepared by dispersion spray 
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coating which resulted in the film possessing a rough nanofiber morphology, and optimal 

photocurrents (Figure 3.6).  

They found films with a thickness of 120 nm gave excellent photocurrents of ca. 20 µA cm-2 

at +1.23 V pH 7 for organic semiconductors, whereas thicker films showed decreased 

photoactivity.75 Coupled with back illumination resulting in greater photocurrents, electron 

transport was seen to be limited which was thought to be due to the presence of grain 

boundaries between nanofibers. Initial O2 measurements did not show O2 generation, but 

instead that of •OH, detected via a florescence probe technique where coumarin reacts with 

•OH to produce umbelliferone which can be spectroscopically detected. As no self-oxidation 

was detected, a Ni-Co co-catalyst was added to the BBL electrode in conjunction with a thin 

layer of TiO2 to act as a tunnel junction to improve co-catalyst stability.75 The addition of TiO2 

did not affect the photocurrent obtained, however a 10 µA cm-2 increase was observed in the 

presence of Ni-Co. O2 measurements of the BBL/TiO2/Ni-Co photoanode showed a FE of 82 

± 16% for O2 evolution.75 Although the photocurrents achieved do not meet those required for 

practical applications, this study demonstrates promise for the future of organic 

semiconductors which can not only overcome stability limitations but also carry out efficient 

water oxidation with high FEs.   

The use of a protecting layer to stabilise inorganic photoanodes and improve 

photocurrents was first actively reported by the McIntyre group.58 Recently, Wang et al. 

improve the stability of a [6,6]- phenyl C71 butyric acid methyl ester (PC71BM) electrode 

which was spin coated onto indium ton oxide (ITO) by atomic layer deposition of an ultrathin 

ZnO passivation layer (< 2 nm thickness) for visible light water oxidation (Figure 3.7).78 

Excellent stability of the PC71BM/ZnO/ITO photoanode was observed in 0.1 M KOH pH 13 

Figure 3.6 Chopped PEC of BBL (structure shown as insert) dip-coated (red) or spray coated from a dispersion 

(blue) onto FTO under white light illumination in 0.5 M Na2SO3 electrolyte, pH 7. Electrodes were back irradiated, 

from FTO face. Figure taken from J. Am. Chem. Soc., 2015, 137, 15338–15341.75 
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electrolyte. A half-life (t50%) of ca. 1000 s was reported which was ca. 300% greater than 

PC71BM/ITO photoanodes.78 Optimised photocurrents of 60 µA cm-2 were achieved. The 

addition of a passivation layer aids charge separation, by hole injection from PC71BM to 

ZnO/electrolyte interface for water oxidation, where an optimal ZnO thickness of ≤ 1.3 nm 

was found.78 

  

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Plot of current vs scan number for PC71BM/ZnO electrodes with ZnO passivation layer thickness of 

1.44 (red) 1.26 (orange), 0.78 (green) and 0 (blue) nm (a). Energy diagram of PC71BM/ZnO (b). Figures 

reproduced from Chem. Mater., 2018, 30, 324–335.78 
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3.1.3 Scope of this chapter 

Polymer photocatalysts and electrodes have great potential as water splitting materials 

due to good synthetic control permitting fine tuning of the materials properties (e.g. optical 

gap, driving force for charge transfer) possible. However, to date this emerging field has 

largely been based on chemical intuition and calculations of materials properties. Relatively 

few studies have examined the photophysics of the polymer photocatalysts. In this chapter we 

initially use TA spectroscopy to understand the excited states formed and their lifetimes upon 

excitation and to investigate the mechanism of hydrogen evolution for such systems. 

Experiments are carried out on a solution processable polymer prepared as a thin film 

photocatalyst on glass (P8s, Figure 3.8) and also a related linear polymer (P56) both of which 

were prepared within the Cooper group at Liverpool. In particular we demonstrate the role of 

the individual components in the reaction mixtures during HER, as it was found empirically 

that a mixture of water, triethanolamine and methanol gave the highest hydrogen yields but 

the reason behind this was unknown. 

In the second part of the chapter the solubility in organic solvents of P8s is exploited 

to develop a photoanode with the aim of achieving an overall water splitting device. Such an 

approach requires preparation of high-quality electrodes on conductive supports, a challenging 

task with insoluble polymers. To explore the water oxidation activity of P8s for use in overall 

water splitting, we have used the polymer as a photoanode. The initial activity has been 

measured, and the photoanode has been optimised for its efficiency of water oxidation by 

combining with an inorganic support/heterojunction material. Although initial FEs for O2 

production are low, the design approach developed is likely to be of relevance to future studies.  

 

 

 

Figure 3.8 Structures of two polymer repeating units explored within this chapter, whereby we aim to understand 

the role of different solvents and how they affect charge separation during photocatalytic hydrogen evolution 

experiments. 
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3.2 Results and Discussion 

3.2.1 Photocatalytic excited state dynamics of P8s  

Cooper and co-workers have previously reported photocatalytic hydrogen evolution with 

organic polymers such as CMPs and linear polymers.27,29 A typical experimental set up 

consists of a mixture or a suspension of the polymer in a solvent mixture, with the addition of 

a sacrificial electron donor such as methanol (MeOH), diethylamine (DEA), trimethylamine 

(TEA), triethanolamine (TEOA) and sodium sulphide. Sprick et al. have found that for a 

family of low molecular weight linear polymers a mixture of H2O/MeOH/TEA (1:1:1) leads 

to the highest hydrogen evolution activity, although prior to this work the role of the individual 

components, and need for a solvent mixture was unclear.29 Here TA spectroscopy was used to 

study P8s that had been deposited onto a glass substrate as a support material by spin-coating 

from chloroform in the presence and absence of the scavenger mixes. The films had a UV-

Visible absorption maxima at 400 nm, Figure 3.9a, and under an Argon atmosphere showed 

an emission maxima at 430 nm, Figure 3.9b, with multiple shoulders present due to the 

presence of many different local environments as a result of torsional disorder and changes in 

the degrees of freedom within the structure when as a solid in comparison to in solution, 

therefore resulting in a change in the ratio of vibronic transitions upon excitation for a solid, 

film or powder.  

Figure 3.9 UV-Visible absorption (a) and emission (b) spectra for P8s as a solution in chloroform (black), film 

on glass (drop cast from chloroform, blue) and powder (red). Figure adapted from Adv. Energy Mater., 2017, 7, 

1700479. 46 
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 Initially, TA measurements were carried out in H2O under an inert argon atmosphere with 

an excitation wavelength of 365 nm (150 µW, 5 kHz repetition rate). The excitation 

wavelength was chosen to overlap with the maxima of the UV-Visible absorption spectrum, 

and π-conjugated polymers are predominantly photocatalytically active under UV 

irradiation.29,46 Transient spectra of a P8s films in H2O at various time delays are shown in 

Figure 3.10c and d. Upon photoexcitation, at early times of < 1 ps, positive features appear at 

525nm (weak) and 640 nm. At ~ 1 ps a band 730 nm (br.) is present, and blue shifts as it 

rapidly decays back down to the ground state. The earliest features are assigned to short-lived 

photo-induced absorptions (PIA). T50% is commonly used as an indication of the rate of decay 

of a feature,79 and it corresponds to the time where the signal (in this case the PIA) has decayed 

to 50% of its intensity. The short-lived PIA in H2O at ~715 nm exhibits a t50% of ~ 2 ps (Figure 

3.11), in-line with literature president for other π-conjugated polymers,47,80 permitting the 

assignment of an exciton species. Such fast exciton recombination rates are not surprising, due 

to the presence of Coulombic interactions present between electrons and holes of the excitonic 

pair which are only weakly screened in the polymer material, promoting recombination.81 As 

Figure 3.10 TA spectra of P8s film on a glass substrate in a mixture of H2O/MeOH/TEA (1:1:1) shown as a 3D 

contour plot (a) and time slices (b) and for P8s in H2O respectively (c and d). Spectra were recorded on the fs-ns 

timescale with an excitation wavelength of 365 nm and a pump energy of 150 µW with Ar purged suspensions.  
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a result of such a short-lived exciton lifetimes, the formation of free charge carriers is therefore 

prevented. 

Figure 3.11 Kinetic trace of P8s in H2O recorded at 715 nm following 365 nm excitation under an atmosphere of 

argon.  

TA spectra of P8s films in a mixture of H2O/MeOH/TEA (1:1:1) showed TA features 

that had significantly increased lifetimes when compared to the experiments recorded in water 

alone, Figure 3.10 a and b. The TA spectra show the formation of short-lived PIAs at 

approximately 525 nm and 625 nm in less than 1 ps, which are quenched upon the formation 

of a broad long-lived species at 715 nm. The formation of the 715 nm band within 2 ps occurs 

at a rate that roughly matches the decay of the 525 and 625 nm bands, Figure 3.12.   

Figure 3.12 Kinetic overlay of 525 nm (black squares) and 715 nm (red circles) in H2O (open) and 

H2O/MeOH/TEA (closed) for P8s (a), showing the rapid quenching of a PIA exciton to form a long-lived species 

at 715 nm in the presence of electron donors. Spectral signatures of P8s (b) at 0.70 ps (black), 1.74 ps (red) and 

1.23 ps (blue), showing the rate at which charge separation occurs in a H2O/MeOH/TEA system under an argon 

atmosphere.. 
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Notably an increase in the t50% to 58 ps at 715 nm is recorded, and a further ca. 10% of the 

intensity of the PIA at 715 nm persists beyond the longest time delay that can be studied by 

the instrument (3 ns), Figure 3.13. It is therefore apparent that the feature at 715 nm decays 

via multiple pathways. Such long lifetimes for the 715 nm band in the presence of a sacrificial 

electron donor mix, which would be expected to reductively quench the exciton, are indicative 

of the formation of an electron polaron state.82 It is striking that no further evolution in the 

shape of the TA spectrum occurs after ca. 2 to 3 ps in H2O alone indicating by this time only 

a minimal PIA remains, leading to the conclusion that exciton quenching occurs within ca. 2 

to 3 ps (Figure 3.10). The similarity between the proposed UV-Visible absorption maxima of 

the exciton state (seen in the absence of the electron donor mix) and the electron polaron is in-

line with other reports of carbazole polymers for OPV applications.82 It is also feasible in H2O 

that a small amount of the original exciton population evolves to form only a low level of the 

electron polaron state at ca. 715 nm. However, it is notable that in the absence of TEA/MeOH 

the 715 nm species is short-lived and rapidly decays within the first 100 ps, Figure 3.10b.  

 

 

 

 

Figure 3.13 TA spectra of P8s at -1 and 3100 ps following 365 nm excitation in a H2O/MeOH/TEA (1:1:1) solvent 

under an argon atmosphere. The spectrum at 3.1 ns shows the presence of long-lived species that persists beyond 

the timescale of this experiment. 
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Figure 3.14 Contour plot of P8s in H2O/MeOH (a) and time slices at 1 ps (black), 3 ps (red), 108 ps(green) and 

3.2 ns (purple) (b) under an argon atmosphere upon 365 nm excitation. 

To understand if TEA was the acting sacrificial electron donor, analysis of P8s was carried 

out in H2O/MeOH (1:1 volume ratio), Figure 3.14. Very similar TA spectra were recorded in 

H2O/MeOH to H2O alone. A short-lived PIA is present at ca. 620 nm, with only a small change 

in t50% of the PIA being observed from 2 to 4 ps upon the addition of MeOH, leading to the 

conclusion that MeOH is not acting as a sacrificial donor, Figure 3.14. Comparison of the TA 

kinetic traces at 715 nm for all 3 systems are shown in Figure 3.15. The long-lived electron 

polaron state is only formed in the presence of TEA with a sustained t50% = 58 ps confirming 

its role as the active sacrificial donor (Figure 3.15), in H2O alone t50% ~ 2 ps, in H2O/MeOH 

t50% = 4 ps.  

Figure 3.15 Kinetic trace of P8s in H2O (black), H2O/MeOH (red) and H2O/MeOH/TEA (green) recorded at 715 

nm following 365 nm excitation under an atmosphere of argon. 

The TA conclusions, that the TEA is acting as the electron donor, agree with the photocatalyst 

measurements that were carried out as part of the collaborative project by D. Woods (Cooper 

group, Liverpool), Figure 3.16. Although MeOH is a well-known sacrificial donor,83,84 here it 
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is suggested that its primary role is the wetting of the hydrophobic polymer in aqueous 

solution,47 and the wetting behaviour of P8s samples will be discussed in more detail later in 

the chapter. 

 

 

Figure 3.16 Hydrogen evolution of P8 (25 mg) in solutions of H2O, H2O/MeOH (2:1) and H2O/MeOH/TEA (1:1:1) 

under  > 295 nm irradiation (a) reaction scheme of P8s when illuminated showing the role of TEA as a sacrificial 

electron donor to reduce electron – hole pair recombination (b). 
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3.2.2 Photocatalytic excited state dynamics of P56 

 

To understand if the photocatalytic mechanism described above is exhibited for other 

linear polymers under the same experimental conditions, experiments to investigate the 

mechanism of P56 film on a glass substrate in H2O, MeOH and TEA solvent systems with TA 

spectroscopy were also carried out. Although the increased scattering of suspended 

photocatalysts can lower the signal to noise of the data it is shown below that insights can still 

be obtained. The UV-Visible absorption spectrum of P56 in water is shown in Figure 3.17. In 

the TA experiments P56 was excited at 365 nm (600 µW, 5 kHz repetition rate). In a 

suspension of H2O/MeOH/TEA at times > 3 ps P56 exhibited a broad PIA that extended across 

the visible region, with a maxima at ~775 nm at 3 ps, which by 3 ns has resolved into PIA 

with maxima at 535, 653 (sh.) and 710 (br.) nm, Figure 3.18. Similarly, to P8s, the broad 

feature at 710 nm was long-lived where ca. 10% of the excited state feature persisted beyond 

3.2 ns. Analysis of the earliest spectra in Figure 3.18b shows the PIA at ~500 and ~600 nm 

which decay within 1 ps.  

Figure 3.17 UV-Visible absorption spectrum of P56 on a glass substrate.  
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Figure 3.18 Contour plot of P56 in H2O/MeOH/TEA (a) and time slices at 1 ps (black), 3 ps (red), 13 ps (pink), 

108 ps(green), 1 ns (blue) and 3.2 ns (purple) (b) under an argon atmosphere upon 365 nm excitation. Data that 

has been blocked out by a white bar is due to the presence of a negative feature as a result of half-harmonic 

generation, where a photon splits into two photons of the half the original energy and so that of half the frequency 

and double the wavelength of the initial photon.  

Attempts to identify if the broad long-lived feature at ~775 to 710 nm grows in as the initially 

formed PIA decay are shown in Figure 3.19. Although it is clear that the PIA at 715 nm is 

significantly longer-lived than the initially formed bands (probed here at 500 nm), the kinetic 

resolution of the data obtained is insufficient to confirm if one species is formed from the 

other. 

Figure 3.19 Kinetic overlay of 500 nm (black squares) and 715 nm (red circles) in H2O (open) and 

H2O/MeOH/TEA (closed) for P56 (a), showing the rapid quenching of a PIA exciton to form a long-lived species 

at 715 nm in the presence of electron donors. 
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Although the mechanism of formation of the long-lived PIA at ~775 to 710 nm could not be 

resolved it is assigned to an electron polaron state, similar to that seen for P8s, on the basis of 

the long-lifetime of the PIA in the presence of the sacrificial electron donor mix of 

(H2O/MeOH/TEA). Both H2O and H2O/MeOH solvent systems were also analysed to confirm 

this assignment and to demonstrate that TEA was acting as the sacrificial electron donor with 

P56. The TA spectra for P56 in H2O and H2O/MeOH are shown in Figure 3.21. In H2O 365 

nm excitation gives rise to weak very short-lived PIAs at ~510 and 560 nm which decay within 

the first 2 ps. A stronger broad PIA at ~750 nm is also present, but this also decays rapidly 

with only a small signal remaining beyond 10 ps. In H2O/MeOH P56 has similar TA spectra 

after 365 nm excitation with a strong broad PIA at ~750 nm dominating, however the initially 

formed species being observed at slightly different wavelengths (~525 and 600 nm). The 

addition of methanol does increase the lifetime of the ~750 nm PIA, and it persists for longer 

than in H2O. However, at the longest time-scale recorded (3.2 ns) all of the PIA had decayed 

down to the ground state, Figure 3.21. It is clear that in the absence of TEA, P56 showed 

significantly shorter t50% at 715 nm (6 and 13 ps for the H2O and H2O/MeOH solvent systems 

respectively), in contrast H2O/MeOH/TEA had a t50% of 72 ps, Figure 3.20. Therefore, it is 

proposed that in a manner similar to that seen with P8s the amine (TEA) acts as the main 

sacrificial electron donor, quenching the exciton and giving rise to a long-lived electron 

polaron state. In the presence of MeOH/H2O the increase in lifetime of the ~750 nm band, 

compared to H2O alone, also suggests that with P56 MeOH may be able to act as a sacrificial 

Figure 3.20 Kinetic trace of P8s in H2O (black), H2O/MeOH (red) and H2O/MeOH/TEA (green) recorded at 715 

nm following 365 nm excitation under an atmosphere of argon (b). 
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electron donor, however it appears to be less effective than TEA as indicated by the shorter 

t50% of the PIA due to a larger percentage of the exciton population recombining. 

 

Figure 3.21 TA spectra of P56 in H2O shown as a 3D contour plot (a) and time slices (b) and for P56 in H2O/MeOH 

(1:1 volume ration) respectively (c and d). Spectra were recorded on the fs-ns timescale with an excitation 

wavelength of 365 nm and a pump energy of 150 µW. Data that has been blocked out by a white bar is due to the 

presence of a negative feature as a result of half-harmonic generation, where a photon splits into two photons of 

the half the original energy and so that of half the frequency and double the wavelength of the initial photon.  

 In conclusion, we rationalised for the first time the mechanism of hydrogen evolution 

for a class of linear polymers when in a H2O/MeOH/TEA solvent mixture which is often used 

with linear polymer photocatalysts.28,29 We find the photo-generation of a short-lived PIA for 

both P8s and P56 in H2O alone. Although MeOH can act as a sacrificial electron donor, here 

we show that with P8s its primary role is not as an electron donor, instead it is believed to act 

as a co-solvent to enhance miscibility of the linear polymers and H2O.29,47 Instead we find that 

TEA is the main sacrificial electron donor, indicated by a significant enhancement in the t50% 

for the transient absorption spectra of both polymers. 
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3.2.3 Developing and optimising a soluble processable polymer photoanode 

P8s has been shown to be a good hydrogen evolution photocatalyst. However, hydrogen 

evolution requires the use of a sacrificial electron donor which is unsustainable. The 

fabrication of photoelectrodes provides a way to remove the need for a sacrificial donor from 

photocatalytic systems as the polymer can be used either as a photocathode, with the electrons 

coming from water oxidation at the anode, or as a photoanode which provides electrons for 

the cathode to carry out the HER.85,86 P8s and P56 are promising materials for their use as 

photoelectrodes as both exhibit good HER rates for this class of photocatalysts,7,29,46,87 and the 

solution processability of P8s from organic solvents offer a facile route for the fabrication of 

photoelectrodes. In addition, P8s is studied here due its superior HER rates (72 ± 1 vs 6 ± 1 

µmol g-1h-1). P8s is a carbazole polymer, materials which have been shown to be good electron 

donors in organic photovoltaics,88 and so it is therefore possible that P8s may be able to inject 

an electron into a supporting electrode material (e.g. FTO, TiO2), leaving the P8s hole to carry 

out water oxidation. To determine if P8s is capable of carrying out water oxidation, 

determination of the band gap and HOMO and LUMO energies was carried out.  

Table 3.2 Summary of the optical properties and EHOMO/LUMO positions for P8s as a film, powder and solution, 

where a change in the optical properties show a change in the packing of the polymer. Solution UV-Visible 

absorption and photoluminescence spectra were recorded in chloroform, and films were cast from a chloroform 

solution. P8spow EHOMO/LUMO positions were determined from XPS measurements. All potentials are reported vs 

NHE at pH = 0. 

1 Excitation wavelength was 360 nm. 2 Calculated from the onset of the absorption spectrum. 3Calculated by Egopt 

= 1240/λonset.  

Dai et al. have previously investigated the use of fluorene-dibenzothiophene-S,S-dioxide-

based conjugated polymers, C6-i (insoluble polymer), C6-s (soluble polymer) and C12, for 

photoelectrochemical water oxidation.70 X-ray diffraction (XRD) was used to gain insight into 

the difference between packing of the polymers upon spin coating on FTO, showing an 

amorphous structure of C6-i and C12 and a semi-crystalline structure of C6-s.70 We have 

previously shown using powder XRD that P8s is semi-crystalline,46 which is expected to give 

rise to good conduction pathways, allowing efficient charge separation and transfer for the 

oxidisation of water.70 UV-Visible absorption and photoluminescence spectroscopy give 

insight into the optical properties of a material. Analysis of P8s as a powder (P8spow), as a film 

 λabs (nm) λem (nm)1 
λonset 

(nm)2 

Egopt 

(eV)3 
ELUMO (V) EHOMO (V) 

P8sfilm 400 430 444 2.79 - - 

P8spow - 455 457 2.71 -0.91 +1.80 

P8ssol 358 407 400 3.10   
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(P8sfilm) or as a solution (P8ssol) showed significant changes in optical properties, and an 

increase in bandgap of 2.71 ≤ 2.79 < 3.10 eV respectively.  

A significant blue shift in the UV-Visible absorption maxima for P8ssol in comparison 

to P8sfilm or P8spow indicates a change in π-π stacking of the polymer as a result of increased 

degrees of freedom, Figure 3.9.46,89 When in solid form, powder and film, P8s has fewer 

degrees of freedom compared to the solution resulting in more planar structures.46,89 As a result 

of such a change in band gap, a shift in the HOMO/LUMO energies are likely. X-ray 

photoelectron spectroscopy (XPS) is a technique commonly used in photovoltaics and 

catalysis to gain insight into chemical environments, and the occupied and unoccupied 

electronic states of inorganic and organic materials, more so the former.90–93 Therefore, XPS 

was used to determine the valence band position of P8spow which is expected to be closer in 

energy to that of P8sfilm. A valence band energy of +1.80 VNHE (pH = 0), and conduction band 

potential of -0.91 VNHE (pH = 0) was also determined from XPS and the P8spow bandgap, 

showing sufficient driving force for water oxidation (570 mV overpotential at pH 0 and 460 

mV at pH 13). Determination of the valence band and band gap of P8s indicated that it is a 

suitable material for water oxidation, Figure 3.22. 

 

 

To test the application of P8s as a water oxidation catalyst, immobilisation of the 

polymer onto a conductive support was carried out via spin coating 30 layers of a P8s (3 

mg/mL) solution in chloroform on FTO, resulting in an optically thin film. For the remainder 

of this chapter we will focus on the study of P8s films, therefore the term P8s will be used 

Figure 3.22 Energy band diagram for P8spow determined from XPS where pH = 0 vs NHE. 
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instead of P8sfilm. Activity of P8s was initially tested in two different electrolytes 60 mM 

phosphate buffer (pH 7) to mimic the natural pH of water, and 0.1 M KOH (pH 13) as basic 

working conditions usually result in better photoanode performance.74,75,94,95 All PEC 

measurements were carried out under an argon atmosphere using Ag/AgCl (3.5 M KCl) 

reference electrode, Pt counter electrode and a 300 W Xe lamp (315-795 nm) with a typical 

light intensity of 63 mW cm-2. Although both electrolyte systems showed photoanodic 

behaviour from as early as 0 VAg/AgCl from chopped linear sweep voltammogram (LSV) 

measurements (Figure 3.23), charge separation was significantly different for the different 

working conditions.  

 

 

 

Figure 3.23 Photoelectrochemistry of P8s/FTO in 0.1 M KOH, pH13 (a) and 60 mM phosphate buffer, pH 7 (b) 

where front illumination (directly on P8s, red) and back illumination (through FTO, blue) are shown. The presence 

of a photocurrent upon irradiation and of transient spikes are indicated by arrows for P8s/FTO in 0.1 M KOH 

illuminated from the back face (c). All measurements were carried out under 300 W Xe white light irradiation 300 

W Xe lamp (315-795nm, 63 mW.cm-2), under an argon atmosphere using a 10 mVs-1 scan rate. 
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When illuminated through the FTO (back illumination) in pH 7 electrolyte, P8s showed little 

increase in photocurrent compared to front illumination, leading to a value of 0.31 µA cm-2 

(Figure 3.23b). In contrast, the films showed a more significant difference between front and 

back illumination (61%) in a pH 13 electrolyte, from 0.25 to 0.64 µA cm-2 at 0.4 VAg/AgCl 

(Figure 3.23a). Such behaviour is indicative of electron transport through the polymer being 

hindered by charge recombination before the electron/exciton reaches the FTO/polymer 

interface, and is also evidenced by the presence of transient spikes in the PEC for both working 

environments. The transient spikes can be used to investigate electron-hole pair kinetics in the 

material, Figure 3.23c. The rate of decay of the transient spike can give insight into 

recombination rates of photoexcited electron-hole pairs, and how well electrons can move 

through the material to reach the FTO. Here, fast electron hole pair recombination rates of 

0.139 ± 0.00713 seconds and 0.437 ± 0.0185 seconds were observed, and stable photocurrents 

were achieved after 1.2 and 1.96 seconds for pH 7 and 13 working conditions respectively. 

Due to superior photocurrents and slower recombination rates of photo-generated electrons 

and holes, 0.1 M KOH (pH 13) was used for further PEC studies.   

Photocurrents obtained for P8s on FTO were significantly lower than literature 

precedents, where photocurrents ranging from <10 µA cm-2 up to 0.23 mA cm-2 have been 

reported for π-conjugated organic photoanodes on a conducting glass substrate.53,70,75,96 The 

overall efficiency of such systems is dependent on the efficiency of charge separation (ɳsep), 

light harvesting (ɳLH) and hole injection (ɳinj).97 The efficiency of charge separation can be 

improved by the incorporation of a heterojunction consisting of a suitable semiconductor, 

which has a LUMO more positive than that of the catalyst material to allow a flow of electrons 

to the semiconductor and prevent electron-hole pair recombination.98,99 From the energy band 

diagrams determined for P8spow earlier in the chapter, TiO2 (anatase) was selected as a suitable 

semiconductor. TiO2 has a large band gap (3.2 eV),100 and so requires high energy photons 

from the UV region to photoexcite an electron from the valence to conduction band, and so it 

is largely inactive in the visible region. The valence and conduction bands of TiO2 reside lower 

than the HOMO and LUMO for P8s respectively, allowing holes to be used to oxidise water, 

and electrons to move from the conduction band of P8s to TiO2. Thin layer TiO2 

heterojunctions were prepared on FTO via a spray coating method, then 30 layers of P8s were 

spin coated onto the surface of the TiO2 electrode, yielding a pale-yellow electrode. The 

properties of the photoanode were studied by carrying out linear sweep voltammetry from -

0.9 V to +1.2 VAg/AgCl whilst simultaneously chopping the light, where the photocurrent onset 

potential was ~ -0.8 VAg/AgCl with photoactivity increasing at more positive potentials. The 

incorporation of a thin layer TiO2 heterojunction significantly increases the photocurrent by a 

factor of 30 (96% increase), from 0.64 µA cm-2 to 18.69 µA cm-2 at +0.4 VAg/AgCl when the 
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photoelectrodes are back illuminated, due to an increase in electron-hole pair separation, 

Figure 3.24 a and c. A reduction of transient spikes present in the PEC response indicates a 

significant decrease in electron-hole pair recombination, with only a small number of photo-

generated electrons and holes quickly recombining within the first 0.33 seconds of irradiation 

at a rate of 0.127 ± 0.098 seconds, Figure 3.24 b. In the presence of a heterojunction, charge 

transport through the material was increased, as the difference in photocurrent between front 

and back illumination was reduced by 25% in comparison to P8s/FTO.98,100 As TiO2 is 

photoactive in the UV region, it was important to confirm that the increase in photoactivity 

was owed to improved charge separation in P8s, and not TiO2 photoactivity. PEC 

measurements of TiO2 irradiated on the front and back face showed ca. 50% lower 

photocurrents, confirming the improved photoactivity is due to increased electron-hole pair 

separation in P8s, Figure 3.24 c and d.  

Figure 3.24 P8s/TiO2 PEC from -0.9 to 1.2 VAg/AgCl showing front (red) and back (blue) illumination (a), and a 

zoomed in region on the voltammogram between +0.33 and +0.44  VAg/AgCl (b). Overlay of P8s on FTO (black) 

and on a thin layer of TiO2 (blue) (c). Overlay of front (red) and back (blue) illumination of P8s /TiO2 (solid) and 

blank TiO2 (dashed) (d). Linear sweep voltamograms were carried out at 10 mVs-1 under chopped illumination 

with 300 W Xe lamp (315-795nm, 63 mW cm-2), in 0.1 M KOH electrolyte under an argon atmosphere. 30 layers 

of P8s were spin coated onto TiO2 from a solution of P8s (3 mg/mL) in chloroform. 
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To obtain an efficient photoanode, the rapid utilisation of photo-generated holes is 

essential. We probed the ability of P8s to carry out oxidation by the addition of a hole 

scavenger to the electrolyte. 10% MeOH was added to the aqueous electrolyte leading to only 

a small (2.71 µA cm-2) increase in photocurrent, Figure 3.25. As previously discussed within 

this chapter, TA spectroscopy has shown MeOH to be a good solvent to increase the 

wettability of P8s. Therefore, to ensure MeOH was not acting solely as a wetting agent, TEA 

(also a hole scavenger) was added to the system in the same concentration. This resulted in an 

identical photocurrent response, indicating that MeOH was acting as the hole scavenger. A 

further increase in the concentration of MeOH/TEA to a 1:1 ratio with water saw a 6.35 µA 

cm-2 photocurrent increase in comparison to 0.1 M KOH, Figure 3.25, which could partially 

be due to an increased wetting of the polymer. Although a hole scavenger is 

thermodynamically easier to oxidise than water, the lack of a large increase in photocurrent 

indicates that hole transfer from the polymer to the electrolyte is not limiting activity. Instead 

it is likely that either light absorption, charge separation or transport remains limiting.  

 

Figure 3.25 LSV under chopped illumination of white light with a KG1 filter in H2O (green), H2O and 10% MeOH 

(blue), H2O and 10% MeOH/TEA (red) and H2O/MeOH/TEA in a 1:1:1 ratio under an argon atmosphere, showing 

an increase in photocurrent upon the incorporation of a hole scavenger which is indicative of the ability for P8s 

to carry out oxidation and utilise its photo generated holes. Irradiated with 300 W Xe lamp (315-795nm, 63 mW 

cm-2). 

Although significantly improved photocurrents of 12.14 µA cm-2 were achieved by 

the incorporation of a thin layer of a TiO2 heterojunction, the photocurrents are not comparable 

to literature precedents which report photocurrents as high as 32.50 µA cm-2 for a system of 

solution processable linear polymers.70,75 As the addition of a hole scavenger did not indicate 

that hole transfer was limiting, efforts to further enhance the photoactivity were explored. The 
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P8s/TiO2 photoelectrodes used are optically thin, and UV-Visible absorption spectra of 

P8s/TiO2 showed only 46% of light being absorbed between 350-500 nm, Figure 3.26. 

Changing the morphology of TiO2 from planar to nanoporous TiO2 (n-TiO2) was hypothesised 

to increase the light harvesting properties of the material due to a large increase in the surface 

area of the film. n-TiO2 films on FTO were made by doctor blading titanium (IV) oxide paste 

on FTO, and annealing at 450˚C for 1 hour to obtain TiO2 anatase. A standard n-TiO2 paste 

used in the dye sensitized solar cell community consisting of 15 nm diameter TiO2 

nanoparticles which upon annealing form an interconnected network. n-TiO2 films were 

prepared with a thickness of 4 µm. Full details can be found in section 3.4. P8s was then loaded 

onto n-TiO2 by soaking in a solution of P8s (3 mg/mL) in chloroform for 48 hours. The UV-

Visible absorption spectra of n-TiO2/P8s films showed an increased photon absorption (> 95% 

between 360 and 800 nm), compared to the planar films, Figure 3.26.  

 

Figure 3.26 UV-Visible absorbance (a) and transmission (b) spectra of P8s on TiO2 (blue) and n-TiO2 (red), with 

an inset of photographs of P8s/TiO2 (left) and P8s/n-TiO2 (right) showing an increase in P8s loading upon the 

fabrication of a high surface area nonporous TiO2 electrode. 

PEC measurements of P8s/n-TiO2 showed a further 10% increase in photocurrent compared 

to the planar electrode, achieving photocurrents up to 20.97 µA cm-2. Similarly, to P8s on FTO 

and TiO2, back illumination gave rise to superior photocurrents. In fact, charge transport for 

P8s/n-TiO2 was even more hindered in comparison to P8s/TiO2, with a 51% decrease in 

photocurrent for front illumination, as opposed to 36% for P8s/TiO2 suggesting that the 

increased path length of the photoelectrons through the nanostructured TiO2 leads to 

recombination. Charge transport limitations were also evident from the shape of the chopped 

LSVs. Unlike our previous results, no transient spikes are present in the chopped LSV, instead 

a slow rise in photocurrent during the first 2 seconds of irradiation before reaching a steady 

state was observed, showing that charge cannot be extracted from P8s and is instead 

accumulating within the structure, Figure 3.27. From PEC measurements under the full 
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spectrum of a Xe lamp it was evident that P8s was covering the surface of n-TiO2 as the 

photocurrent of bare n-TiO2 was 5 times larger than that of P8s/n-TiO2, indicating that P8s is 

absorbing the light as opposed to n-TiO2, Figure 3.27 a and b. However, as is shown below 

the n-TiO2 activity only arises from the UV part of the solar spectrum, Figure 3.28. 

The activity of the photoanode was probed using monochromatic light as this should 

allow the monitoring of the photoactivity of n-TiO2 (365 nm) and P8s (420 nm) separately, as 

these wavelengths correspond to the maximum absorbance of either TiO2 or P8s, therefore 

ensuring activity is not correlated to P8s acting as a photosensitizer for TiO2. At 365 nm P8s/n-

TiO2 showed lower photocurrents in comparison to n-TiO2 alone via back illumination (3.61 

vs. 27.48 µA cm-2 TiO2 alone), due to superior photoactivity of n-TiO2 under UV irradiation, 

Figure 3.28a. Whereas, when P8s/n-TiO2 was irradiated with 420 nm wavelength P8s/TiO2 

Figure 3.27 P8s/n-TiO2 (a) and n-TiO2 (b) PEC in 0.1 M KOH illuminated on the front (P8s) face (red) and back 

(FTO) face (blue). Overlay of P8s on FTO (black), TiO2 thin layer (blue) and n-TiO2 (red) PEC (c). P8s/n-TiO2 

photo-response to the light being switched on and off, where the x-axis is time, showing poor charge transport (d) 

Irradiated with 300 W Xe lamp (315-79 5nm, 63 mW cm-2). 
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showed superior photocurrents (7.49 vs. 0.16 µA cm-2 TiO2 alone), indicating the photoactivity 

under visible light is largely due to the presence of P8s, and not to that of TiO2, Figure 3.28b.  

As discussed previously within this chapter, charge transport is limited through the material, 

and was also evident from steady state illumination measurements of the material. In these 

experiments the photoelectrode was irradiated with 420 or 365 nm LEDs on the front or back 

face for > 600 seconds, Figure 3.28c and d. Back illumination shows a 47.50% and 22.40% 

decrease from its initial maximum value over 600 s for 420 and 365 nm illumination 

respectively. In contrast front illumination shows a 23% and 50% rise under 420 nm and 365 

nm illumination respectively over 540 seconds, indicating that charge is accumulating within 

the structure and only being slowly transported to the FTO/TiO2 interface. It is notable that 

these studies also show that as the photoactivity does not decay to 0 µA.cm-2, the samples 

show reasonable stability and complete photo-degradation over the timescales of PEC 

measurements does not occur.  

Figure 3.28 PEC measurements of P8s/n-TiO2 (solid) and n-TiO2 (dash) under 365 nm (a) and 420 nm (b) LED 

illumination with a light intensity of 1.18 and 1.3 mW.cm-2 respectively. The photocurrent response for P8s/TiO2 

under 420 nm (c) and 365 nm (d) illumination was monitored over the duration of ≥ 600 seconds via front (red) and 

back (black) illumination. All measurements were carried out in 0.1 M KOH electrolyte under an argon atmosphere, 

Ag/AgCl reference electrode and a Pt counter electrode. 
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Contact angle measurements are used to determine the hydrophobicity of a material.46 

Here, we used it to gain understanding of the wetting of the electrode by the electrolyte, to 

ensure that the low level of activity was not due to poor electrolyte permeation through the 

nonporous structure of the electrode. Deposition of a 3 µL water droplet onto the electrode 

surface showed P8s/TiO2 (107 ± 1.35˚) had a larger contact angle in comparison to P8s/n-TiO2 

(76.93 ± 0.68˚), showing electrolyte is able to penetrate through the pores of the n-TiO2 

electrode, Figure 3.29. However, large contact angles suggest that the hydrophobicity of P8s 

prevents the electrolyte penetrating all the way through the P8s/n-TiO2 electrode, resulting in 

only a small portion of the photoelectrode being active. As a result of this, only a fraction of 

photons absorbed will contribute to the PEC response, therefore resulting in a less than 

expected photocurrent.  

It is known that organic photoanodes suffer from stability issues in the harsh working 

conditions such as the ones used here,74 and analysis of the post experimental electrolyte after 

ca. 7 hours of use showed delamination of P8s. To determine whether this was due to 

instability of P8s in pH 13 electrolyte, which is not uncommon for organic photoelectrodes, 

or as a result of applying a potential bias to the electrode, P8s/n-TiO2 was soaked in 0.1 M 

KOH for 6 hours. After this time period it was evident that a small amount of material had 

delaminated off the electrode. As the delamination by soaking was smaller than after extensive 

use, it was concluded that P8s/n-TiO2 instability arises from both the electrolyte pH and 

potentially PEC instability, Figure 3.30.  

Figure 3.29 Contact angle measurements of a 3 µL droplet of water of P8s on a planar (a) and nanoporous (b) 

TiO2 electrode, where a 3 µL droplet of water was deposited. 
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Figure 3.30 UV-Visible absorption spectra of P8s/n-TiO2 electrode soaking in 0.1 M KOH pH 13 electrolyte for 

1 minute (red), 30 minutes (blue), 60 minutes (pink), 120 minutes (green) and 180 minutes (navy blue) and 6 hours 

(purple). Data from the soaking experiment is overlaid with the UV-Visible spectra of the post experimental 

electrolyte after photoelectrochemical use for up to 6 hours. It is worth noting that the surface area for the electrode 

used for the soaking experiment was smaller than that for photoelectrochemical experiments, meaning 

delamination may also be occurring due to photoelectrochemcial instability. 

Figure 3.31 Contour plot of n-TiO2 (a) and P8s/n-TiO2 (b) on FTO where samples were probed from the back face (through 

FTO). Data was collected as an average of 6 cycles in a random order of time delays to reduce noise using, a 30 nJ/pulse with 

a spot diameter of 200 µm. The excitation wavelength was 420 nm, and spectra were measured under an atmosphere of air. 

Overlay of P8s on n-TiO2 emission spectra with an excitation wavelength of 420 nm (blue), and TA spectra at 1.5 ps (purple) 

and 100 ps (green) (c.) 
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To gain insight into the mechanism by which P8s operates on n-TiO2, TA spectroscopy was 

used. Upon 420 nm excitation of P8s/n-TiO2 positive features at ca. 700 nm and 520 nm, and 

negative features at 450 and 490 nm are present in the TA spectra, Figure 3.31b. The excitation 

wavelength chosen selectively excites the P8s, and TA spectra of TiO2 alone show minimal 

PIA. The negative features are ascribed to loss of ground state and stimulated emission 

respectively, where the latter was determined by the emission spectra of P8s/n-TiO2, Figure 

3.31c. For P8s in the previous section it was shown that excitation led to the formation of a 

PIA at 525, 625 and ~715 nm, with the broad 715 nm band at long times (> 10 ps) being 

assigned to the formation of an electron polaron state, and similar bands at < 10 ps being 

proposed to be either from the excitonic state or a small population of the polaron. Here, we 

find that the broad spectral absorbance at ca. 700 nm is short-lived (< 10 ps), and as it decays 

it forms a longer-lived species at ca. 520 nm (Figure 3.31b). As the species ca. 700 nm is 

formed within 1 ps of excitation of P8s/n-TiO2, it is again assigned to the excitonic state, 

although the presence of a population of the electron polaron can also not be ruled out. The 

longer-lived species ca. 520 nm may be assignable to the generation of a hole polaron, which 

is formed when charge injection from P8s to n-TiO2 occurs. The PIA at 520 nm is in-line for 

the reported wavelength of cations of similar organic donor acceptor polymer materials in the 

literature.101–103 Based on the results obtained from TA spectroscopy, visible light excitation 

of P8s on n-TiO2 initially leads to a short-lived excitonic state, at ca. 710 nm, which is able to 

inject an electron into the TiO2 leaving a long-lived (>1 ns) hole polaron state that absorbs at 

ca. 510 nm (Figure 3.32). 

 

Figure 3.32 Schematic diagram showing the proposed mechanism of the formation of photo-generated holes in 

P8s upon photoexcitation with visible light (420 nm), where the photo-generated electron injects into n-TiO2 and 

so leaving the residing hole to potentially be used in water oxidation reactions.  
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In this chapter we have aimed to develop a photoanode for water oxidation using a 

soluble processable polymer. The ability of the photoanodes to generate oxygen was examined 

using a generator-collector electrode method which is described in detail in section 3.4. 

Oxygen detection could not be carried out using conventional approaches (GC-MS) as the 

photocurrents are small. Therefore, electrochemical O2 detection is employed via a dual 

working electrode system developed elsewhere.76,104,105 Briefly, the experimental set up 

reported by Kirner et al. consisted of an adapted set up to that reported by the Mallouk group.76 

It is comprised of two working electrodes, an oxygen producing photoanode as the generator 

electrode, and an FTO collector electrode which is held at a potential sufficiently negative 

enough (-0.6 VAg/AgCl) to selectively reduce oxygen. Both generator and collector electrode are 

positioned at a defined distance from each other, in this case 1 mm, with the use of glass 

Figure 3.33 Schematic diagram of the generator-collector electrode set up for oxygen evolution measurements, 

where FTO and P8s/n-TiO2 are the collector and generator electrodes respectively, and are separated by 1 mm 

glass spacer (a). CV of FTO collector electrode under an atmosphere of air (blue) and nitrogen (black) at 100 

mVs-1, showing removal of oxygen from the cell (b). Oxygen measurement for P8s/n-TiO2, where the FTO collector 

electrode was held at –0.6 V and the P8s/n-TiO2 generator at +0.2 V for the duration of the experiment and 

illuminated with a 420 nm LED on the back face (c). Calibation oxygen measurements using CoOx generator 

electrode that is known to produce O2 with 100% Faradaic efficiency and FTO collector electrode, where the 

generator was held at +0.6 V and switched to +1.6 V for electrochemical oxygen production (d) in 0.1 M phosphate 

buffer pH 7.   
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spacers. The top of both generator and collector electrodes were cut at a 45˚ angle to ensure 

that the electrical contacts, connected with silver paste and epoxy resin, were completely 

isolated from each other, and to also ensure a uniform distance between both electrodes. Both 

generator and collector electrodes were fixed together using parafilm, with the working sides 

facing towards each other, Figure 3.33a. Initial CV analysis recorded under an air atmosphere 

of both collector and generator electrodes, ensured both electrode were functioning correctly. 

Once purged under nitrogen loss of a reduction feature at ~ -0.6 VAg/AgCl owed to the presence 

of oxygen, indicates all oxygen has been removed from the cell, Figure 3.33b. For the 

remainder of the experiment a nitrogen blanket was used to prevent oxygen leaking into the 

cell. Oxygen measurements using a P8s/n-TiO2 generator electrode in 0.1 M KOH, were 

carried out using a 420 nm LED irradiating the back face of the electrode. Experiments were 

carried out in 0.1 M KOH electrolyte under a nitrogen atmosphere. During oxygen 

measurements the P8s/n-TiO2 generator electrode was held at +0.2 VAg/AgCl, whilst the FTO 

collector electrode was held at -0.6 VAg/AgCl. Once the current for both generator and collector 

electrodes had stabilised, the generator electrode was illuminated from the back face using a 

420 nm LED, corresponding to the absorption peak maxima of P8s. Although this 

measurement does show that O2 can be produced by the P8s/n-TiO2 photoelectrode the FE is 

very low (ca. 2 %).  

The low yield of oxygen can be due to inefficient hole transfer to water preventing 

the oxygen evolution reaction from occurring, with holes instead oxidising either a 

contaminant or the polymer itself. This can be overcome by the incorporation of a water 

oxidation co-catalyct (WOC) to increase the rate of extraction of photo-generated holes in P8s 

and use them to oxidised water. CoOx is a suitable WOC for such electrolyte systems,106 and 

was incorporated into P8s/n-TiO2 electrodes via photoelectrochemical deposition to ensure 

CoOx was optimally localised at sites where P8s photo-generated hole are generated.53 A full 

description of the method of deposition of CoOx on the photoelectrode is given in section 3.4. 

Briefly, P8s/n-TiO2 in 0.5 mM cobalt nitrate solution under an argon atmosphere was held at 

+0.2 VAg/AgCl for 5 minutes whilst illuminating the sample with a 300 W Xe lamp, followed 

by a further 12 minutes at +0.1 VAg/AgCl. A change in the CV after deposition, consisting of an 

earlier onset potential, and ca. 6-fold photocurrent enhancement both indicate incorporation 

of the CoOx WOC, Figure 3.34 a and b.  
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Figure 3.34 CV of P8s/n-TiO2 photoelectrode at a scan rate of 100 mVs-1 before (red) and after (black) CoOx  

photoelectrochemical deposition (a). PEC of P8s/n-TiO2/CoOx via back (blue) and front (black) illumination under 

white light chopped illumination (b). CV of P8s/n-TiO2/CoOx prior to oxygen measurements at a scan rate of 100 

mVs-1 (c). CV of FTO generator electrode under an atmosphere of air (red) and nitrogen (black) (d). Oxygen 

detection measurement for P8s/n-TiO2/CoOx showing the generator electrode (top) and collector electrode 

(bottom) response upon irradiation with 420 nm LED with a light intensity of 6.39 mW cm-2 (e). UV-Visible 

absorption spectra of the post experimental electrolyte (0.1 M, KOH) (f). All experiments were carried out under 

and inert atmosphere unless stated otherwise, using 0.1 M KOH electrolyte and a Ag/AgCl reference electrode and 

a Pt counter electrode. 
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PEC was carried out on both the front (through P8s/n-TiO2) and back (through FTO) face, 

where back illumination showed superior photoactivity indicating that CoOx is localised at the 

P8s/FTO interface. As per all oxygen measurements, CVs of both generator (P8s) and 

collector (FTO) electrodes are recorded to ensure normal behaviour of the electrodes and the 

removal of any oxygen within the cell prior to the experiment, Figure 3.34 c and d. After 

incorporation of CoOx WOC, no enhancement in the FE for oxygen evolution was observed 

when irradiated with a 420 nm LED, with a value of ca. 2% being recorded again, Figure 

3.34e. The FEs can be rationalised by oxidation of the polymer due to slow kinetics of hole 

transfer from P8s to the WOC, and so optimisation of the catalyst/polymer interface is 

expected to be key in the optimisation of oxygen evolution.  

3.3 Conclusions 

Photocatalytic water splitting using organic materials is a clean route to producing 

hydrogen and oxygen using non-toxic and earth abundant materials. To date organic materials 

have been extensively studied for their application in photocatalytic hydrogen evolution, with 

little insight into the mechanistic route by which hydrogen is produced for this class of 

polymers. Here, we rationalise the mechanism of hydrogen evolution for two linear polymers 

and the role of solvents in the mixture using TA spectroscopy. Both polymers exhibited similar 

excited state dynamics upon photoexcitation in the UV region, where the polymers display 

dominant activity. Typically, hydrogen evolution is optimal in a H2O/MeOH/TEA mixture. In 

the absence of MeOH/TEA, a short lived excimer state was present at ca. 530 nm, with no 

significant changes in lifetime kinetics upon the addition of MeOH, indicating its role as a 

wetting agent. Upon the addition of TEA, assignment of an electron polaron state at ca. 710 

nm was made due to quenching of the excimer state upon its formation. Charge separation 

was seen to occur > 2 ps, whereby the electron polaron persisted for >3.2 ns, allowing for 

effective electron extraction for hydrogen evolution.  

We then proceeded to develop a water oxidation photoanode using P8s, due its ease 

of solution processability and previous development in photocatalytically active thin films, 

for the production of an overall water splitting device. Photocurrents were significantly 

improved from 0.64 µA cm-2 to 20 97 µA.cm-2 by the incorporation of a n-TiO2 heterojunction, 

improving both charge separation and increased light absorption (> 95%), due to a higher 

surface area and loading of P8s. The use of TA spectroscopy has shown the formation of a 

short-lived hole polaron when irradiated with visible light in water. Although the use of a hole 

scavenger showed utilisation of holes, oxygen measurements yielded negligible oxygen FEs, 

even in the presence of a WOC. This is likely to be due to a lack of ability to utilise photo-
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generated holes, due either (i) self-trapping of holes and/or (ii) short-lived lifetimes for 

electron-hole pairs, preventing sufficient time for hole migration to water for water oxidation. 

3.4 Materials and Methods 

3.4.1 Materials 

Milli-Q water (18.2 MΩ) was used throughout (Millipore Corp). All chemicals were 

purchased from sigma Aldrich, except for P8s and P56 which were synthesised by D. Woods46 

and Dr. R. S. Sprick. Argon and nitrogen were purchased from BOC at pureshield grade N6. 

3.4.2 Methods 

Cleaning of FTO: Fluorine-doped tin oxide (FTO, TEC-15, Pilkington, 14 x 20 mm2) glass 

substrates were cleaned via sonication for 20 minutes in three different solutions: 1% 

helmanex solution, ethanol and water, and rinsed with water between each sonication. It is 

important that FTO pieces are not stacked on top of each other to ensure the FTO is covered 

in solution for efficient cleaning. After drying of the FTO glass substrates with compressed 

air, they were heated in an oven to 400˚C (ramped at 20 ˚C/min) and held for 20 minutes 

before cooling.   

Preparation of planar TiO2 via spray coating: As soon as FTO had been cleaned in the 

furnace it was placed conducing side up on a hot plate which was set to 500˚C. 30 layers of a 

0.2 M solution of titanium diisoropoxide bis(acetylacetonate) in ethanol was sprayed from left 

to right in one motion on the FTO surface to ensure an even coverage. The electrode was 

placed back into the furnace at 450˚C for 1 hour to obtain the anatase phase of TiO2. 

Preparation of nanoporous TiO2 (n-TiO2): Following cleaning of FTO as described above, 

scotch tape was placed at the top and bottom of the conducting face of the electrode, to leave 

only the working area of the electrode exposed. Titanium (IV) oxide paste was placed along 

one of the outer edges of the FTO between both scotch tapes. Using the side of a glass pipette 

the TiO2
 paste was doctor bladed across the FTO surface, resulting in a uniform layer. The 

TiO2 was left to dry in air for no more than 5 minutes, and the scotch tape carefully removed, 

and the electrode placed in the furnace for 1 hour at 450˚C. 

Preparation of P8s/n-TiO2 electrodes: n-TiO2 was left to soak in a solution of P8s (3 mg/mL 

in chloroform) for 48 hours. 

Spin-coating: 30 layers of 3 mg/mL of P8s in chloroform was spin-coated at 3000 rpm for 30 

seconds using a Laurell WS-650 series spin processor. 
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UV-Visible absorption spectroscopy: Spectra were obtained using a Shimadzu 2550 

UV/VisNIR spectrophotometer in absorbance mode. To obtain UV-Visible absorption spectra 

of electrodes, an air background was taken and the electrodes were then placed in the beam 

path of the spectrophotometer. For post experimental solutions a 1 x 1 cm2 quartz cuvette was 

used following a background of 0.1 M KOH electrolyte.  

Contact angle measurements: A Krüss DSA100 instrument was used to perform contact 

angle measurements at room temperature, using a sessile drop to deposit 3 µL droplet of water 

across various positions of the surface of a P8s/TiO2 electrode. The Laplace-Young method 

was used to calculate the contact angles of the water droplet on the surface of the electrode. 

X-ray photoelectron spectroscopy (XPS): XPS measurements were carried out on P8spow 

(powder form) in an ultrahigh vacuum surface science chamber, with hydrogen as the residual 

gas. A PSP vacuum technology electron energy analyser, with an angle integrating ± 10˚, and 

a dual anode Mg Kα (1253.6 eV) X-ray source. The base pressure of the system was 2 × 10-

10
 mbar, and the spectrometer was calibrated using Au 4f7/2 at 83.9 eV. Spectra were fitted 

using Voigt functions after Shirley background removal with a resolution of 0.2 eV. XPS 

measurements were carried out and fitted by J. A. Coca Clemente.  

Photoelectrochemical experiments: Photoelectrochemical measurements were carried out in 

a custom-designed 3 electrode cell. The working electrode was the P8s on an FTO(/TiO2) 

glass substrate connected via a crocodile clip and nickel wire. The reference electrode was 

Ag/AgCl (3.5 M KCl), a counter electrode of Pt wire, and KOH electrolyte (0.1 M, pH 13) 

were used in all experiments.  A palmsens potentiostat was used to carry out electrochemical 

methods. Prior to all experiments the cell was degassed under a stream of argon. 

Photoelectrochemical measurements were carried out via front and back illumination of the 

working electrode using a 300 W Xe lamp with a KG1 filter. The light intensity of the lamp 

was recorded each time using a Thor labs diode in the same position as the sample. 

Photocurrent measurements were recorded via linear sweep voltammetry at 100 mVs-1 and 10 

mVs-1, with the light being manually chopped for 1 second and 3 seconds respectively.   

Femtosecond transient absorption spectroscopy: Determination of the excited state kinetics 

for photocatalytic hydrogen evolution of P8s spin-coated on a glass substrate. TA 

spectroscopy was carried out using a HELIOS spectrometer (Ultrafast systems) PHAROS 

laser (Light Conversion Ltd) operating at 10 kHz coupled to an ORPHEUS optical parametric 

amplifier (Light Conversion Ltd) in tandem with a LYRA harmonic generator (Light 

Conversion Ltd). For photocatalytic hydrogen evolution studies the pump wavelength was 365 

nm (150 µW for P8s and 600 µW for P56). For transient spectroelectrochemistry the pump 

wavelength was 375 nm (600 µW). The spot size of the probe beam was ~100 µm diameter 
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which overlapped with the pump beam, with an optical time delay of 1 s. Samples were 

recorded in a 2 x 1 cm2 quartz cuvette in the required solvent and purged for 30 minutes under 

argon. Data was chirp corrected using Surface Xplorer software.  

For P8s/n-TiO2 a time-resolved multiple-probe spectrometer was used at the Central Laser 

Facility in Rutherford Appleton Labs. TA spectroscopy was carried out using a dual fs and ps 

Thales Laser and fs or ps Spectra Physics Spittfire XP titanium sapphire amplifiers, 

synchronised using a 68 MHz oscillator laser (Femtolasters Synergy), 1 kHz and 10 kHz 

ultrafast lasers were used to measure on the sub-ps to 100 µs and 100 µs to ms timescales 

respectively. Data was collected as an average of 6 cycles in a random order of time delays to 

reduce noise using, a 30 nJ/pulse with a spot size of 200 µm. The excitation wavelength was 

420 nm, and was measured under an atmosphere of air. Data was collected by Dr. A. Gardner, 

K. Saeed and Dr. I. Sazanovich.    

Spectroelectrochemistry (SEC): Measurements were carried out in a 2 x 1 cm2 quartz cell 

containing P8s spin coated on an FTO working electrode, a Ag/AgCl reference electrode and 

a Pt counter electrode in 60 mM phosphate buffer, pH 7, electrolyte under and argon 

atmosphere. TA spectrelectrochemistry was carried out using a HELIOS spectrometer as 

described above and a palmsens potentiostat, with an excitation wavelength of 375 nm and a 

pump energy of 600 µW. UV-Visible spectroelectrochemistry was carried out using a 

Shimadzu 2550 UV/VisNIR spectrophotometer in absorbance mode, and a palmsens 

potentiostat. Spectra were recorded once steady state was achieved at the given potential. 

CoOx photoelectrochemical deposition: P8s/n-TiO2 in 0.5 mM cobalt nitrate solution under 

an argon atmosphere was held at +0.2 VAg/AgCl for 5 minutes whilst sequentially illuminating 

the sample with a 300 W Xe lamp, followed by a further 12 minutes at +0.1 VAg/AgCl. 

Photodeposition was carried out using a light intensity of 62 mW.cm-2 across 315-795 nm.  

Oxygen measurements: Oxygen measurements were carried out using a generator -collector 

electrode method as developed by other groups previously.76,104,105 On either side of the 

collector electrode 1 mm spacers were used, to prevent electrical contact between both 

generator and collector electrodes, and to allow space for electrolyte. FTO used for the 

collector electrode was not pre-treated. A wire was connected to the top left corner of the 

electrodes using conductive silver paste, and once dry covered in epoxy resin. Electrodes were 

then cut in the top right corner to isolate the connections when sandwiched together. 

Electrodes were pressed together with the conducting sides facing each other, and parafilm 

was wrapped around the top and the bottom of the sandwiched electrodes to hold them 

together.   
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 Prior to purging the electrolyte (0.1 M KOH) a CV at 100 mVs-1 was obtained for the 

electrodes. The cell was then purged for 30 minutes with nitrogen, after which a nitrogen 

blanket was kept over the cell for the remainder of the experiment. CV of the collector 

electrode was taken to ensure no oxygen was present within the cell. Here, P8s is the generator 

electrode. It was held at +0.2 or +0.4 VAg/AgCl throughout the experiment. FTO is the collector 

electrode, and was held at -0.6 VAg/AgCl, a potential selective to oxygen reduction. Once steady 

state had been reached by both electrodes, the back face of the generator electrode was 

illuminated with a 420 nm LED, after which the LED was switched off and the current allowed 

to plateau. Faradaic efficiencies were calculated using the equation below, where –QC and QG 

are the areas for the collector and generator electrode respectively. %col is the collection 

efficiency (54 ± 10 %) which was determined by taking the average of 5 oxygen measurements 

using a Co-Pi electrode as the generator electrode. Co-Pi is used as a calibration material as it 

is known to show ~ 100% Faradic efficiency for water oxidation. For these measurements Co-

Pi was prepared via electrochemical deposition in 0.5 mM cobalt nitrate, in 0.1 M phosphate 

buffer at pH 7. The FTO electrode was held at +1.2 VAg/AgCl for 25 minutes, after which the 

FTO electrode had a brown colouring owed to the presence of Co-Pi on the surface. 

Calibration measurements were carried out with the Co-Pi held at +0.6 VAg/AgCl initially, and 

oxygen production was triggered by a potential switch to +1.6 VAg/AgCl. 

FEO2 = (-QC /QG) (1/%col) 

%col =-QC/QG 
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4.1 Introduction 

As discussed in chapter 3, there are relatively few reports of organic photoelectrodes for 

overall water splitting. In this thesis we have explored the use of a linear soluble conjugated 

polymer for the fabrication of a photoelectrode. However, in line with other reports for organic 

photoelectrodes, the electrode was unstable under the working conditions required and very 

little oxygen was detected. In this chapter we explore a different class of organic materials, 

PBI, which can self-assemble to form long-range self-supporting structures that promote 

charge transport making them interesting materials to study for PEC water splitting.  

4.1.1 Perylene bisimide  

Perylene bisimides (PBIs) also known as perylene diimides (PDIs) are polycyclic 

aromatic hydrocarbons (Figure 4.1), and have been extensively explored as a dye, and more 

recently a gelator.1–4 First synthesised in 1934 by Morgan et al.,5 PBI has been extensively 

studied for applications in organic light emitting diodes, solar cells, dyes, field effect 

transistors, pigments, catalysis and fluorescence sensors.6 Their popularity arises from their 

strong visible light absorption, chemical and thermal stability, high quantum yields and 

synthetic tunability.7,8 Of particular interest is PBIs ability to form large aggregated structures 

which are widely used as low molecular weight gelators (LMWGs). 

Figure 4.1 General structure of perylene bisimide. 
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4.1.1.1 PBI Aggregates 

 

PBI monomers readily aggregate, stacking in either a face to face or head to tail 

arrangement to form H- or J- aggregates respectively (Figure 4.2).9 The formation of H- and 

J- type aggregates is typically determined by studying the electronic properties of the gel with 

techniques such as electronic circular dichroism, or more simply UV-Visible absorption 

spectroscopy.10 A blue shift in absorbance maxima is seen for H-aggregates, and a red shift 

for J-aggregates relative to the monomer (Figure 4.2). The exciton model developed by Kasha 

and co-workers rationalise why such a difference in absorbance maxima is observed between 

H- and J- aggregates.11,12 This model assumes weak intermolecular forces between molecules 

within aggregates, and so small electron overlap.11,13 It is therefore assumed that the interaction 

of transition dipoles are the same for the aggregates as they are for the monomer, with a 

perturbation of the spectra due to electron cloud overlap of monomers within an aggregate.11 

Excitation of a PBI monomer gives a transition from the ground state to an excited state, but 

when PBI monomers aggregate, the excited state splits into two exciton states represented by 

Eʹ and Eʹʹ in Figure 4.3. As the transition dipole moment from the ground state to Eʹʹ has an 

overall zero transition moment, it is an allowed transition, as opposed to Eʹ which is 

forbidden.14 For H-aggregates the allowed transition is higher in energy due to repulsion 

between the overlapping in-phase dipoles, giving rise to a blue shift in comparison to the 

monomer. Whereas for J-aggregates a red shift in the UV-Visible absorption spectra is 

observed, due to the in-phase transition dipoles being attractive due to the geometric alignment 

of the dipoles lowering the energy. Figure 4.3 shows an angle greater than or less than 54.7˚ 

Figure 4.2 The purple blocks represent a PBI monomer unit and show the arrangement of H- and J- aggregates, 

where H-aggregates arrange in a face to face arrangement, and J-aggregates in a head to tail arrangement. The 

π-π interaction between PBI units is shown above, which forms an electron conductive pathway. Figure reproduced 

from Chem. Soc. Rev., 2014, 43, 5211–5233.10 
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(i.e. between the polarization axes of molecular centres (slipping angle, θ)), which gives rise 

to H- and J- aggregates respectively.15 It demonstrates how this affects the repulsion between 

dipoles, and therefore the energy of the allowed (solid line) and forbidden (dotted line) 

transitions. 

Typically, three vibronic transitions can be seen within the S0-S1 electronic transition due to 

the 0-0ʹ, 0-1ʹ and 0-2ʹ vibronic transitions. The oscillator strength of each vibronic mode is 

dependent on the degree of overlap between the vibrational ground state and excited state in 

accordance to the Franck-Condon principle (Figure 4.4). Typically PBIs form H-aggregates, 

due to the favourable interactions between the closely stacked aromatic groups, making a high 

degree of overlap giving a larger increase in enthalpy upon formation.16 To date there are few 

reported PBIs forming J-aggregates, but many studies have achieved the formation of the H-

aggregated structure.17–20 Modification of the PBI core unit is a popular route to controlling 

structure. In some cases PBIs have been reported to form both H- and J- type aggregates, by 

careful consideration of the solvent and hydrogen bonding sites, and modifications of the 

substituent with bulky groups to supress π-π stacking.30,32,33 Yan et al. have altered the PBI 

core with either a butadiynylene (PBP) or ethynylene (PEP) linking PBIs together in a series 

of oligomer lengths from 1 PBI unit up to 3 PBI units.16 PBP was seen to give H-aggregates, 

whereas PEP gave rise to J-aggregates in the monomer and oligomer forms. The drastic 

differences in stacking was attributed to the slipping angle, θ, for both types of oligomer being 

close to that of the critical angle 54.7˚, demonstrating how a small variation in θ for PEP and 

Figure 4.3 Exciton energy band diagram for a monomer and dimer with co-planar transition dipoles which are 

interconnected by angle θ. Allowed transition dipoles (solid line) are highest in energy when θ > 54.7 ˚, whereas 

forbidden transitions (dashed line) are highest in energy when θ < 54.7 ˚, showing θ changes from 0 ˚ to 90 ˚ the 

energies of exciton states interchanges. Figure taken from Pure Appl. Chem., 1965, 11, 371–392.15 



Chapter 4  

150 

 

PBP oligomers, can alter the type of aggregate formed.16 The high degree of π-π stacking and 

orbital overlap between PBI molecules within both H- and J- type aggregates, gives rise to the 

presence of a conductive pathway which makes PBI aggregates ideal materials for applications 

as photoelectrodes, OPV devices and field effect transistors. 

 

4.1.1.2 Low molecular weight gelators 

Low molecular weight gelators (LMWG) are small molecules that can self-assemble 

to form solvent rich gels when triggered.23 Self-assembly results in the formation of a 

conductive pathway, and as a result PBI-gelled materials have potential applications in solar 

energy. 

Typically, LMWG are suspended or dissolved in a solvent, and upon the application 

of a trigger the monomeric LMWG self-assembles to form less soluble fibres via hydrogen 

bonding, π-π stacking and ion paring. The fibres continue to aggregate to reduce unfavourable 

interactions with the surrounding solvent, and go on to form an entangled cross linked self-

supported gel network, with the ability to trap large amounts of solvent through surface tension 

and capillary force, resulting in solid like properties (Figure 4.5).24 A hydrogel or organogel 

is formed when the liquid phase used in the gelation process is water or an organic solvent 

respectively.23 If left to dry, typically ~5% of solvent is retained within the supramolecular 

structure, and a xerogel is formed.8 For gelation to successfully occur it is important that 1D 

growth of the fibres is favoured, as this ensures the formation of aggregates that can go on to 

Figure 4.4 Franck Condon energy principle diagrams for an anharmonic oscillator with a bond length of r for 

vertical vibrational transitions from the ground state v = 0 to v’ = 1 (a) and v’ = 2 (b), showing the favoured 

transitions are those with the strongest overlap of wavefunctions from ground state to excited state.   
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form a cross linked matrix.24 The use of PBI gelled materials therefore allows for the formation 

of polymer materials with different solvent and interface environments. 

 

The application of a trigger which reduces the solubility of the LMWG, results in self-

assembled aggregates, and there are many factors which can affect gel properties from the 

molecular scale through to the bulk meaning the fabrication of gels is not trivial. The 

preparation method of LMWG greatly influences the properties, therefore experimental 

accuracy is critical to ensure reproducibility of gelation on a molecular scale. There are five 

commonly employed gelation trigger methods, and these are briefly described below: 

 

1. pH switch: This utilises the change in solubility of the gelator upon 

protonation/deprotonation of basic or acidic groups present in the LMWGs resulting 

in gelation, and this common trigger for hydrogels is used throughout this chapter. 

There are different methods by which a pH switch can be applied, such as the use of 

HCl vapour to lower the pH of the local surrounding environment. This approach 

often results in less reproducible gels as the rate of gelation is controlled by the 

diffusion of HCl which is hard to keep constant. The top solution/air interface gels 

first, as the HCl vapour is in direct contact with the LMWG solution, whereas below 

the solution/air interface gelation occurs more slowly due to HCl needing to diffuse 

through the top layers. One approach in which gelation homogeneity can be achieved, 

is by hydrolysis of sugars and anhydrides such as glucono-δ-lactone (GdL) whereby 

a slow and uniform pH lowering is achieved, resulting in gelation at the same rate to 

Figure 4.5 Cartoon demonstrating the “bottom up” gelation process of LMWGs in a free flowing solution to a 

self-supporting matrix of cross linked fibres upon the application of a trigger. Figure adapted from Chem. Soc. 

Rev., 2013, 42, 5143.3 
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yield reproducible molecular stacking and aggregates.2325 However this leaves 

residual GdL within the structure. 

2. Temperature switch: A decrease in temperature below the solution-gel transition 

temperature stabilises weak non-covalent interactions formed between monomers 

giving rise to the 1D growth of fibres.23 If the gel is reheated, annihilation of the gel 

occurs resulting in the starting LMWG monomer solution.  

3. Solvent switch: Concentrated solutions of the gelator are prepared in an organic 

solvent which can dissolve the gelator. A second anti-solvent is then added triggering 

gelation,26 and due to the promotion of repulsive interactions a decrease in solubility 

with surrounding solvent causes aggregation and hence the growth of a 1D fibre.27  

4. Enzyme switch: This is typically used with small hydrophobic aromatic gelators.28 

The use of an enzyme can be used to promote gelation in two ways (i) to produce a 

peptide bond, or (ii) to cleave a bond rendering the gelator more hydrophobic.29,30  

5. Salt switch: Metal-ion gelation occurs upon the binding of peptides to a heavy metal 

ion such as zinc, mercury and lead. 31 Metal-salt formation causes a conformational 

change from the unfolded to the folded states prompting self-assembly.32 Control of 

the gel structure (e.g. the degree and type of folding) is possible by the use of metals 

having different co-ordination sites and geometries.32 

4.1.1.3 Studying supramolecular structures 

SANS is a particularly useful technique for gels, as unlike other structural analytical 

methods it allows for analysis in the wet state, and has been used as a technique for probing 

primary fibres within gels.  Mears et al. carried out an extensive study on how the structure of 

a gel changes upon drying using a variety of imaging techniques, in order to address whether 

or not it is acceptable to assume drying has little effect upon the structure.33 Xerogels were 

prepared by air drying or freeze drying a hydrogel, and showed a collapse in the network for 

air dried xerogels. Freeze drying resulted in an aerogel type material, where the liquid phase 

of a gel is removed and replaced with a gas, resulting in no or little shrinkage/collapsing of 

the gel network. Xerogels prepared via freeze drying resembled an aerogel network, which is 

more open and more clearly defined as opposed to the collapsed network obtained by air 

drying. Data obtained from freeze dried xerogels concurred with a decrease in cylinder 

dimensions as for the air dried xerogels.33 Mears et al. clearly demonstrated that a change in 

fibre dimensions occurs upon drying, and showed that SANS is a technique that has the ability 

to probe the primary fibre network. In contrast, other spectroscopic techniques, such as atomic 

force microscopy and scanning electron microscopy (SEM), are more suited to the study of 

larger aggregated structures.33 
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Draper et al. have also used SANS to study how different methods of pH gelation 

affect the mechanical properties of a hydrogel on the macro- and micro- scale, and how the 

chosen gelation method affects the homogeneity of the gel produced.25 Various pH triggers 

were studied, HCl, GdL, acetic anhydride, glutaric anhydride, diglycolic anhydride and maleic 

anhydride. Gelation was triggered by mixing the acid into a basic solution of LMWG. SANS 

was used to understand the difference in primary fibres formed. For gels formed with HCl, 

maleic anhydride and diglycolic anhydride, rapid gelation resulted in densely clustered regions 

of network fibres, whereas GdL, acetic anhydride and glutaric anhydride, led to slow gelation 

resulting in evenly distributed cross links within the fibre network.25 Indicating that the rate 

of which gelation occurs has a profound effect upon fibre formation. It is therefore important 

to ensure the preparation conditions of a gel are consistent, as parameters such as rate of 

mixing, concentration, gelation trigger, temperature and solvents used can all affect the gel 

network obtained.24  

4.1.1.4 PBIs for solar energy conversion 

The ability of PBIs to π-stack results in the formation of extended structures. Coupled 

to their strong light harvesting abilities, they have been extensively studied for their use in 

solar energy conversion technologies. Direct excitation of the PBI often leads to initial excited 

state generation, and a suitable electron donor (hole acceptor) site needs to be present to enable 

charge separation, and allow electron transport through the PBI structure. However, efficient 

charge separation has proven to be problematic due to the tendency for PBIs and its derivatives 

to aggregate, resulting in fast excimer formation as opposed to charge separation.34 Once a 

donor-acceptor system has been developed, PBIs have been shown to have efficient carrier 

migration.46–49 In the absence of such a donor acceptor structure, excimer states are short lived 

(ps-ns).  

Figure 4.6 Cartoon showing self-assembly of a donor-acceptor system, allowing control over charge separation 

due to the formation of electron and hole conducting pathways. Donor (2) and acceptor (3) groups are often used 

to make donor-acceptor (1) molecules, which aid the synthesis of ordered structures and give increased charge 

separation. Figure taken from Chem. Sci., 2015, 6, 402–411.37 
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Hartnett et al. have studied the charge carrier kinetics of donor-acceptor molecules, where 

diketopyrrolopyrrole (DPP, donor) was attached to two perylenediimides (PBI, acceptor) to 

give PBI-DPP-PBI, using TA spectroscopy (Figure 4.6).37 The photophysics and charge 

separation of PBI-DPP-PBI were followed both in solution and as a solid film. In a thin film, 

charge separation occurred under 250 fs to form PBI•--DPP•+,37 whereby charge recombination 

occurred via multiple pathways due to the presence of various different stacking 

environments. The different recombination rates are attributed to inter- and intra- molecular 

charge recombination pathways occurring on the 50 - 340 ps timescale, where 10% of excited 

population persists for ~ 6 ns.37 By annealing the films with solvent vapour to obtain films 

which had a higher degree of order, the formation of long lived free charge carriers with 

lifetimes > 6 ns was achieved.37 The high degree of ordering in donor-acceptor systems for 

the generation of free charge carriers has been shown to be highly important. Wu et al. have 

developed a Guanine (G) -quadruplex based organic framework, consisting of an electron 

donating G-quartet which is made up of guanine capped naphthalene or perylene based 

electron accepting groups, Figure 4.7.35 The 2D sheets π stack in such a way that mixed 

stacking of donor and acceptor segments are minimised, to prevent fast charge recombination, 

and so charge separation should be improved. TA spectroscopy showed the presence of long 

lived charge carriers, which were seen to be mobile over many sites in the organic framework. 

Upon visible light excitation of a G-PBI, a broad species was present at 700 nm, owed to the 

formation of PBI•- which is well reported in the literature.35 The lifetime of the decay for the 

charge separated state species is consistent of a fast and slow recombination pathway, owed 

to recombination of G•+- PBI•- and the presence of free charge carriers, which had a lifetime 

on the microsecond timescale. Due to a high degree of ordering within the organic framework, 

~ 30% of the charge separated state formed long-lived free charge carriers.35 
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Figure 4.7 Synthetic preparation of G-quadruplex organic framework with naphthalene or perylene bisimides. The 

framework π-stacks in such a way that stacking of donating and acceptor segments are segregated allowing for a 

very ordered framework aiding charge separation for the generation of free charge carriers. Figure taken from 

Nat. Chem., 2017, 9, 466–472.35 

To further reduce recombination of charge carriers, the generation of triplet excited 

states prior to charge separation via singlet fission is of interest, as the long lifetime of triplet 

states may increase the probability of charge separation.39–41 The generation of triplet states 

have been reported for slip stacked co-facial arrangement of PBIs with transient features at 

~510 and ~530 nm.39 It has been shown that an x-axis offset of 3.0-4.5 Å between co-facially 

stacked PBIs results in > 100% triplet yield, as singlet fission occurs by the conversion of one 

single excited state into two triplet states,41 in comparison to < 1% in monomeric PBI due to 

slow spin orbit induced intersystem crossing.39,42,43 Wasielewski and co-workers have shown 

that triplet state generation can be induced by simply restricting the distance and orientation 

of PBI dimers and trimers with the use of a rigid bridging unit, xanthene.44 Other ways in 

which triplet states have been formed are by the addition of heavy metal atoms, and 

bromination to promote intersystem crossing.45–47 
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There are relatively few reported self-assembled hydrogelators reported in the 

literature that exhibit photoconductive properties. Therefore, it was an important step for the 

community when Roy et al. reported a water soluble LMWG in 2012.4 PBI was functionalised 

with L-tyrosine, and the hydrogelator formed via a temperature switch between pH’s 5-9. 

Photoconductive studies with PBI•- formation focused on the xerogel, where a 

photoconductive response was seen under both visible and white light illumination, indicating 

that light induced charge separation had occured.4 Following on from Roy et al. many different 

amino acid functionalised PBIs have been synthesised.48,49 When PBI amino acids are gelled 

long range supramolecular conductive pathways are formed, and upon gelation of amino acid 

PBIs the supramolecular structure is stable in aqueous conditions (Figure 4.8a). PBI 

functionalised with amino acids potentially provides a way to use PBIs as photoanodes, 

without the need for a metal oxide support which have been used in past studies.50 The 

acceptor-donor-acceptor nature of this class of PBI hydrogels can aid charge separation as 

electrons will localise on the PBI core and holes on the amino acid side groups.51 This chapter 

reports some of the first studies of a self-assembled organised photoanode for water oxidation 

that uses an internal donor-acceptor structure. 

 

 

Figure 4.8 Schematic representation of the proposed amino acid functionalised PBI photoanode to be explored 

here, demonstrating the extended electron transport through the network upon generation of an electron-hole pair 

(a) and the conventional use of PBI as a dye molecule bound to the metal oxide surface, SnO2 or WO3, which does 

not make use of PBIs abilities to self-assemble into large conductive structures (b).  
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4.1.1.5 PBI-amino acid materials 

Since their discovery a large amount of work has been invested into understanding 

the synthetic design, photoconductivity and charge transfer pathways of PBI amino acid 

materials, predominantly in the form of a xerogel.8,52,53 Draper et al. have recently reported a 

series of amino acid functionalised PBIs (Figure 4.9), where although a difference in 

photoconductivity was reported for dried films of different amino acids, dominant 

photoactivity occurred when illuminated with UV light (365 nm).49 The dried films are 

prepared from solutions of PBI-amino acids at high pH. Although in this study the PBIs have 

not been gelled, they still contain large supramolecular structures due to concentration induced 

aggregation. They determined the concentration of the radical anion using electron 

paramagnetic resonance (EPR), which showed that quenching of the PBIs could occur 

depending upon the morphology of the network. EPR measurements also showed that the PBIs 

with the lowest concentration of radical anion had the lowest photoconductivity, and the PBIs 

which had the largest concentration had the highest photoconductivity. This is thought to be 

due to a change in the length of fibres and differences between the aggregates formed.49 

Previously, the same behaviour had been reported for PBI xerogels functionalised with 

alanine, histidine, phenylalanine and valine.8 In all cases dried films of the PBIs showed 

photoconductive behaviour, and formation of PBI•-  under UV light only.49  

Recently Castilla et al. explored how the self-assembly of two oligo(p-

phenylenevinylene)s (OPV3)-based hydrogelators with a PBI based hydrogelator effects the 

semiconductor properties upon a pH trigger using GdL.54 Photoconductive studies of the 

OPV3 PBI based xerogels showed greatest activity at 400 nm excitation, demonstrating that 

Figure 4.9 Amino acid functionalised PBI with various amino acid R groups studied by Draper et al. Figure 

reproduced from Chem. - A Eur. J., 2018, 24, 4006–4010.49 
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visible region activity is accessible unlike previous reports showing dominant UV activity.8,54 

An interpenetrating network of donors and acceptors is expected to aid charge transport 

through the network, hence increasing the device performance due to the formation of long 

lived charge separated states. The excited state dynamics of a dried film of PBI functionalised 

with alanine (PBI-A) under UV (365 nm) and visible (490 nm) excitation was reported by 

Walsh et al., demonstrating how charge carrier kinetics can be modified by the solvent 

environment of the LMWG.7 UV excitation saw the generation of a PBI•--A charge separated 

state, as opposed to a short lived excited state when under visible excitation with  dried films.7 

The Adams group have also demonstrated that the presence of the PBI radical anion is linked 

to photoconductivity,8,49,53,55 and it is therefore the reason why visible region activity is 

hindered. It was found that changing the local environment from air to that of a more polar 

one such as methanol, the photoconductivity for PBI-A under visible light irradiation 

increased due the formation of a charge separated PBI•--A state.7 Therefore, a change in 

dielectric environment is expected to aid efficient electron hole pair separation, due to a higher 

dielectric environment stabilising photo-generated charges within the aggregated structures.7  

To date, the majority of studies have explored the photoconductive behaviour of 

supramolecular structures within dried solutions and xerogels of PBIs, as the presence of water 

limits the electrochemical potential window. However, it is proposed that a water rich 

environment may promote visible light induced charge separation, making PBI-amino acid 

hydrated gel materials interesting water splitting photoanodes.  

4.1.1.6 PBIs for water splitting 

In addition to being promising OPV materials, PBIs are beginning to receive attention 

as potential solar fuel materials.56 In particular they are being used for water oxidation, 

including the fabrication of heterojunctions, and incorporation of well-known WOCs.57,58 

Ronconi et al. have shown facile transfer of electrons from [(N,N′-bis(2- 

(trimethylammonium)ethylene) perylene 3,4,9,10-tetracarboxylic acid bisimide) (PF6)2] dye 

to WO3 which acted as an electron acceptor, Figure 4.8b, with charge separation only 

occurring at the WO3-PBI interface.57 To utilise the photo-generated holes in the PBI dye, IrOx 

nanoparticles were added to the system in various ways, such as drop casting, spin coating and 

soaking. They found that spin coating and drying in warm air gave the highest photocurrent, 

which resulted in a factor of 6 increase in photocurrent to 70 µA/cm2 in pH 3 buffer under 1 

sun illumination, demonstrating that efficient hole transfer to IrOx occurred using this 

synthesis method.57 Kirner et al. have also explored a similar route and shown that anchoring 

of a perylene diimide dye, N,N′-bis(phosphonomethyl)-3,4,9,10-perylenediimide (PMPDI), 

on TiO2 as opposed to on WO3 enabled higher dye loading, due to more favourable surface 
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interactions with the more basic TiO2 surface. Although TiO2 had shown to give optimal 

loading, PBI/TiO2 materials gave the lowest photocurrent and SnO2 the highest (~55 and 270 

µA cm-2 respectively in pH 7 buffer with a hydroquinone electron donor), this was proposed 

to be due to a low yield of charge injection from the dye into TiO2.59 CoOx was deposited into 

the SnO2/PBI structure which although led to a decrease in photocurrent saw improved oxygen 

efficiencies of 31%. The decrease in photocurrent is thought to be due to increased 

recombination, due to CoOx being absorbed on the surface of SnO2, as opposed to its 

deposition at suitable sites, promoting unfavourable back reactions.59 

Although PBI gel photoanodes had not been largely explored prior to the start of this 

work, perylene gels have been used for both photocatalytic water oxidation and hydrogen 

evolution in the presence of sacrificial donors. In 2014 Weingarten et al. first reported 

perylene monoimide (PMI) gels for photocatalytic hydrogen evolution, where they 

synthesised a PMI chromophore amphiphile (CA).60 A Ni co-catalyst was used for H2 

evolution experiments, whereby the Ni catalyst was added into a solution of PMI-CA, 

resulting in the formation of a hydrogel which exhibited higher hydrogen evolution activity in 

comparison to a xerogel and powder.60 The same group have subsequently demonstrated how 

a change in packing affects the photocatalytic activity of this class of materials by altering the 

length of the CA unit.61,62 Recently, the Adams and Cowan groups have developed an 

alternative way in which self-assembly can be controlled, by fine tuning the pH of LMWG in 

solution. At high pHs low concentration solutions of PBIs functionalised at the imide position 

with L-phenylalanine (F) existed primarily as free PBI-F molecules in solution, whereas at 

low pHs self-assembly and gelation was favoured, giving rise to long ranged self-assembled 

networks and superior hydrogen evolution rates under UV irradiation.63 

To the best of our knowledge there is only one past report where a PBI gel was used 

as a water oxidation photoanode. In 2014 Kirner et al. reported a system where PBI 

supramolecular structures were both the light absorber and charge (exciton) transporting 

medium. They used a functionalised PBI gel, which self-assembled via π stacking, in 

conjunction with a co-catalyst for water oxidation, Figure 4.10.50 The photoelectrode was 

prepared by spin coating the dye onto an ITO substrate from a basic solution; once dry it was 

then dipped into an acidic solution. By doing so the phosphonate groups on the dye were 

protonated, resulting in the dye being insoluble when placed into water. CoOx was used as a 

co-catalyst, and was photoelectrochemically deposited. A Faradaic Efficiency of 80 ± 15% 

and a photocurrent of 150 µA cm-2 at positive bias was reported, although the stability of the 

photoanode was poor. This is a remarkable result. However, the photocurrent was limited by 

the use of the ITO/PBI interface as the site for charge separation, meaning only very thin films 

could be studied. Furthermore, a high positive bias of +1.1 VAg/AgCl (pH 7) was required to 
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achieve water oxidation. However, these findings are of particular significance as they were 

the first report of a photochemically driven system for water oxidation using a single layer 

organic semiconductor with a co-catalyst.50 

4.1.3 Scope of this chapter 

This chapter explores the viability of PBI-A (alanine) gels for use as water splitting 

photoanodes, Figure 4.11. The aim is to assess: (i) If the high dielectric environment of the 

hydrogel will enable visible light driven charge separation, potentially with the amino acid 

acting as the electron donor. (ii) To test the efficiency of electron (e-) transport through the 

PBI materials. This will provide validation (or otherwise) of the use of the large (micron scale) 

fibres as a low cost photoanode. (iii) To test if coupling of a water oxidation electrocatalyst 

evolves light driven water splitting.  

Figure 4.10 Diagram showing the self-assembly of N,N′-bis(phosphonomethyl)-3,4,9,10-perylenediimide on ITO 

with the addition of a CoOx co-catalyst for water oxidation. Figure taken from ACS Appl. Mater. Interfaces, 2014, 

6, 13367–1337.50 

Figure 4.11 Cartoon representation showing electron transport through the PBI core units and hole migration 

onto an amino acid donor to carry out water oxidation. 
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4.2. Results and Discussion  

All samples were prepared using the following procedure, unless stated otherwise. PBI-A 

was gelled directly onto cleaned FTO, which had quick drying epoxy resin on the outer 

perimeter of the FTO to form a well for the PBI-A solution. The area of the well was 150 mm2. 

The FTO substrates were placed in a petri dish containing 8 layers of blue roll dampened with 

water, and 20 µL of 7.5 mg/mL PBI-A solution was evenly deposited into each well. 40 drops 

of concentrated HCl were placed around both the outer corners of the petri dish and near to 

the PBI-A electrode. The petri dish was sealed with parafilm, allowing for an acidic 

atmosphere to form. Sample preparation is discussed in further detail in section 4.4.2 of this 

chapter. Xerogels are hydrogels dried in air for ≥ 20 hours. Throughout this chapter a 

rehydrated xerogel is defined as a xerogel that has rehydrated in 0.1 M KCl (pH 4) for 1-4 

hours, with the exception of SANS experiments due to longer measurement times required 

(50 hours). 

4.2.1 Gel formation, structure determination and water content 

UV-Visible absorption spectroscopy reports on the electronic structure of materials, 

and is an excellent probe to follow the gelation process, where the self-assembled structures 

form. Time resolved in-situ gelation of a PBI-A solution via a HCl pH trigger shows a blue 

shift in the UV-Visible peak maxima. In both the high concentration solution and the gel the 

low intensity of the 0-0ʹ vibronic transition compared to the 0-1ʹ and 0-2ʹ is indicative of the 

presence of aggregated structures, and the lack of a blue shift demonstrates they are H-

aggregates (Figure 4.12a).64 This is characteristic of the formation of H type aggregates 

stacked in a cofacial arrangement.48 The formation of aggregates is also indicated by the 

broadening of features in the UV-Visible absorption spectra due to molecules being stacked 

closely together.48 The formation of aggregates is favoured as they give rise to conductive 

pathways making them ideal candidates for their use as photoanodes. 37 Hydrogel films are 

water rich, and drying in air for ≥ 20 hours results in a 95% water loss to form a xerogel 

structure as measured by TGA. Heating of the PBI-A xerogel under an argon atmosphere up 

to 200˚C shows approximately a 5% mass loss between 0 – 120˚C, establishing approximately 

5% water is retained upon drying (Figure 4.12b). 
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A change in the molecular stacking within PBI-A fibres was seen for a hydrogel and 

xerogel via UV-Visible absorption spectroscopy (Figure 4.13a). Although there is a change in 

packing upon drying of a hydrogel, the peak maxima for both hydrogel and xerogel are similar, 

within 10 nm of each other. For a hydrogel (and xerogel) three transitions are observed at 579 

(581) nm, 499 (507) nm, 467 (469) nm respectively, due to the 0-0ʹ, 0-1ʹ and 0-2ʹ vibronic 

states (Figure 4.13).7,8 Therefore the electronic properties of the perylene cores in both films 

are expected to be similar. The peak maxima for each vibronic state in the visible region was 

determined from Lorentzian fitting of the UV-Visible absorption spectra (Figure 4.13b and c), 

which also permitted the determination of the relative area contributions for each vibronic 

state for the gels, Figure 4.13d. The dominant band for both gels is from the 0-1ʹ vibronic state 

transition within S1. For a xerogel the second largest band is from the 0-0ʹ vibronic state, with 

the smallest contribution from the 0-2ʹ state, whereas for a hydrogel there are similar 

contributions of 0-0ʹ and 0-2ʹ vibronic states. The difference in vibronic ratios between gels 

confirms a difference in H-aggregated structures of PBIs upon drying, likely due to the 

hydrated aggregated network collapsing and altering the stacking within the fibres,33 and is 

discussed in detail later in the chapter. A slight red shift in peak maxima upon drying of a 

hydrogel indicates an increase in slipped stacking between perylene units within fibres, which 

represents a smaller degree of face to face stacking in a xerogel than the hydrogel.65 

Figure 4.12 In-situ gelation of PBI-A with the application of a pH trigger. The experiment was carried out in a 2 

x 1cm2 quartz cell, with wetted blue roll at the bottom of the cell, and wetted blue roll with small amount of HCl 

on at the top to seal the cell in order to create an acidic atmosphere to trigger the gelation process (a). TGA 

analysis of a hydrogel left to dry in air for 20 hours to form a xerogel, showing a mass loss of water from the 

xerogel upon heating to 120˚C (b). 
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When a PBI-A xerogel is placed into pH 4 electrolyte rehydration occurs (as high as ca.70 -

80% wt. water66–68). However, it is evident that the structural difference between a hydrogel 

and xerogel is not reversible (Figure 4.14a). A small but distinct change in the UV-Visible 

absorption spectrum occurs within the first 10 minutes of rehydration, indicating a change in 

local structure of the PBI-A aggregates, due to the partial rehydration of the xerogel. Soaking 

of a xerogel for prolonged periods of time in 0.1 M KCl electrolyte (pH 4) for >50 hours, 

showed further small structural changes in the UV-Visible absorption spectra (Figure 4.14a). 

It is therefore clear that the collapsed gel network is not fully restored by rehydration. 

 

 

Figure 4.13 UV-Visible absorption spectra of a 20 µL 7.5 mg/mL film of a xerogel (red) in air and hydrogel (black) 

in pH 4 KCl (a). Lorentzian spectral fitting of a xerogel (b) and hydrogel (c); raw data is shown in black, and 

individual Lorentzian peaks (red, green, blue) and overall fit line (cyan) are shown. The difference in relative area 

of each vibronic state contributes to the UV-Visible absorption spectra of a xerogel (red) and hydrogel (black) (d). 
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UV-Visible absorption spectroscopy allows for insight into the stacking of PBIs within 

aggregates, indicating a small change in the aggregated structure of the gels on the molecular 

scale, but it is not possible to determine the fibre properties directly from these measurements. 

Scanning electron microscopy (SEM) has shown fibre bundles on the micron scale (Figure 

4.15), but SEM does not allow for studies of the hydrated gel. SANS on the other hand, allows 

for insight into the structure on a larger scale ranging from a couple of nanometres to hundreds 

of nanometres, providing information into the primary fibre structure and size. Similarly to 

UV-Visible absorption spectroscopy, SANS can be applied to both hydrated and dry samples, 

and is therefore an ideal structural probe into the difference of the primary fibres of PBI-A 

gels in different hydrated states.33 A customised flexible cylinder and power law model in 

SasView was used in the fitting of SANS data collected by myself and was fitted by Dr. L. 

Mears.  

Figure 4.14 UV-Visible absorption spectra of a 20 µL 7.5 mg/mL xerogel (black) rehydrated in water pH 4, at 

various time intervals over a 3.5 hour period and after 52 hours of soaking (red) (a). UV-Vis absorption spectra 

overlay of xerogel prior to soaking (red), after soaking for 52 hours (blue) and of a 7.5 mg/mL 20 µL hydrogel 

(black dashed line) (b). 

Figure 4.15 SEM images of a PBI-A xerogel on FTO (a) and with a 10 nm thick layer of chromium (b) to 

reduce a build-up of charge on the surface resulting in clearer images. Fibre bundles smaller than 1 µm 

are present within the gel network. The scale bar on both images represents 1 µm. 
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Figure 4.16 SANS data for hydrogels of 1.0 mm (square), 0.5 mm (circle) and 0.25 mm (triangle) thickness (a). 

Xerogels with starting thickness of 1.0 mm (filled square) and 0.5 mm (open squares) (b). 1.0 mm xerogel (black 

squares) rehydrated with electrolyte (0.1 M KCl, pD 4 in D2O) for 7 (red diamonds), 23 (green triangles) and 50 

(open squares) hours (c). Overlay of a 1.0 mm hydrogel (black), rehydrated xerogel after 50 hour rehydration 

period (blue) and xerogel with a 1.0 mm starting thickness (red), raw data is shown by open squares and fits are 

shown as red solid lines (d). For hydrogels and rehydrated xerogels the remainder of the 1 mm demountable cell 

thickness was filled with 0.1 M KCl electrolyte, pD 4, in D2O. Data was fitted to a custom flexible cylinder and 

power law model within the SasView package. The fits for each data set are given as solid lines. 

SANS data plots for a hydrogel, xerogel and rehydrated xerogel are shown in Figure 4.16. 

Even from the raw data it is apparent that differences in the scattering patterns exist. Raw data 

is shown as scatter plots, and solid lines are the fits of the data to a customised flexible cylinder 

model, which are tabulated in Table 4.1-Table 4.3. The flexible cylinder model has been 

successfully used to model SANS data for similar hydrogel materials,24,33,69,70 and also dried 

films containing supramolecular structures of PBI-A. Full details of the fitting model are 

included in the introduction to SANS (chapter 1.4.2). 
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Table 4.1 SANS fitting parameters for a hydrogel, xerogel and rehydrated xerogel each of 1.0 mm thickness. Both 

the hydrogel and rehydrated xerogel the cell was filled with 0.1 M KCl electrolyte, pD 4, in D2O. The rehydrated 

xerogel data was obtained after 50 hours of rehydration. A custom flexible cylinder combined with a power law 

model within SasView package was used for the fitting of the data.71 

 

Parameters associated with Porod’s power law show distinct changes in fibre dimensions upon 

the drying of a hydrogel, Table 4.1. The radii of segments within the fibres decreased (ca. 

50%) upon drying, and the apparent contour lengths are shortened by a similar amount. 

Although contour length is typically described as the length of a polymer chain when fully 

extended,72 in a cross-linked fibre network the apparent contour length modelled within the 

SANS data gives a measure of the polymer length between crossover points, Figure 4.17. 

Therefore the shrinking of the previously hydrated fibre leads to a more compact, rigid 

network, due to the loss of water and an increase in the rigidity of the fibre network and a 

greater level of overlap between fibres in the xerogel.  

 
Hydrogel Xerogel 

Rehydrated 

Xerogel 

Power law scale (/10-5) 8.0  1.0 0.3 ± 1.0 5.1 ± 1.0 

Power law value, N 2.3 ± 0.2 2.6 ± 0.2 2.4 ± 0.1 

Cylinder scale (/10-5) 0.7 ± 0.2 0.1 ± 0.03 0.5 ± 0.01 

Radius, R (nm) 5.9 ± 0.2 3.1 ± 0.3 5.0 ± 0.5 

Kuhn length (nm) 14.3 ± 5.0 7.6 ± 5.0 5.2 ± 3.0 

Apparent contour length, 

L (nm) 
57.4 ± 5.0 31.0 ± 11.0 76.0 ± 7.0 

Background (cm-1) 0.0320 ± 0.001 0.0050 ± 0.0002 0.00078 ± 0.0004 

χ2 3.8 1.5 2.1 
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Analysis of changes in the Kuhn length upon drying are more challenging as the magnitude 

of the error on the fitted value is greater than the change in each case. The Kuhn length, a 

measure of the length of sub-units within a fibre, may be expected to be less sensitive to 

hydration than the apparent contour length, given the reasonable level of similarity between 

the UV-Visible absorption spectra upon drying which indicated no large change (e.g. from H- 

to J- aggregation) in the local structure of segments. The Kuhn length appears less sensitive 

to drying as the values reported here are within error for a hydrogel and xerogel, indicating 

the length of sub-units within the fibre are unaffected by the presence of water within the fibre 

network.  In principle the degree of crossover and overlap between fibres in the samples can 

also be evaluated using the power law value, N. A power law value of 2-3 indicates a clustered, 

cross-linked network and all samples are within these limits.73 Values closer to 3 indicate a 

more dense compact network, with higher levels of cross linking.25 However, again the 

relatively large errors associated with the fitted value of N prevent its interpretation. It is also 

not possible to compare scaling factors, because an assumed thickness was used in the flexible 

cylinder power law model for data fitting of a xerogel due to thickness changes upon drying. 

Nonetheless, the clear decrease in fibre radius and apparent contour length and minimal 

change in Kuhn length provide strong evidence that water removal leads to the formation of a 

more compact, cross-linked (and hence rigid) network, made up of similar sub-units.33 

 

 

 

 

Figure 4.17 The apparent contour length of a PBI-A hydrogel, L1, decreases due to the collapse and shrinking of 

the PBI-A network upon drying, L2. The apparent contour length is defined as the distance between two 

entanglement points, in contrast the Kuhn length is less sensitive to drying. 
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Table 4.2 SANS fitting parameters for a rehydrated xerogel at different time points. A reservoir of with electrolyte 

(0.1 KCl, pD 4 in D2O) filled the free space of the cell containing the gel. Data was fitted using a customized 

flexible cylinder model. 

 

As previously shown from monitoring the rehydration of a PBI-A xerogel via UV-

Visible absorption spectroscopy, the structure of the PBI-A network does not revert back to 

that of the pristine hydrogel after 50 hours of rehydration. This was also evident from the 

SANS data, Table 4.1-4.2. Rehydration of a xerogel was tracked using 0.1 M KCl in D2O 

electrolyte (pD 4). The radii for the rehydrated xerogel was 5.0 ± 0.5 nm, which lies between 

that of the xerogel and hydrogel radii (3.1 ± 0.3 nm and 5.9 ± 0.2 nm respectively). It is also 

interesting that rehydration leads to a large increase in apparent contour length, in agreement 

with the xerogel expanding in volume upon rehydration, increasing the distances between 

cross over points. However, the apparent contour length actually reaches a final value that is 

greater than that of the starting hydrogel, further reinforcing the conclusion that although 

rehydration leads to an expansion of volume the original hydrogel network structure is not 

regenerated.  

A study of hydrogels of different thickness was also carried out as it was important to 

ensure there was no change in primary fibre structure for different thicknesses. In all studies 

we have used a HCl trigger as it provides hydrogels without trapped organic acid residues that 

may modify the photoelectrochemical behaviour. However gelling PBI-A with a HCl pH 

trigger results in an inhomogeneous film. No changes were seen with respect to Porod’s power 

law parameters upon alteration of the thickness of the gel from 0.25 mm - 1.0 mm (Table 4.3). 

This indicates that there is no change in the primary fibre structure across different thicknesses, 

ensuring that the gel network is consistent across the entirety of the gel electrodes.   

Rehydration time (hours) 0.5 7 23 50 

Power law scale (/10-5) 6.6 ± 0.6 5.0 ± 1.0 6.1 ± 0.4 5.1 ± 1.0 

Power law value, N 2.3 ± 0.2 2.3 ± 0.2 2.3 ± 0.1 2.4 ± 0.1 

Cylinder scale (/10-3) 0.59 ± 0.2 0.47 ± 0.01 0.61 ± 0.04 0.54 ± 0.01 

Radius, R (nm) 4.9 ± 0.2 4.9 ± 0.4 4.9 ± 0.5 5.0 ± 0.5 

Kuhn length (nm) 9.3 ± 5.0 9.6 ± 5 7.6 ± 3.0 5.2 ± 3.0 

Apparent contour length, L 

(nm) 
46 ± 5.0 65 ± 30 76 ± 6.0 76 ± 7.0 

Background (cm-1) 0.019 ± 0.001 0.016 ± 0.01 0.0082 ± 0.0003 
0.00078 ± 

0.0004 

χ2 1.8 1.3 2.3 2.1 
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Table 4.3 SANS fitting parameters for a 0.50 and 0.25 mm hydrogel thickness, and a 0.50 mm xerogel. For hydrogel 

samples, a reservoir of with electrolyte (0.1 KCl, pD 4 in D2O) filled the free space of the cell. Data was fitted 

using a customized flexible cylinder model. 

 

4.2.2 Electrochemical characterisation 

To predict if PBI-A materials can make suitable photoanodes, the following section 

presents a series of experiments to calculate the donor and acceptor sites, and the driving force 

for charge separation in the hydrogel, xerogel and rehydrated xerogel. Initially, we measured 

the reduction potentials of the PBI-A hydrogel and rehydrated xerogel.59 In an aqueous pH 4 

KCl solution, CV analysis at 100 mV s-1 showed changes in the electrochemistry upon the 

alteration of the hydrated state (Figure 4.18). The CV of a hydrogel shows two reductions (-

0.56 V, -0.68 VAg/AgCl, Figure 4.18a). Due to the broadness of the reductions, and literature 

precedent for other perylene, terrylene and quaterrylene diimides,74–76 the reductions may be 

occurring across multiple PBI environments within the aggregated networks.77,78  

 

 

 

 

 1.00 mm hydrogel 0.50 mm hydrogel 0.25 mm hydrogel 

Power law scale (/10
-5

) 8.0  1.0 5.60 ± 1.0 2.3 ± 0.3 

Power law value, N 2.3 ± 0.2 2.31 ± 0.2 2.3 ± 0.1 

Cylinder scale (/10
-3

) 0.7 ± 0.2 0.37 ± 0.2 0.19 ± 0.04 

Radius, R (nm) 5.9 ± 0.2 6.2 ± 0.4 5.8 ± 0.6 

Kuhn length (nm) 14.3 ± 5.0 25.2 ± 5.0 25.8 ± 5.0 

Contour length, L (nm) 57.4 ± 5.0 81.3 ± 30.0 80 ± 20.0 

Background  (cm
-1

) 0.0320 ± 0.001 0.0138 ± 0.01 -0.0057 ± 0.0004 

χ2 3.8 1.71 0.83 
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To enable assignment of the reduced states, spectroelectrochemistry (SEC) was carried out. 

The electrode potential was held at single potentials between 0 V and -0.7 VAg/AgCl, and UV-

Visible absorption spectra were recorded once the current reached a steady state. SEC studies 

permit assignment of the hydrogel reductions to PBI•⁻-A  (max = ca. 510 nm, ca. 556 nm, ca. 

649 nm, ca. 736 nm, ca. 820 nm) and PBI2--A (max = ca. 524 nm, ca. 548 nm, ca. 620 nm, ca. 

732 nm) by comparison to the previously reported UV-Visible absorption spectra of reduced 

PBI-A (Figure 4.19a and Table 4.4).7,8,53,79 Although it is likely that a rehydrated xerogel can 

form both PBI•⁻-A and PBI2--A, the CV measurement did not show two well-defined 

reductions (Figure 4.18b). SEC of the rehydrated sample does show two distinct reductions 

though. Comparing the UV-Visible absorption SEC data for a hydrogel with that of the 

rehydrated xerogel, we see that that behaviour of the rehydrated xerogel is quite similar 

(Figure 4.19b). Similarly for the rehydrated xerogel, formation of PBI•⁻-A (max = ca. 524 nm, 

ca. 552 nm, ca. 644 nm, ca. 736 nm, ca. 820 nm) and PBI2--A (max = ca. 540 nm, ca. 607 nm, 

ca. 720 nm, ca. 809 nm) were observed, Table 4.4. In a rehydrated xerogel PBI•⁻-A formation 

occurs at slightly earlier potentials of -0.2 VAg/AgCl, and yields higher concentrations of PBI•⁻-

A than the hydrogel at -0.3 VAg/AgCl, suggesting less facile formation of a PBI•⁻-A in a hydrogel. 

Significant amounts of PBI2--A formation at ca. 610 nm, occurred 300 mV earlier in a 

rehydrated xerogel at -0.4 VAg/AgCl in comparison to the hydrogel (-0.7 VAg/AgCl). For a 

rehydrated xerogel, as the concentration of PBI•⁻-A decreased the formation of PBI2--A 

increased, resulting in almost complete conversion of PBI•⁻-A to PBI2--A.  

Figure 4.18 Cyclic voltammogram of a hydrogel (a) and rehydrated xerogel (b) under an inert atmosphere at 100 

mVs-1 in 0.1 M KCl electrolyte (pH 4). A Pt counter electrode and 3.5 M KCl Ag/AgCl reference electrode were 

used. 
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Table 4.4 Summary of λmax. for the electrochemical generation of PBI•⁻-A and PBI2--A. 

 

 

 

 

 

 

As distinct electrochemical reduction features were not identified in a rehydrated 

xergoel CV, (Figure 4.18b), differential cyclic voltabsorptometry (DCVA) was used to obtain 

an accurate measurement of the reduction potentials of the xerogel.80 Although other studies 

within this chapter have focused on a 20 µL (5 µL of a 7.5 mg/mL film was chosen here to 

ensure a suitable level of transmission of UV-Visible light. DCVA measurements consist of 

recording the change in UV-Visible absorbance at a specific wavelength, whilst a CV 

measurement is acquired. In this way it was possible to identify the potential of 

electrochemically generated species formed by comparing the first derivative of the UV-

Visble absorption data to the corresponding CV, both of which were plotted against time. 

Electrochemically-generated species appear as positive features, with maxima at the potential 

where the maximum current for the same electrochemical process would be measured in the 

CV. As the optical response obtained is free from background capacitance, and if there is 

 
Hydrogel  

λmax (nm) 

Rehydrated xerogel λmax 

(nm) 

PBI•⁻ 512, 556, 649, 736, 823 523, 552, 644, 736, 821 

PBI2⁻ 524, 548, 625, 732 540, 607, 720, 809 

Figure 4.19 SEC of a 20 µL 7.5 mg/mL PBI-A (a) hydrogel and (b) rehydrated xerogel at various potentials for 

the electrochemical formation of PBI•⁻-A and PBI2--A under an inert atmosphere in 0.1 M KCl (pH 4) electrolyte. 

All data has been subtracted with UV-Visible absorption spectra recorded at 0V. The presence of PBI•⁻-A was 

evident at ca. 736 nm and 820 nm, PBI2--A at ca. 620 nm for a hydrogel and ca. 610 nm for a partially rehydrated 

xerogel. 
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minimal spectral overlap between electrochemically generated species, reduction potentials 

can be obtained.  

In Figure 4.20, the DCVA spectra of a PBI-A rehydrated xerogel recorded at wavelengths 

corresponding to PBI•⁻-A (730 nm and 820 nm) and PBI2--A (608 nm) are shown. From this 

reduction potentials for PBI0/--A and PBI•⁻/2--A were obtained at -0.46 VAg/AgCl and -0.66 

VAg/AgCl, and their corresponding PBI- (-0.34 VAg/AgCl) and PBI2- (-0.46 VAg/AgCl) oxidations. To 

assess the PBI HOMO position and the possibility of the alanine group acting as an electron 

donor, CV and square wave voltammetry (SWV) measurements of the PBI in water have been 

carried out (Figure 4.18 and Figure 4.21). 

 

Figure 4.20 DCVA of a rehydrated xerogel under an inert atmosphere in 0.1 M KCl (pH 4) electrolyte. The 

formation of the PBI•⁻-A and PB2⁻-A are seen. The CV obtained at 100 mVs-1 is shown in black, and differential 

absorbance at 729 nm (blue), 820 nm (red) and 608 nm (green) are shown. 

Figure 4.21 SWV of a PBI-A rehydrated xerogel under a nitrogen atmosphere, scanning from -0.75 V to + 1.55 V 

at a frequency of 25 Hz with a 90 second equilibration time, in 0.1 M KCl pH 4 electrolyte, using a Ag/AgCl 

reference electrode and Pt counter electrode. 
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In the SWV an oxidation at +1.15 VAg/AgCl is assigned to the oxidation of the alanine side group 

on the basis of past electrochemical and computational studies.7 The oxidation of the perylene 

core is expected to be beyond the electrochemical window in water. Instead we use a method 

for the determination of the HOMO reported elsewhere.46,75 The HOMO position is calculated 

using the energy of the transition between the lowest vibrational levels of the electronic ground 

and first excited states (E0-0), with E0-0 being readily obtained from the average of the 0-0′ 

vibronic transition absorption maximum at ca. 580 nm and its corresponding emission 

maximum (Figure 4.22) respectively. 

On the basis of all measurements, we can construct the energy band diagrams for both a 

hydrogel and rehydrated xerogel shown in Figure 4.23. The HOMO positions were estimated 

to be +1.69 and +1.61 VAg/AgCl for a rehydrated xerogel and hydrogel respectively. 

 

Figure 4.23 Energy level diagrams for a rehydrated PBI-A xerogel (a) and hydrogel (b) are shown, and based on 

electrochemical measurements described above. All potentials shown are given vs Ag/AgCl at pH 4. The potential 

used for incident photon conversion efficiency (IPCE) measurements was +0.4 V, was used for FTO. SA= sodium 

ascorbate, DHA = dehydroascorbic acid. 

Figure 4.22 UV-Visible absorption (solid) and emission spectra (dashed line, λexc. 580 nm) of a PBI-A xerogel (a) 

hydrogel (b). The average of the absorption and emission maxima for the 0-0ʹ vibronic state is used to determine the 

band gap of the material, E0-0. 
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Figure 4.23 indicates that alanine may be able to act as an electron donor enabling 

internal charge separation with electrons accumulating in the PBI core. Furthermore, as the 

alanine oxidation resides more positive than that of water oxidation, it is possible that it may 

act as a hole relay to water. The Gibbs free energy for the photo-induced electron transfer 

pathway can be estimated from the Rehm-Weller equation (Equation 4.1, 4.2), and are shown 

in Table 4.5.81 Where Eox and Ered refer to the oxidation and reduction potentials of the donor 

(alanine group) and acceptor (PBI) units respectively, and are measured by SWV and CV 

respectively. As all electrochemical and transient data were recorded in the same electrolyte, 

there is no change in the solvation energy for an electrochemically or photochemially 

generated states yielding a solvation term (S) of zero. E* is the excited state energy, and is 

calculated in the same manner as E0-0. Coulombic interactions (C) are present within the 

donor-acceptor ions. The donor acceptor distance rDA is the distance between the chiral carbon 

on the alanine and the centre of the PBI core. This has been calculated to be ca. 7 Å elsewhere 

for a PBI-A monomer.7  

∆𝐺𝐸𝑇 =  𝐸𝑂𝑋 −  𝐸𝑅𝐸𝐷 − 𝐸∗ −  
𝑒2

4𝜋𝑟𝐷𝐴𝜀0𝜀𝑠
+

𝑒2

8𝜋𝜀0
(

1

𝑟𝐷
+

1

𝑟𝐴
) (

1

𝜀𝑠
−

1

𝜀𝑝
)    (Eq. 4.1) 

∆𝐺𝐸𝑇 =  𝐸𝑂𝑋 −  𝐸𝑅𝐸𝐷 − 𝐸∗ −  𝐶 + 𝑆   (Eq. 4.2) 

Visible light induced charge separation within a dried PBI-A film was not previously 

observed,7 due to a minimal driving force for photo-induced charge transfer (ΔGET) from the 

PBI core to the alanine side group.7 This was rationalised by the low dielectric environment 

(air, ~3) in dried solutions, which destabilised the oxidised and reduced forms of the 

donor/acceptor.7 In contrast, Table 4.5 shows that the higher dielectric environment (water, 

~80) means that the PBI-A hydrgel electrodes are expected to exhibit a large driving force for 

charge transfer from the initially excited state calculated from E0-0 (∆GET ~ -0.6 eV (rehydrated 

xerogel) and ~-0.5 eV (hydrogel)). 

Table 4.5 Calculated Gibbs energy of photoinduced electron transfer from the intramolecular alanine donor 

functionality to the PBI core. 

 

 
EOX ALANINE 

(VAg/AgCl) 

ERED PBI 

(VAg/AgCl) 

E* 

(eV) 

C 

(eV) 

∆𝐺𝐸𝑇  

(eV) 

Rehydrated 

xerogel 
1.15 -0.44 2.13 0.03 -0.57 

Hydrogel 1.15 -0.56 2.17 0.03 -0.49 
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To experimentally determine if visible light induced charge separation can occur in 

our gel structures, we have measured the TA spectra of a PBI-A hydrogel (Figure 4.24a and 

c) and PBI-A xerogel (Figure 4.24b and d) following visible light excitation (490 nm, 275 

µW). 3 ns after excitation of the PBI-A hydrogel, new positive absorptions are present at 546, 

650 (sh) 730 and 819 nm, and these are overlapped with a broad negative feature due to the 

ground state absorption at wavelengths below ca. 580 nm. The positive absorption bands can 

be assigned to a PBI•⁻ through the excellent agreement with the spectrum of PBI•⁻-A that was 

electrochemically generated in the SEC studies described above (Table 4.4). We label the 

photochemically generated state as PBI•⁻-A’, where the A’ indicates that the oxidation state of 

the alanine side-group is not experimentally determined. Our electrochemical study indicates 

that electron transfer from the alanine group is favourable. Although electrochemical studies 

indicate that the alanine group becomes oxidised its spectral features are expected. However, 

we are unable to detect a spectral fingerprint for the oxidised alanine group in-line with past 

reports, which suggest that it would occur at shorter wavelengths than those studied here 

preventing us from studying how the oxidised alanine site evolves with time.7 Careful 

inspection of the TA spectra of the PBI-A hydrogel (Figure 4.24a) indicates that at the earliest 

timescales studied (ca. 0.3 ps), well-defined TA bands for PBI•⁻-A’ at 813 and 719 nm are not 

discernible. Instead, a broad feature is present at 650 nm which partially decays as the spectral 

features of the PBI•⁻-A’ grow in (within 1 ps). The temporal resolution of our instrumentation 

prevents accurate determination of the rate of charge separation from the initially generated 

excited state in PBI-A hydrogels. However, it is clear that the PBI•⁻-A’ formation occurs very 

rapidly (~1 ps or faster), and a significant population of the charge separated state persists for 

longer than the maximum time addressable in our experiment (Figure 4.24b and c).  
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The TA spectra of the rehydrated xerogel at 3 ns (Figure 4.24d) also shows transient 

bands at 547, 646, 732 and 820 nm, which can also be assigned to PBI•⁻-A’ by comparison to 

the spectroelectrochemical data, Figure 4.25.  

Figure 4.24 TA spectra of a PBI-A hydrogel (a) and rehydrated xerogel (b) in pH 4 electrolyte following visible light 

(490 nm) excitation. The TA spectra at 3 ns and 4 ps are compared to the UV Visible absorption spectrum of the 

electrochemically generated (SEC data) PBI•⁻-A for the hydrogel (c) and rehydrated xerogel (d). 

Figure 4.25 At longer time scales, both the hydrogel and rehydrated xerogel are seen to have similar charge 

separated states. UV Visible absorption spectrum SEC (red) aids assignment of the TA spectral features at 3 ns 

(black) to a charge separated state and the generation of both a singly and doubly reduced PBI species for a 

partially rehydrated xerogel (a) and hydrogel (b). The presence of PBI•⁻-A’ (red, dashed) is seen at 546, 730 and 

820 nm, and PBI2⁻-A’ (red, solid) at 545 and 610 nm. All TA spectra were excited with 490 nm and a pump energy 

of 275 µW. 
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It is therefore apparent that visible light induced charge separation does occur within both the 

rehydrated xerogel and hydrogel samples in contrast to past studies on dried solutions of PBI-

A where the initially formed excited state decayed rapidly, within 200 ps.7  The yield of long-

lived charge separated state is very similar for both the rehydrated xerogel and hydrogel 

samples, with the intensity of the ca. 730 nm TA band of PBI•⁻-A’ being ~16 % of its peak 

value by 3.2 ns, Figure 4.26 and Table 4.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.26 Kinetic lifetime traces of a PBI-A hydrogel (a) and rehydrated xerogel (b) at 662 (green), 730 (red) 

and 820 (black) nm. Hydrogel and rehydrated xerogel measurements were carried out in 0.1 M KCl aqueous 

solution, with an excitation wavelength of 490 nm with a pump power of 275 µW. 
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Table 4.6 Lifetimes for PBI•- for a hydrogel, rehydrated xerogel and xerogel under 490 nm excitation with the 

corresponding amplitudes. Kinetic traces were fitted to a triexponential, where it is seen that the longest lived 

species of the PBI•- is at 730 nm with a xerogel having the longest lived PBI•-owed to its increase in conductivity. 

Amplitude weighted averages (AWA) were calculated taking into consideration both the lifetime of the species and 

its amplitude. 

 

The kinetics of the hydrogel and rehydrated xerogel have been further studied (Figure 4.26). 

The kinetic traces recorded at the UV-Visible absorption maximum of PBI•⁻-A’ require fitting 

to at least three exponential functions indicating that multiple PBI•⁻-A’ pathways exist (Figure 

4.26). Amplitude weighted averages (AWA) were calculated as shown in Equation 4.3 for 

each wavelength assigned to the formation of the photo generated PBI•⁻-A, it accounts for the 

average lifetime at a given wavelength by taking into account both the lifetime (τ) and 

corresponding amplitude (A) generated from the triexponential fitting for the kinetic traces in 

Table 4.6.     

𝐴𝑊𝐴 =  
∑ (𝐴i𝜏i)𝑖

∑ 𝐴i𝑖
           (Eq. 4.3) 

Walsh et al. have reported that for a PBI-A dried solution at 830 nm under 490 nm excitation, 

a short lived PBI singlet excited state is formed with lifetimes of τ1 < 1 ps, τ2 = 7.1 (± 0.2) ps 

 665 nm (ps) 730 nm (ps) 820 nm (ps) 

% of PBI•- 

remaining 

after 3.2 ns 

at 730 nm 

Hydrogel 

Ԏ1 = 1.91 (± 0.09),  

Ԏ2 = 25.09 (± 1.25),  

Ԏ3 = 328.75 (± 17.41) 

A1= 0.0075 (± 2.23x10-4),  

A2= 0.0043 (± 9.27x10-5),  

A3= 0.0023 (± 8.13x10-5) 

AWA = 71.73 (± 4.21) 

Ԏ1 = 2.13 (± 0.10),  

Ԏ2 = 27.81 (± 1.42),  

Ԏ3 = 387.65 (± 18.32), 

A1 = 0.0072 (± 2.12 x10-5),  

A2= 0.0041 (± 9.36 x10-5), 

A3= 0.0027 (± 7.9 x10-5) 

AWA = 84.00 (± 4.33) 

Ԏ1 = 2.05 (± 0.11),  

Ԏ2 = 24.63 (± 1.40),  

Ԏ3 = 339.38 (± 17.46), 

A1 = 0.0057 (± 1.76x10-4),  

A2 = 0.0032 (± 8.13x10-5), 

A3 = 0.0020 (± 6.62x10-5) 

AWA = 70.57 (± 3.98) 

16 

Rehydrated 

xerogel 

Ԏ1 = 2.59 (± 0.42),  

Ԏ2 = 36.52 (± 4.75),  

Ԏ3 = 461.47 (± 78.90), 

A1 = 0.0054 (± 5.83x10-4), 

 A2 = 0.0041 (± 2.39x10-4), 

A3 = 0.0021 (± 2.11x10-4) 

AWA = 97.66 (± 6.97) 

Ԏ1 = 1.84 (± 0.21),  

Ԏ2 = 36.33 (± 3.16),  

Ԏ3 = 582.37 (± 77.75), 

A1 = 0.0048 (± 4.29x10-4),  

A2 = 0.0034 (± 1.72x10-4), 

A3 = 0.0018 (± 1.45x10-4) 

AWA =  116.91 (± 17.52) 

Ԏ1 = 2.55 (± 0.29),  

Ԏ2 = 35.41 (± 3.94),  

Ԏ3 = 517.13 (± 82.21), 

A1 = 0.0031 (± 1.89x10-4),  

A2 = 0.0022 (± 1.10x10-4), 

A3 = 0.0011 (± 8.95x10-5) 

AWA =  102.29 (± 13.01) 

16 
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and  τ3 = 107 (± 5.4) ps.7 The increased lifetimes observed with the hydrated samples here, 

further reinforce the assignment to a charge separated state. AWAs of 116.91 (± 17.52) ps and 

84.00 (± 4.33) ps for a rehydrated xerogel and a hydrogel respectively.   

4.2.3 Photoelectrochemistry 

As the transient spectroscopic studies indicate both PBI-A hydro- and rehydrated gels can 

undergo visible light induced charge separation, likely with electron transfer from the PBI 

core to the alanine group, we have tested them as photoanodes. PEC measurements were 

carried out under chopped visible and UV light illumination from a Xe lamp (315 – 795 nm). 

Both the hydrogel and rehydrated xerogel photoelectrodes operated as photoanodes at 

potentials positive of 0 VAg/AgCl, Figure 4.27a. In all cases experiments were carried out in 0.1 

M KCl electrolyte at pH 4, and photoelectrodes displayed a good stability and minimal 

dissolution on the timescales of experiments (< 2 hours, Figure 4.27b). Although both 

electrodes displayed photoelectrochemcial activity, the rehydrated xerogel photoelectrodes 

exhibited approximately four times greater photocurrent than an equivalent hydrogel 

photoelectrode (Figure 4.27a). From these photoelectrochemical measurements, it appears that 

the structural changes are hydration induced, and so hydration appears to effect the activity. 

UV-Visible absorption spectroscopy and SANS has given insight into how the structure of the 

xerogel changes upon rehydration, and that the change in structure is not reversible. The 

marked difference between the samples is explained further below.  

Figure 4.27 Photoelectrochemical response of a 20 µL 7.5 mg/mL PBI-A xerogel (red) and a hydrogel (black) 

irradiated on the back face of the electrode (a). PBI-A photoanodes had good stability in pH 4 KCl electrolyte over 

the timescale of experiments as shown by a UV-Visible spectra of post experimental electrolyte (> 2 hours) (b). 

Electrochemical measurements were carried out under an inert atmosphere, in 0.1 M KCl pH 4 electrolyte using 

Ag/AgCl reference electrode and Pt counter electrode. 



Chapter 4  

180 

 

Incident photon to current efficiencies (IPCE) measurements for electrodes held at 

+0.2 VAg/AgCl in KCl are shown in Figure 4.28. It is striking that the IPCE (wavelength) 

relationship mirrors the UV Visible absorption spectra of the samples, and light induced 

current occurs predominantly following visible light excitation with hydrated samples. 

The photoelectrochemical response therefore confirms the TA results, and shows that by using 

gel-based electrodes in an aqueous electrolyte, for the first time we have managed to develop 

a self-assembled PBI photoanode, that undergoes internal charge separation to generate long-

lived charge separated states that can be used in solar fuels applications. The photocurrent 

densities achieved (~4 A cm-2) using the rehydrated xerogel in KCl electrolyte are on the 

order of those often seen with other state-of-the-art organic photoelectrodes in water, where 

values of 1-10 A cm-2 are commonly reported using similar light intensities.50,57,82,83 

Nonetheless, the achieved IPCE values for the electrodes in KCl are low (<0.1%) (Figure 

4.28). The IPCE values (IPCE) for inorganic photoanodes have been described elsewhere to 

be the product of the efficiency of light harvesting by the photoanode (LH), the efficiency of 

generation of separated charges (sep), which is often described as the population of holes that 

reach the site where the desired oxidation reaction can take place, and the efficiency of hole 

injection (inj), i.e. the fraction of holes which reach the correct site and then go onto proceed 

via the desired reaction (Equation 4.4).84,85 

𝜂𝐼𝑃𝐶𝐸 =  𝜂𝐿𝐻  ×  𝜂𝑠𝑒𝑝  × 𝜂𝑖𝑛𝑗            Eq. 4.4. 

Figure 4.28 IPCE measurements of a rehydrated PBI-A xerogel in pH 4 KCl (blue) electrolyte and in the presence 

of a hole scavenger, sodium ascorbate, at pH 4 (black). The inset shows a large increase in photocurrent in the 

presence of a hole scavenger. Experiments were carried out with 20 µL PBI-A over a 150 mm2 area. 
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In Equation 4.4, recombination losses occurring during electron transport through the structure 

are not considered as a separate term, and instead are contained within the efficiency of 

injection and separation terms. In contrast to many inorganic photoanodes, where electron 

transport efficiencies can be relatively high, it is feasible that electron transport to the FTO 

interface through the self-assembled PBI-A structures, which form disordered fibrous bundles 

(Figure 4.15), may be a significant loss mechanism. Therefore, here we also include an explicit 

charge collection efficiency (col) in Equation 4.5. 

𝜂𝐼𝑃𝐶𝐸 =  𝜂𝐿𝐻  ×  𝜂𝑠𝑒𝑝 × 𝜂𝑐𝑜𝑙  × 𝜂𝑖𝑛𝑗     Eq. 4.5. 

Our TA studies show high-yields of the PBI•⁻-A’ charge separated state following visible light 

excitation. The ability to undergo internal charge separation is of significant benefit, and 

appears to contrast the one previous study on the related PMDI photoanodes, where exciton 

separation only occurred at the ITO/PMDI interface.50 Although significant recombination 

does occur in our system, ca. 84% of the initially generated PBI•⁻-A’ is lost 3.2 ns after 

excitation, it is clear that a long-lived population of photoelectrons/holes can be formed. UV-

Visible absorption spectra of the electrodes also indicate that light harvesting is not the major 

limiting factor, as between 450 to 580 nm > 90% of light is absorbed in a typical hydrogel and 

rehydrated xerogel electrode (Figure 4.29).  

 

Figure 4.29 Transmission spectra of a 20 µL 7.5 mg/mL PBI-A rehydrated xerogel (blue) and hydrogel (black) 

show that the electrodes are highly light harvesting with typical absorbance’s > 1. The difference in absorbance 

between each sample is due to inhomogeneity across samples, as a result of the HCl vapour gelation method. 

As the samples are optically thick the ratio of photocurrent achieved when under illumination 

from the front (directly onto the PBI-A gel) and the back (illuminated through the FTO 

substrate) gives a measure of the charge transport efficiency, Figure 4.30.  
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Figure 4.30 Schematic diagram showing front and back illumination of a PBI-A photoanode where front 

illumination irradiates directly onto the PBI-A gel and back illumination through the FTO substrate.  

For rehydrated xerogels, we measure (at 1.0 V) a slight (35%) decrease in the photocurrent 

when the sample is front illuminated (col ~0.65). Using a hydrogel we find front illumination 

gives a large decrease with an 80% lower photocurrent when compared to the same sample 

back illuminated (col ~0.20), Figure 4.31a. These results indicate that for rehydrated xerogels, 

charge transport appears to be remarkably efficient, with >65% of photogenerated electrons 

able to reach the FTO collector regardless of where in the PBI-A anode they are generated, 

confirming the potential of self-assembled PBI materials to enable long-range electron 

transport. The shape of the chopped photocurrent response also indicates charge transport 

limitations in the hydrogel sample, Figure 4.31a. Even during back illumination, we find that 

the photocurrent continues to rise for ~4 seconds after the light is switched on, indicating that 

photo-generated electrons cannot be extracted, and are accumulating within the PBI-A 

structure. In contrast with the rehydrated xerogel electrode, following a sharp initial current 

spike as the light is switched on we obtain relatively stable photocurrents within 1 s during 

back illumination, and only a small rise in photocurrent during front illumination, Figure 

4.31b. It is interesting to note the correlation between the improved collection efficiency in 

the rehydrated xerogel derived photoelectrodes, and the changes in structure that are identified 

in the SANS measurements previously outlined. The decrease in radii and shrinking of fibres 

to a more rigid network upon drying of the hydrogel, and a more rigid structure may be 

expected to aid electron transport through the PBI fibres.  



Chapter 4  

183 

 

 

Finally, we examine the fate of the photo-generated holes in the PBI-A photoanodes. 

We have carried out experiments in the presence of a hole scavenger that is 

thermodynamically easier to oxidise than water. The addition of sodium ascorbate results in a 

~13-fold increase in IPCE peak value for the PBI rehydrated xerogel, and current densities up 

to 80 A cm-2 were achieved. This indicates that inefficient hole transfer from the PBI-A into 

water is one of the major factors limiting the efficiency of the rehydrated xerogel 

photoelectrode, Figure 4.28. Oxygen measurements were carried out as described in chapter 

3 and experimental details can be found in section 4.4.2 of this chapter. Oxygen measurements 

using a PBI-A rehydrated xerogel in 0.1 M KCl adjusted to pH 4, were carried out using a 490 

nm LED irradiating from the back face of the electrode. The PBI-A rehydrated xerogel 

generator electrode was held at +0.2 VAg/AgCl in the dark until a stable baseline was acquired, 

then illuminated with a 490 nm LED prompting the generation of a photocurrent, Figure 4.32. 

During the period that the PBI-A photoelectrode was illuminated, we measured a slight 

increase in current at the collector electrode assigned to O2 evolution from the PBI-A sample, 

and when the light was turned off (5000 s) as expected the concentration of O2 at the collector 

electrode began to decrease. Therefore, we are able to demonstrate that PBI-A rehydrated 

xerogel photoanodes do evolve O2 in pH 4 KCl electrolyte, but with very low Faradic 

Efficiencies (ca. 7 ± 4.24 %, Figure 4.32).  

Figure 4.31 Linear sweep voltammogram for a hydrogel (a) and rehydrated xerogel (b) photoelectrode with light 

incident on the PBI-A (front, black) and FTO (back, red) in pH 4 0.1 M KCl at 10 mVs-1, Xe lamp (315-795 nm, 80 mW 

cm-2). 
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Figure 4.32 Oxygen measurement for PBI rehydrated xerogel, where the FTO collector electrode was held at – 

0.6 V and the PBI generator at +0.2 V for the duration of the experiment, and illuminated with a 490 nm LED on 

the back face 

As hole transfer into water is inefficient and limiting behaviour, we examined the use of an 

inorganic WOC, in the hope that it would facilitate hole transfer from alanine to water. Past 

studies using a PMPDI material showed a large increase in photocurrent and Faradaic 

Efficiency when a cobalt co-catalyst was selectively deposited at the sites of hole 

accumulation.50 IrOx is a well-known WOC, and IrOx nanoparticles were synthesised and 

incorporated into the gel via in-situ acid condensation prompted by the gelation of PBI-A, 

which did not destabilise the PBI-A electrode. 1% wt. IrOx was achieved by the addition of 

K2IrCl6 to 7.5 mg/mL PBI-A solution, upon the application of the gelation trigger, the pH of 

the PBI-A/ K2IrCl6 mixture is lowered from basic (ca. pH 10) to acidic (ca. pH 1) resulting in 

gelation and IrOx formation. The incorporation of IrOx was seen from cyclic voltammetry, 

where E1/2 = +0.85 VAg/AgCl for the redox couple (Figure 4.33a).86,87 A slight change in UV-

Visible absorption spectra due to the presence of IrOx (λmax.of IrOx is ca. 550 nm) is challenging 

to interpret given the overlap of the PBI and IrOx spectral features (Figure 4.33b).88 Initial 

studies using an IrOx nanoparticle co-catalyst added into the gel show a large improvement in 

Faradic Efficiency (ca. 30%, Figure 4.33c). However, the electrode is expected to be limited 

by the lack of control of localisation of WOC, preventing efficient hole migration, likely from 

the alanine, onto the WOC. This was also evident from PEC measurements of PBI-A/IrOx 

under while light irradiation, where little change in photocurrent in comparison to PBI-A 

without a WOC was observed, in-line with other PBI/WOC systems. Nonetheless this 
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promising first attempt to use a WOC to enhance the efficiency of water oxidation does 

suggest such an approach is viable. 

 

 

 

 

 

 

Figure 4.33 Cyclic voltammetry of a rehydrated xerogel containing 1% IrOx with a scan rate of 100 mVs-1 under 

a nitrogen atmosphere demonstrating successful addition of IrOx (a). UV-Visible spectra of a PBI-A xerogel with 

(green) ad without (black) 1% IrOx co-catalyst, showing some change to the aggregated network upon its 

incorporation (b). Oxygen measurements for a rehydrated xerogel containing 1% IrOx nanoparticles as a water 

oxidation co-catalyst. Throughout the experiment the FTO collector electrode was held at -0.6 V, and the PBI-

A/IrOx generator electrode at +0.2 V with illumination with a 490 nm LED from the back face to promote oxygen 

evolution (c). PEC measurements of a PBI-A rehydrated xerogel (black, dashed) irradiated from the back face, 

and a rehydrated PBI-A/IrOx front (red, solid) and back (blue, solid) illumination, irradiated with a 300 W Xe 

lmap (315-795 nm, 80 mWcm-2) at a scn rate of 10 mVs-1 in pH 4 0.1 M KCl (d). 
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4.3 Conclusions 

The use of organic self-assembled structures are highly attractive materials for their 

applications in solar fuel generation, due to their low cost and facile synthetic routes to the 

formation of a supramolecular network, consisting of both a donor and acceptor groups. 

Although the maximum absorption of such materials are in the visible region of the spectrum, 

previous studies of PBI-A dried solutions only become photoactive under UV light. Here we 

have shown that by simply gelling the sample to enable the formation of hydrated PBI-A 

structures, activity can be shifted to the visible region. The use of TA spectroscopy has shown 

that long lived charge separation can occur when irradiated with visible light in the presence 

of water. Although both a hydrogel and rehydrated xerogel show such behaviour, the 

photoresponse for a rehydrated xerogel was significantly higher than that of a hydrogel. The 

higher photocurrent of a rehydrated xerogel photoanodes is assigned to the superior 

conductive behaviour of these materials, owed to more efficient charge transport through the 

rigid rehydrated xerogel network. Both SANS and UV-Visible spectroscopic analysis showed 

a change in structure upon drying of a hydrogel to form a more compact network, and the 

rehydration of a xerogel. A collapse of the network upon drying gave rise to shorter and more 

rigid fibres, which did not revert back to the pristine hydrogel network upon rehydration, 

yielding an irreversible change in the supramolecular network. Although low Faradic 

Efficiencies for oxygen evolution were improved by the addition of a WOC, the work 

presented in this chapter show a rare example of an organic based photoanode for water 

oxidation. 

4.4 Materials and Methods 

4.4.1 Materials 

Milli-Q water (18.2 MΩ) was used throughout (Millipore Corp). All chemicals were obtained 

from Sigma-Aldrich and used as received, except for PBI-A which was synthesised according 

to literature precedent by Dr. E. Draper.8 Argon was purchased from BOC at pureshield grade.  

4.4.2 Methods 

Cleaning of FTO: Fluorine-doped tin oxide (FTO, TEC-15, Pilkington, 14 x 20 mm2) glass 

substrates were cleaned via sonication for 20 minutes in three different solutions; 1% 

helmanex solution, ethanol and water, and rinsed with water between each sonication. It is 

important that the FTO are not stacked on top of each other to ensure the FTO is covered in 

solution for efficient cleaning. After drying of the FTO glass substrates with compressed air, 

they were heated in an oven to 400˚C (ramped at 20˚C min-1) and held for 20 minutes before 

cooling. Quick drying epoxy resin was used to mask out a surface area of 150 mm2 (10 x 15 

mm2) on the conducting face of the FTO and left to dry. 
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Preparation of electrodes: Gelation was carried out in a petri dish within a glove bag in order 

to ensure PBI-A gel electrodes did not dry out. FTO glass substrates, prepared as above, were 

placed in a petri dish containing 8 layers of blue roll dampened with water, and 20 µL of PBI-

A (7.5 mg/mL dissolved with 1 molar equivalence of 0.1 M NaOH with the remainder made 

up with Milli-Q water) was deposited onto each FTO conductive surface. 40 drops of 

concentrated HCl were evenly dropped around both the outer corners of the petri dish and near 

to the PBI-A FTO electrode. The lid was placed on the petri dish and sealed with parafilm, 

allowing for an acidic atmosphere to build up within the petri dish. Typically a gel was formed 

after ca. 1 hour, and if necessary a little more HCl was added. Once gelled the PBI-A electrode 

was transferred out of the petri dish into a vial containing KCl electrolyte (0.1 M, pH 4 

adjusted by HCl) in the glove bag to prevent drying. In the case of PBI-A xerogel electrodes 

the electrode was removed from the glove bag, and allowed to dry in air overnight.  

Addition of IrOx to PBI-A: Co-catalyst deposition was carried out in situ. Gelation was 

carried out with K2IrCl6 added to the 7.5 mg/mL PBI-A solution to achieve 1% wt. IrOx. Upon 

the application of the pH trigger to prompt the gelation of PBI-A, IrOx was formed via an acid 

condensation reaction.88 

UV-Visible Absorption Spectroscopy: UV-Visible absorption data were obtained using 

Shimadzu 2550 UV/VisNIR spectrophotometer in absorbance mode, either by direct 

absorbance through a PBI-A electrode or a 1 cm2 quartz cell or spectroelectrochemical cell.  

Fluorescence Spectroscopy: PerkinElmer Fluorescence Spectrometer LS55 was used. 

Samples were excited at 580 nm in air, with a slit width of 5 nm and a scan speed of 200 

nm/min.  

Thermogravimetric Analysis (TGA): TGA was carried out on a PBI-A gel at different 

drying times. PBI-A gel was prepared via the same method described above, but on a larger 

scale to allow for enough material to be obtained for analysis. TGA was performed on an 

EXSTAR6000 with aluminium pans using a constant air flow of 100 mL/min and 10 mL/min 

nitrogen air flow. A heating rate of 10˚C/min was used to reach 120˚C and held for 10 minutes, 

before continuing to ramp to 200˚C, where the temperature was held for 10 minutes followed 

by cooling to 30˚C.   

Scanning Electron Microscopy (SEM): Hitachi S-4800 FE-SEM was used. As sample 

preparation involves the of epoxy resin to create a well which is an insulating material and 

organic materials are not highly conducting, the epoxy resin was cut away after gelation to 

help prevent a large build-up of charge on the surface during the measurement. Silver 

conducting paste was used to adhere the electrode to the surface of an SEM stub, and silver 

paste was coated around the top and outer edges of the electrode to create a connection to the 
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SEM stub, and leave a section of PBI-A exposed. Samples were measured in deceleration 

mode with an acceleration voltage of 1.5 kV, using an upper electron detector, and a working 

distance of 3 mm. Due to a large build-up of charge the SEM had to be taken immediately 

after focusing, or focusing and moving to a nearby area and quickly taking the image, to 

prevent destruction of the sample. To overcome this, 10 nm of chromium was sputtered onto 

the surface to dissipate charge build-up. Chromium takes the morphology of the surface it is 

coated onto, and has a small grain size making it difficult to see in the SEM image. Images 

taken with a 10 nm chromium layer were done so using an acceleration voltage of 2 kV and a 

working distance of 2.2 mm in deceleration mode using an upper electron detector. SEM 

measurements were carried out with assistance from Dr. M. Forster and Dr. K. Arnold. 

Photoelectrochemical Experiments: Photoelectrochemical measurements were carried out 

in a custom-designed 3 electrode cell. The working electrode was the PBI-A (xero)gel on an 

FTO glass substrate connected via a crocodile clip and nickel wire. The reference electrode 

was Ag/AgCl (3.5 M KCl), a counter electrode of Pt wire, and KCl electrolyte (0.1 M, pH 4 

adjusted by HCl) were used in all experiments. Palmsens3 was used to carry out 

electrochemical methods. Prior to all experiments the cell was degassed under a stream of 

argon. Photoelectrochemical measurements were carried out via back illumination of the 

working electrode using a 300 W Xe lamp with a KG1 filter. The light intensity of the lamp 

was recorded each time using a Thor labs diode in the same position as the sample. 

Photocurrent measurements were recorded via linear sweep voltammetry at 100 mVs-1 and 10 

mVs-1, with the light being manually chopped for 1 second and 3 seconds respectively.   

Incident Photon Conversion Efficiency (IPCE): IPCE measurements were carried out using 

Xe lamp with a monochromator, inside a 2 x 1 cm2 quartz cell. Electrodes were made by 

gelling 20 µL of 7.5 mg/mL PBI-A as desciribed above. For the wavelengths selected with the 

monochromator greater than 420 nm, a 420 nm long pass filter was used to block out UV 

wavelengths of λ/2. This is because high order diffraction gratings are generated by the 

monochromator, meaning if a wavelength (λ) of 600 nm is used, diffraction peaks of 300 nm 

will be produced also.89 Therefore when irradiating with a λ in the visible region, it is 

important to avoid λ/2 to prevent UV λ excitation also. Upon back illumination of the PBI-A 

FTO electrode the current was allowed to stabilise at +0.4 VAg/AgCl. Once stabilised the light 

was chopped to obtain a photocurrent.  

Spectroelectrochemistry: UV-Visible absorption spectroscopy was carried out using a 

Shimadzu UV-2600 spectrophotometer using a slit width of 5 nm on all electrodes. For the 

spectroelectrochemistry a 2 x 1 cm2 quartz cell was used containing a 5 µL 7.5 mg/mL PBI-

A gel or xerogel on an FTO electrode, a Ag/AgCl reference and Pt counter electrodes were 

used along with KCl electrolyte (0.1 M, pH 4 adjusted with HCl). The cell was purged for 10 
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minutes under argon, and then aligned in the beam path of the UV-Visible spectrometer. The 

potential was held using amperometric detection until a steady current was obtained, and a 

UV-Visible absorption spectra recorded.  

Differential Cyclic Voltabsorptometric (DCVA): A custom made spectroelectrochemical 

cell was used, with a 3.5 M Ag/AgCl reference electrode and a platinum wire counter 

electrode. The working electrode was either that of a 20 µL 7.5 mg/mL PBI-A gel or a xerogel 

on FTO prepared as described above. 0.1 M KCl electrolyte at pH 4 adjusted by the addition 

on HCl was also used. UV-Visible absorption spectrometer as described in 4.4.3 was used, 

and the kinetics program in the software used to carry out DCVA measurements. The cell was 

purged with an inert gas, either argon or nitrogen, for 10-15 minutes. Initially before any 

DCVA measurements were ran a UV-Visible spectra was recorded of the working electrode 

(backgrounded against blank FTO), and a cyclic voltammogram at 100 mVs-1 to ensure that 

the working electrode was responding as expected. Single wavelength measurements were 

carried out at 487 nm, 608 nm, 729 nm and 820 nm. A typical experimental measurement 

would consist of simultaneously running a cyclic voltammogram at either 10 mVs-1 or 100 

mVs-1 between +1.4 V to -0.8 VAg/AgCl with a single wavelength kinetic absorption spectra.  

Femtosecond Transient Absorption Spectroscopy: TA spectroscopy was carried out using 

a HELIOS spectrometer (Ultrafast systems) PHAROS laser (Light Conversion Ltd) operating 

at 10 kHz coupled to an ORPHEUS optical parametric amplifier (Light Conversion Ltd) in 

tandem with a LYRA harmonic generator (Light Conversion Ltd). The pump wavelength was 

490 nm (275 µW). The spot size of the probe beam was ~100 µm diameter which overlapped 

with the pump beam, with an optical time delay of 1 s. Thin film PBI-A gel samples were 

recorded in a 2 x 1 cm2 quartz cuvette containing KCl electrolyte (0.1 M KCl, pH 4 adjusted 

by HCl), and thin film xerogel samples were recorded solely on the FTO glass substrate under 

air and argon. The thin films consisted of 20 µL PBI-A (7.5 mg/mL) deposited on an FTO 

substrate prepared as described in 1.2. Data was chirp corrected using Surface Xplorer 

software.  

Small Angle Neutron Scattering (SANS): The PBI-A solution was prepared at 7.5 mg/mL 

as above but with D2O and NaOD. Gels were prepared on quartz discs with a 1 mm PTFE 

spacer creating a well for the gel. Here, the gels were thicker compared to that used for 

previous experiments (240 μL over 113 mm2 with one at half that thickness) in order to fill 

the cell and obtain a suitable signal from the scattering and were gelled as above using DCl 

vapour. Hydrated gels were covered with a second quartz disc before loading into aluminum 

cells, as were the xerogels once dried and the rehydrated xerogels were loaded into the same 

cells with the 1 mm space filled with KCl electrolyte (0.1 M, pD 4) made in D2O or water 

contrast matched to air, H2OACM. All cells were housed in a temperature controlled sample 
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rack at 25˚C during the measurements. SANS measurements were performed using the 

SANS2D instrument (ISIS pulsed neutron source, Oxfordshire, UK). A neutron beam allowed 

measurements over a large range in Q [Q = 4πsin(θ/2)/λ] of 0.005 to 0.7 Å-1 using incident 

wavelengths (λ) from 1.75 to 16.5 Å and employing a sample-to-detector distance of 4 m, with 

the 1 m2 detector offset vertically 60 mm and sideways 100 mm. The measuring time was 

typically 1 hour.  

Each raw scattering data set was corrected for the detector efficiencies, sample transmission 

and background scattering and converted to scattering cross-section data (∂Σ/∂Ω vs. Q) using 

the instrument-specific software.90 These data were placed on an absolute scale (cm-1) using 

the scattering from a standard sample (a solid blend of hydrogenous and perdeuterated 

polystyrene) in accordance with established procedures.91 The scattering from the electrolyte 

was also measured and subtracted from the wet and rehydrated data sets. For data from dried 

samples, the empty beam was subtracted. 

The instrument-independent data were then fitted to customized models in the SasView 

software package;71 these combined an absolute power law with a (Kratky-Porod) flexible 

cylinder, as described previously.92 The Q-dependent power law (Q-N) accounts for the mass 

fractal contribution to the scattering intensity, which is superimposed on that from the 

cylindrical structures i.e. the fibers. The fibers of the gel are represented as a flexible worm-

like chain of cylindrical Kuhn segments. SANS data fitting was carried out by Dr. L. Mears. 

CoOx photoelectrochemical deposition: FTO in 0.5 mM cobalt nitrate solution under an 

argon atmosphere was held at +0.2 VAg/AgCl for 5 minutes whilst sequentially illuminating the 

sample with a 300 W Xe lamp, followed by a further 12 minutes at +0.1 VAg/AgCl. 

Photodeposition was carried out using a light intensity of 62 mW.cm-2 across 315-795 nm.  

Oxygen measurements: Oxygen measurements were carried out using a generator -collector 

electrode method as developed by other groups previously.59,93,94 On either side of the collector 

electrode 1 mm spacers were used, to prevent electrical contact between both generator and 

collector electrodes, and to allow space for electrolyte. FTO used for the collector electrode 

was not pre-treated. A wire was connected to the top left corner of the electrodes using 

conductive silver paste, and once dry covered in epoxy resin. Electrodes were then cut in the 

top right corner to isolate the connections when sandwiched together. Electrodes were pressed 

together with the conducting sides facing each other, and parafilm was wrapped around the 

top and the bottom of the sandwiched electrodes to hold them together.   

 Prior to purging the electrolyte (0.1 M KOH) a CV at 100 mVs-1 was obtained for the 

electrodes. The cell was then purged for 30 minutes with nitrogen, after which, a nitrogen 

blanket was kept over the cell for the remainder of the experiment. CV of the collector 
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electrode was taken to ensure no oxygen was present within the cell. Here, PBI-A is the 

generator electrode. It was held at +0.2 or +0.4 VAg/AgCl throughout the experiment. FTO is the 

collector electrode and was held at -0.6 VAg/AgCl, a potential selective to oxygen reduction. 

Once steady state had been reached by both electrodes, the back face of the generator electrode 

was illuminated with a 420 nm LED, after which the LED was switched off and the current 

allowed to plateau. Faradic efficiencies were calculated using the equation below, where –QC 

and QG are the areas for the collector and generator electrode respectively. %col is the collection 

Efficiency (54 ± 10 %) which was determined by taking the average of 5 oxygen 

measurements using a Co-Pi electrode as the generator electrode. Co-Pi is used as a calibration 

material as it is known to show ~ 100% Faradic Efficiency for water oxidation. For these 

measurements Co-Pi was prepared via electrochemical deposition in 0.5 mM cobalt nitrate, in 

0.1 M phosphate buffer at pH 7. The FTO electrode was held at +1.2 VAg/AgCl for 25 minutes, 

after which the FTO electrode had a brown colouring owed to the presence of Co-Pi on the 

surface. Calibration measurements were carried out with the Co-Pi held at +0.6 VAg/AgCl 

initially, and oxygen production was triggered by a potential switch to +1.6VAg/AgCl.  

FEO2 = (-QC /QG) (1/%col), %col =-QC/QG 
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In this thesis we explored the engineering and activity of (i) photoanodes for 

photoelectrochemical water splitting using PBI-A gels and organic semiconducting polymers 

and (ii) electrocatalytic CO2 reduction using [Mn(bpy)(CO)3Br] electrocatalyst incorporated 

into a CMP. 

In chapter 2 we synthesised a known porous polymer, CMP-(bpy)20, and immobilised 

a CO2 reduction molecular catalyst, [Mn(bpy)(CO)3Br], into the polymer backbone to prevent 

dimerisation of the molecular catalyst in an attempt to reduce the overpotential required for 

CO2 reduction. Various different synthetic routes were explored to gain a high BET surface 

area of the polymer material whilst possessing high catalyst loadings. Post metalation of CMP-

(bpy)20 at lower synthetic temperatures of 45˚C resulted in both high surface area and catalyst 

loading. Immobilisation of CMP-(bpy)20-Mn was achieved using Nafion as a supporting 

polymer by drop casting a suspension of CMP-(bpy)20-Mn in a Nafion solution onto the 

surface of a GCE. It was found that using 0.5% wt Nafion resulted in good stability as well as 

optimal current densities as high as ca. 40 mA cm-2 with addition of NTs. The use of a 

conducting polymer such as PANI as a supporting polymer showed improved current densities 

in comparison to Nafion prepared electrodes. Both Nafion and PANI electrodes showed low 

Faradaic efficiencies for carbon based products, <1%, and low electroactive catalyst content. 

It was found that soaking the electrode prior to use resulted in a current increase, 

demonstrating diffusion limitations across the electrode. Low electroactive content of Mn 

centres also demonstrated the lack of extended conjugation as a result of structural defects 

within CMP-(bpy)20 framework. Therefore, it was expected that only CMP-(bpy)20-Mn 

particles very close to the GCE electrode surface were electroactive. To overcome this and 

increase conjugation and diffusion across the electrode, CMP-(bpy)20-Mn was templated onto 

the surface of a GCE by exploiting π-π interactions. Although, selectivity and electroactive 

content was not improved, this study is a first example of the immobilisation of 

[Mn(bpy)CO3Br] into a CMP for electrochemical analysis and is an important step for the 

development of such electrodes for CO2 reduction. Future studies will be carried out using a 

gas diffusion electrode to aid diffusion of gases in and out of the porous structure. 

In chapter 3 we begin by rationalising the electron transfer process of two linear 

polymers, P8s and P56, for photocatalytic hydrogen evolution in a H2O/MeOH/TEA mixture 

using TA spectroscopy. Both polymers showed similar excited state dynamics upon 

photoexcitation in the UV region (365 nm). Photoexcitation of a suspension of polymer in 

H2O/MeOH/TEA showed the formation of a long-lived excited state, with an absorption 

maxima ca. 700 nm, of which ca. 10% persists beyond 3.2 ns. The long-lived excited state 

was assigned to the formation of an electron polaron state. In contrast, when in H2O only a 

short-lived PIA is observed, indicating MeOH and/or TEA was acting as a sacrificial electron 
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donor. TA spectroscopy in H2O/MeOH showed only a small increase in t50% in comparison to 

H2O, showing the role of MeOH in this case to be a wetting agent of the polymer, and therefore 

confirming TEA as the acting sacrificial electron donor. Due to their solubility in organic 

solvent, we went on to explore the fabrication of photoanodes for water oxidation, primarily 

focusing our study on P8s due to its superior HER for water oxidation. Initial testing of P8s 

on FTO exhibited small photocurrents of 0.64 µA cm-2. Systematic engineering of the 

photoanode by the incorporation of a bulk heterojunction, n-TiO2, improved photon absorption 

to >95%, and resulted in photocurrents as high as ca. 21 µA cm-2 in-line with those reported 

in the literature for other organic photoanodes. Although TA spectroscopy showed the photo-

generation of a hole polaron, and PEC measurements using a hole scavenger showed increased 

photocurrents, only negligible oxygen Faradaic efficiencies were obtained in the presence of 

a WOC. Lack of oxygen generation is thought to be due either (i) self-trapping of holes and/or 

(ii) short-lived lifetimes for electron-hole pairs, preventing sufficient time for hole migration 

to water for water oxidation. Future work will focus on the mechanistic insight into the charge 

separation when in the presence of a WOC to gain insight into the lack of oxygen evolution. 

The addition of protecting layers to the surface of the photoanode is also of interest, as this 

has been reported to aid stability of organic photoanodes in such harsh working conditions. 

Furthermore, the testing of other processable hydrogen evolution polymers, such as P56, will 

be carried out for their applications as photoelectrodes for water splitting. 

 In chapter 4 we show that by hydrating a PBI-A self-assembled network via gelation, 

a shift in activity from the UV to the visible region is observed corresponding to the maximum 

absorption of the material, in contrast to previous reports PBI-A dried solutions. Investigations 

into the structure and excited state dynamics of various hydrated states of a PBI-A gel was 

carried out using SANS, UV-Visible absorption spectroscopy and TA spectroscopy. Upon 

drying of a hydrogel, the formation of a compact and more rigid network was observed and 

was reflected in the apparent shortening of fibres. UV-Visible absorption spectroscopy 

showed that overall the aggregated networks between a dried and hydrated gel were similar, 

as only a small change in the stacking of PBIs within aggregates occurred. However, 

rehydration of a dried gel showed the changes upon drying were irreversible. In all gels long-

lived charge separation was achieved under visible light illumination (490 nm) when in water 

(pH 4), where it is likely electron transfer from the PBI core to the alanine group occurs. We 

therefore tested the gels as photoanodes for water oxidation. Optimal photocurrents of ~4 A 

cm-2 were observed for a rehydrated xerogel, in-line with those reported for the state-of-the-

art organic photoelectrodes in water (1-10 A cm-2). Low oxygen Faradaic efficiencies of 7 ± 

4.24% were improved by the addition of 1% wt. IrOx WOC to ca. 30% at +0.2 VAg/AgCl. 

Although the Faradaic efficiency was improved, the low yield of oxygen is thought to be due 
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to poor localisation of the WOC hindering efficient hole transfer into the electrolyte. 

Alternative methods such as photoelectrochemical deposition present promise for optimal 

positioning of WOC. To improve photoactivity of amino acid functionalised PBIs, the 

screening of various different amino acid groups would provide insight into which donor 

groups work most effectively for water oxidation applications.  

   

 

 


