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Abstract

The main finding of this thesis is the discovery of poly(2,2’-bithiophene) (PBTh) as a novel

photo-electrocatalyst for the hydrogen evolution reaction (HER). This finding for PBTh is

supplemented by studies showing remarkable long term stability, high Faradaic efficiencies, and

successful operation over a wide pH range. In-depth mechanistic studies were also conducted

and reveal significant insight into the thermodynamic and kinetic mechanism of the PBTh

catalyst.

The challenge of tackling climate change requires the rapid development of new technologies

for sustainable energy use. To this end, hydrogen shows much promise as an alternative for

fossil fuels, however, the absence of an efficient H2 generation method has thus far limited

commercial applications. Significant research has been directed towards the development of

new catalysts for the HER though none have yet achieved the desired performance requirements.

In this study, we utilise the inherent electrochemical and photo-active properties of conducting

polymers to tackle this long-standing problem.

Initial studies on conducting polymer:dye blends were inspired by earlier research but revealed

little catalytic activity. Subsequent in-depth characterisation studies allowed the identification

of key issues, whilst revealing promising alternative conducting polymer:dye combinations for

further investigation; namely, PBTh and Cresol Red. It was eventually discovered that PBTh

displayed photo-electrocatalytic activity towards the HER even without the dye component.

As a result, research was redirected to focus on pure PBTh to better understand this novel

behaviour.

The investigations on PBTh films revealed a range of desirable catalytic properties such as

the successful operation in neutral aqueous environments, good stability over 12 days and an

onset potential of 0.3 V below E0. The PBTh system also showed significant scope for further

improvements which included the threefold increase in the catalytic activity when changing

film thickness. This potential for enhancement, together with the inherent desirable catalytic

properties, presents PBTh as a particularly exciting photo-electrocatalyst.

In the final part of this study, in-depth mechanistic studies were undertaken to elucidate the

chemistry behind the catalytic behaviour. Key findings included the exclusion of iron as a

possible contaminant, confirmation of the photo-dependence to the optical properties of PBTh
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and assignment of an equivalent circuit to yield insight into the electrical properties of the

PBTh electrode. Most importantly, in-situ Raman spectroscopy analysis was able to reveal the

formation of an S−H def. band (at 985 cm−1) which confirmed the proposed intermediate

state of a PBTh chain protonated at a sulphur atom (PBTh(S-H)+). Subsequent computational

studies supported these findings and revealed promising charge transfer states of the excited

PBTh(S-H)+ species. A tentative reaction mechanism is thus put forward, though further

experimental data is required to confirm the scheme.

The studies presented herein represent the beginnings of the development of PBTh as a photo-

electrocatalyst for the HER. These promising initial results have led to the publication of three

papers and generated considerable scope for future studies. As it stands, the full potential of

the PBTh system has yet to be realised but given the promising performance observed thus far,

it is hoped that the eventual optimised system would yield a low-cost and efficient catalyst for

the commercial production of H2.
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1.1 General Context

The Fifth Assessment Group from the International Panel on Climate Change considers the

warming of our planet as “unequivocal” and would require “substantial and sustained reductions

of greenhouse gas emissions” to avoid dangerous climate change.1 In light of this, hydrogen

has been proposed in recent decades as a zero-carbon energy medium for a variety of appli-

cations which range from replacing petrol in transportation, batteries in energy storage and

coal/gas in power generation.2 In particular, H2 can be used in conjunction with intermittent

renewable energy sources such as wind and solar to store energy (when in excess) and supply

electricity (when inactive), thus forming a strong partnership that harnesses the strengths of

both technologies.3 As a result, hydrogen power has seen significant developments in both

research and industry.4

Despite the promising potential of H2, widespread commercial use has been hindered, amongst

other things, by the lack of a sustainable hydrogen production method.5 The current fossil

fuel based approach using the steam methane reformation process is effective and low cost

but ultimately runs counter to achieving a carbon neutral energy economy.6 Of the alternative

production techniques, electrolysis is perhaps the most established. First discovered in 1800

by Nicholson and Carlisle,7 it was found that the passing of a voltage between two immersed

electrodes was able to split water via the electrochemical reaction: 2 H2O −−→ 2 H2 +O2 (see

Figure 1.1).

H2O

AnodeCathode

+

2H2O      O2 +4H+ + 4e-2H+ + 2e-     H2 

Reduction Oxidation

2H2O      2H2 + O2 

Overall

Figure 1.1: Electrolysis of water. A voltage is applied across two electrodes, splitting water
into its elemental constituents (hydrogen and oxygen) via electrochemical reaction.

Currently, the majority of commercial electrolysers are limited to the small scale with operational

capacities between 0.1 kg to 1000 kg per day5,8 and is insufficient for industrial applications.

This is a direct result of several factors and include the use of expensive catalyst materials

(such at Pt), the requirements of harsh chemical environments and the limited access to cheap

renewable energy resources.9
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To address some of these shortcomings — primarily the use of platinum — this project builds on

work carried out by the Winther-Jensen group on intrinsically conducting polymers (ICP) as a

catalytic electrode material.10 The principle reaction investigated is the reduction half-reaction,

also known as the hydrogen evolution reaction (HER) (see Eq 1.1); the E0 of this reaction is

commonly listed as 0 V vs SHE but is dependent on pH via the Nernst equation (Eq 1.2).

2 H+ + 2e− −−→ H2 (1.1)

EH+/H2
= E0

H+/H2
+ RT

nF ln [H
+]2

PH2
(1.2)

In current electrolysers, platinum electrodes are used for the HER due to their excellent perfor-

mance, but the rarity of Pt renders them prohibitively expensive for industrial applications.11

As such, alternative, platinum-free catalysts for the HER have been heavily investigated in

recent decades. Unfortunately, these catalysts have their own failings and include instability,

the requirement of acidic or organic electrolytes, the addition of sacrificial electron donors and

significantly higher activation energies.

This project builds on previous findings, where blends of PEDOT:PEG were able to successfully

electrochemically catalyse the production of hydrogen (Figure 1.2).10 By expanding on this

concept, this study attempts to address some of the key issues of the HER catalysis by examining

the novel idea of embedding dyes into conducting polymers to form a photo-active blend;

thereby reducing the total energy requirements for the HER. While the role of each component

has been successfully applied in their respective fields – dyes as light harvesters and ICPs as

conductive substrates – their combination may prove to be a unique solution to this long-

standing problem. Supported by computational simulations, we explore the multiple facets in

the design of this electrode system including its feasibility, selection of materials, operating

parameters and the working mechanics.

Figure 1.2: The catalytic activity of a PEDOT:PEG blend (blue) compared to a PE-
DOT:polymethylvinylether blend (red), in 1 molL−1 H2SO4 at 5 mV s−1 on Ti foil.10
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Literature Review

The overall scope of the project encompasses several fields, key of which is the area of water

electrolysis. However, as a multicomponent electrode, concepts and hence literature is also

drawn from the fields of dye sensitised solar cells (DSSC), organic photovoltaics, computational

chemistry and conducting polymers. The following literature review will hence highlight key

developments in the aforementioned fields and their relationship to the focus of this project:

the investigation of light enhanced conducting polymer:dye blends for the HER.

1.2 Overview of Electrolysis

1.2.1 History of Electrolysis

The history of electrolysis began in the early 1800’s and its potential to provide energy was

recognised as early as 1874 by Jules Verne where he predicted that “water will be the coal of

the future”.12 The first commercial electrolysers — a device that splits water into hydrogen

and oxygen via electricity — were built in 190213 and they provided hydrogen for the majority

of the early 20th century. However as demand continued to increase, the cheaper steam

methane reformation process eventually superseded electrolysis and remains the main source

of hydrogen today.14

Nonetheless, development on electrolysis and electrolysers continued. Key milestones included

the commercialisation of pressurised electrolysers (1951), the discovery and use of Raney

Nickel electrodes (1957), and the development of both the solid polymer electrolyte electrolyser

(1966) and the solid oxide electrolysis cell (1972). The Oil Crisis of 1973 and the growing

recognition of man’s environmental impact has since stimulated research. However, despite

steady advancements, long standing issues such the use of platinum, corrosive operating

conditions and limited access to cheap renewable energy still remain.15,16

1.2.2 Proton Exchange Membrane Electrolysers

Of the aforementioned breakthroughs, the development of the proton exchange membrane

(PEM) electrolyser was perhaps the most influential. This was the direct result of General

Electric’s work in developing a fuel cell for the Gemini space program17 and brought numerous

advantages over the earlier alkaline type electrolysers. While the operation of a PEM electrolyser

(Figure 1.3) remains reliant on the same basic chemical reactions, the use of a solid proton

conducting polymer membrane (eg: Nafion)13,18 altered the operational conditions significantly.

The net result is an electrolyser that is capable of fast start up/response times and higher current

densities, traits which synergise well with the intermittency of renewable resources.5 The PEM

electrolyser also eliminates the various issues associated with the use of concentrated alkaline

solutions and allows for a very robust and low maintenance electrolysis system.16,19,20
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Figure 1.3: Schematic of a PEM electrolysis cell

As a result of their advantages, PEM electrolysers have been successfully commercialised since

the 1990’s.20–23 Unfortunately, their reliance on the rare and expensive platinum group metals

such as iridium, ruthenium and platinum have restricted their applications to small scale and

specialised situations. However, as interest grew around the shift to a hydrogen economy,2,24–26

the research and development of cheaper and more efficient catalytic electrodes for electrolysis

gained momentum.

1.3 Alternative Electrochemical Catalysts

An effective HER catalyst requires a balance between proton adsorption and H2 release. It

needs to bind H+ strongly enough to enable their adsorption and subsequent reaction on the

catalyst surface, but not so strongly that it is unable to release the produced H2 gas.27 This

is the underlying reason for the high performances of platinum and biological catalysts such

as Hydrogenase and Nitrogenase as they strike the correct balance for H2 formation (where

∆GH ≈ 0).28 This is phenomenon is illustrated in Figure 1.4. The same figure also shows how

materials that require substantial energies to bind H+ such as Au, or to release the H2 such as

Ni, Mo, are not efficient catalysts.29

Figure 1.4: Free energy diagram for H2 evolution calculated by Hinnemann et al., the most
successful catalysts have a free energy close to zero for easy adsorption and desorption of H2

29
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Figure 1.5: Cyclic voltammetry (CV) showing the performance of MoS2 catalysts. A: Com-
parison of the MoS2 catalyst on reduced graphene oxide (RGO) and solution grown MoS2
nanoparticles (NP) to a commercial platinum catalyst.35 B: The catalytic performance of MoS2
deposited on a graphene-Ni network in 0.1 molL−1 KOH, pH 14.38

1.3.1 Molybdenum Sulphides (MoS2)

Researchers at the Technical University of Denmark recognised this energy requirement and

used computational techniques to identify MoS2 as a potential electrode material.29,30 Since

then, research has continued on investigating and developing MoS2 and related sulphides such

as WS2.31,32 These include the identification of the active edge sites,33 structure modifications

to improve conductivity and active sites34 and the synthesis of MoS2 on reduced graphene

oxide (RGO)35 (Figure 1.5A) and carbon nanospheres36 to increase catalytic surface area.

More recent work includes the development of [Mo3S13]
2– nanoclusters with excellent HER

activity,37 as well as the ability to perform the HER in extreme alkaline conditions using MoS2

(on graphene-nickel 3D stuctures), see Figure 1.5B.38

Interest with these catalysts have been significant as both molybdenum (USD 25.5 per kg) and

tungsten (USD 63.9 per kg) are non-precious metals that are far cheaper and more abundant

than platinum (USD 45 800 per kg).39 However, outstanding issues remain and include the

lack of long term testing, the absence of photo-activity for the HER (thus requiring higher

electrochemical potentials) and the requirement of nanoparticles with a high number of edge

sites for good catalytic activity.31 Nevertheless, MoS2 is a promising candidate as a low cost

catalyst for the HER with significant scope for further developments.40

1.3.2 Biological and Bio-Inspired Approaches

Other approaches take inspiration from naturally occurring enzymes such as hydrogenase and

nitrogenase to catalyse the HER (Figure 1.6). In nature, these enzymes are vital for anaerobic

metabolism and are responsible for driving the reduction reactions of carbon dioxide, sulphate,
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Figure 1.6: The catalytic metal centre of the [FeFe]- and [NiFe]-hydrogenase in A and B
respectively. A cartoon representation of the hydrogenase enzyme is also included, showing the
[Fe-S] clusters that transport electrons from the ferredoxin redox mediator (Fd) to the catalytic
centre. A schematic of this process is presented in C for the [FeFe]-hydrogenase.11,43

nitrate etc. via the reversible reaction 2 H+ + 2 e– −−*)−− H2.41 Like MoS2, these enzymes follow

the same reaction thermodynamics where the free energy the HER is close to 0 – see Figure 1.4 –

and possess performances on par with platinum.42 Because of their high reactivity, investigation

into [NiFe]- and [FeFe]-hydrogenases and the development of a synthetic analogue has been

an area of rapid development.11

One approach taken is the incorporation of enzymes into various substrates to harness their

catalytic activity. A direct adsorption approach has been trialled44,45 and while useful for

fundamental electrochemical study, the enzyme was found to be unstable and unsuitable for

commercial purposes.46 Stability was improved with the entrapment of hydrogenase by viologen

containing polypyrrole films on carbon electrodes, which allowed for hydrogen evolution and

uptake.47,48 Other methods include the covalent grafting of hydrogenase onto functionalised

carbon electrodes and nanorods, and has demonstrated sustained catalytic current for over a

week.49,50 However, these investigations have focused on hydrogen oxidation (not the HER)

primarily due to the use of [NiFe]-hydrogenase which are more robust under aerobic conditions

but display a lower activity for hydrogen evolution.51

In general, while the use of hydrogenase present an intriguing method for the production of H2,

it is difficult to achieve due to their instability. [FeFe]-hydrogenases present the most promising

potential but they tend to degrade when exposed to O2, on the other hand, [NiFe]-hydrogenases

are more stable in air but have much lower activities.46 It is also possible to biologically

produce hydrogen using microbes such as cyanobacteria that contain the hydrogenase enzyme.52



8 CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

However, its implementation is non-trivial due to (once again) sensitivity to oxygen and the

need to regenerate the redox mediator (ferredoxin) through processes such as respiration or

nitrogen fixing.52,53 In conclusion, though the use of enzymes in a “bio-hybrid” type catalyst

could reveal excellent information on the mechanisms for the HER, it has been identified that a

more likely breakthrough would be with “bio-inspired” catalysts.54

1.3.3 Metal Complexes

The use of metal complexes represent a significant area of research and development due

to their facile redox reactions and options for customisability using ligands. Moreover, their

vital role as the active site in biological enzymes have resulted in a large range of bio-inspired

catalysts showing promising performance without the inherent instability of the enzyme. An

overview of some of these promising metallic complexes with iron, nickel, molybdenum and

cobalt metal centres are described below.55–59

Iron (Bio-mimics)

Interest in Fe catalytic centres are in a large part due to their presence in the active site of

hydrogenase, and as such, many of these complexes contain a di-iron [FeFe] centre. Initial

studies of a simple diiron dithiolate complex showed poor catalytic performance60,61 though

the addition of proton relay sites were able to significantly bring down the required overpo-

tentials.11,62 However, for many of the [FeFe] catalysts, strong acids and organic solvents

are still required and overpotentials remain high.11,55 Research has since continued with

developments including the use of diphosphine ligands,63,64 the move to mononuclear iron

species65 and the development of unsaturated, pentacoordinate iron complexes.64,66,67 Despite

these developments, catalysis performance on par with that of biological systems have remained

elusive and the instability, low water solubility and high overpotentials of these catalysts remain

problematic.

Nickel

Similar to Fe, Ni is also found in the catalytic centre of hydrogenase and has promising potential

for the HER catalysis. One such bio-inspired example is the nickel bisdiphosphine (NiP4)

catalyst family developed by DuBois et al.68–70 These combine the functional features of

both [NiFe]- and [FeFe]-hydrogenases and have resulted in impressive catalytic capabilities

which include a turn-over-frequency (TOF) of over 100 000 s−1 using a NiP4 complex, see

Figure 1.7.71 Strong acidic conditions, organic solvents and a sacrificial proton donor was

still required but importantly, it revealed the critical role of pendant amines and their role as

proton relays.11,71 A large body of research has since further improved the NiP4 catalysts and
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Figure 1.7: (1) The [FeFe]-hydrogenase centre. (2) The NiP4 catalyst developed by DuBois et
al. for H2 production. (3) Proposed transition state of the NiP4 during H2 production; (1) and
(3) show the role of the pendant amine group as a proton relay.71

include an increased stability in aqueous environments, enhanced catalytic activity as well as

an improved understanding of the system.72–78

Molybdenum

Moving away from enzymes and their bio-mimic centres, other catalysts have taken inspira-

tion from the activity of MoS2 with the use a molybdenum centre. These include the related

[Mo3S4]
4+ cubane-type cluster where a similar catalysis performance was observed (Fig. 1.8A,

B);31,79 it is particularly interesting as the molecular nature lends itself to further function-

alisation. Molybdenum-oxo catalysts have also demonstrated significant catalytic activity in

aqueous solutions and a neutral pH (Figure 1.8C, D);56,57 this is particularly noteworthy due

to its potential for use in electrolysers without the need for sacrificial additives, exotic media

or harsh chemical environments. Subsequent studies based on the Mo-oxo complex was able

to realise a MoS2 mimic showing impressive catalytic HER performance in aqueous (acidic)

electrolyte.80

Figure 1.8: A: The molybdenum-oxo catalyst and the reaction to produce H2, and B: its
performance (7.7µmol L−1, red trace) as shown by CV in a 0.6 molL−1 phosphate buffer at
pH 7, 50 mV s−1;56 the neat background is shown in the blue trace. Cathodic current is being
presented here in positive values.
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Cobalt

Cobalt is another very commonly used catalytic centre and cobaloxime complexes have been

shown to exhibit very low overpotentials with high turnover rates.55 Unfortunately, they require

organic solvents or acidic environments for optimal performance81–83 and these conditions are

typically avoided for industrial processes (where possible). Nonetheless, more recent studies

on cobaloximes have shown electrochemical HER activity in aqueous solutions with promising

scope for further improvements.84–86 Cobalt polypyridyls are another promising catalyst where

advances have progressed from initial studies in organic media,87 to catalysis in H2O,88 to the

incorporation of photo-sensitizers.89 They are not without limitations which include the need

for sacrificial electron donors and the use of significant overpotentials (>0.3 V). Nevertheless,

developments are continuing on these highly tunable Co systems (Figure 1.9), key of which

include the incorporation of photo-active components and these are further discussed below in

Section 1.4.

Figure 1.9: A: The general structure of cobaloxime showing the two axial sites (L) for at-
tachment of ligand and reaction with H+. B: CVs showing how the catalytic performance of
cobaloxime changes with different ligands; conducted in 0.1 molL−1 phosphate buffer, pH 7 at
100 mV s−1.85

1.3.4 Nickel Electrodes

Nickel electrodes in the form of Ni foam has been used in alkaline electrolysers for their low

cost and high surface area90 though they suffer from deactivation under the strong alkaline

conditions.20 Numerous techniques have been trialled for improving catalytic lifetime and these

include the development of alloys,91,92 the addition of an iron coating93 and adding dissolved

vanadium.94 Promising results have also been obtained for modified Ni(OH)2 electrodes

where they show a four-fold increase in catalytic activity over plain nickel (Figure 1.20) and

substantially better performance than other 3d metal hydroxides (Co, Mn and Fe).95–97
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Figure 1.10: A comparison of the HER performance of Ni, Cu, Ag metal electrodes in different
electrolytes and with the Ni(OH)2 modification. The activities reported were taken from the
first polarisation curve at an overpotential of 0.3 V.97

Despite their promising performance, these nickel based electrodes are optimised for alkaline

electrolysers. While they are a potential solution for sustainable hydrogen production, they

have numerous other issues that include high overpotentials, insufficient charge transport and

gas bubble resistance.20,98

Summary of Electrochemical Catalysts

Despite the development of numerous promising electrodes and catalysts, research thus far

has yet to produce an ideal alternative for platinum. An inherent problem of electrocatalytic

materials is that they can only operate with the application of a potential, an issue that requires

cheap renewable energy in order to achieve the goal of environmentally sustainable hydrogen

production. Furthermore, even the most efficient electrochemical catalysts cannot catalyse

the HER below the theoretical value of E0. These combined factors have resulted in the

investigation and development of photo-electrocatalysis, where light is harnessed to help drive

the electrolysis reaction.

1.4 Light Enhanced Electrodes

The development of a photo-driven or a photo-enhanced-electrochemical electrode for electrol-

ysis is not a new idea. Its roots can be traced to the early 70’s when Fujishima and Honda first

reported the evolution of hydrogen and oxygen from their titanium dioxide (TiO2) electrode

with the illumination of UV light.99 While the need for UV light proved too impractical for

commercial use, the idea spawned a new way of addressing the catalysis problem. Here, a
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Figure 1.11: Left: The ideal band structure of a photodriven semi-conductor system for
water splitting . Right: A multi-component system used for the same reaction. In both cases,
conduction and valence bands must be positioned correctly for electron injection and withdrawal
respectively.104

range of different photo-catalytic systems using a variety of light-harvesting and chemical mech-

anisms are described; some are completely photo-driven while others require an application of

electrochemical potential.

1.4.1 Semi-Conductors

The principles behind a light-driven electrode rely on the correct positioning of each component’s

electronic band energy structure, see Figure 1.11. Various semi-conductor based materials

satisfy this criteria and include TiO2, cadmium sulphide (CdS) and silicon carbide (SiC) .100–102

There are however, several issues to this semi-conductor approach, and include photo-corrosion,

fast recombination of electron/hole pairs and the inability to harness light from the visible

spectrum.103 Thus, the realisation of a successful semi-conductor photo-catalyst is not trivial,

though various materials have shown promise and they are presented below.

TiO2 is a prime candidate due to its abundance and stability. However, its large band gap

(3.2 eV)100 prevents the material from harnessing lower energy photons and it is thus unable

to utilise a significant portion of the solar energy spectrum. To counter this, some groups

have attempted to narrow the TiO2 bandgap using methods such as the doping of TiO2 with

anions100 and modification with carbon atoms via controlled combustion.102 While yielding

promising initial results, the anion doped electrode has so far only demonstrated the successful

photo-decomposition of various organic molecules while the combustion modified TiO2 requires

further investigation to increase photo-conversion efficiency (see Figure 1.12).105 A part of

this issue is the short hole lifetime where recombination of the photo-excited electron/hole

pair occurs before oxidation of H2O.106

Cadmium sulphide is another much investigated semi-conducting material since it has a smaller

band gap of 2.4 eV. This allows it to both harness photons from the visible spectrum and still

have the appropriate conduction and valence band energies to split water.107 Unfortunately,

CdS suffers from photo-corrosion via the reaction, Eq 1.3. Approaches to counter this include
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Figure 1.12: Photocurrent density (jp) of various TiO2 electrodes as a function of measured
potential; Unmodified TiO2 (1), TiO2 modified by thermal flame oxidation (2) and TiO2
modified by spray flame (3). Illumination was provided by a white light with intensity of
100 mW cm−2.105

the addition of sacrificial species such as EDTA and S2–/SO 2–
3 to scavenge valence band

holes.108,109 Other approaches such as platinization and the use of Nafion has also met with

some success though the overall requirement for sacrificial additives currently hold back the

commercialisation of CdS based photo-catalysts.107,110

CdS+ 2 h+vb −−→ Cd2+ + S (1.3)

More exotic semiconductors are have also demonstrated photo-catalytic activity and include

TaON,111 Y2Ta2O5N2,112 (Zn(1+x)Ge)(N2Ox),113 and Sm2Ti2S2O5.114 Despite their ability

for photodriven water splitting, their complicated synthesis techniques, use of sacrificial

donors/acceptors and reliance on Ru, Ir, and Pt particles currently limit their application

to laboratory work and development.

1.4.2 Biological Photo-systems

The addition of a photosensitiser for light driven catalysis has been used as a way to expand

the capabilities of bio-catalysts; previously mentioned in Section 1.3.2. Approaches have

utilised both biological and synthetic components and include novel ideas such as the joining

of Photosystem I to hydrogenase (or platinum) via a “molecular wire”.115 A similar approach

conducted by Krassen et al. combines a modified subunit of Photosystem I from Synechocystis

with [NiFe]-hydrogenase into a hybrid complex capable of light-induced hydrogen evolution;

albeit at the low rate of 10−10 moles per second.116 Other new ideas include the coupling of
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Figure 1.13: Representation of the enzyme-TiO2 hybrid system with photosensitiser developed
by Armstrong et al. Aspects that are desirable for H2 production are shown.117

hydrogenase directly to a Ru dye-sensitised TiO2 photosystem (Figure 1.13). Impressive turn-

over-frequencies of up to 50 mol H2 s-1 (mol enzyme)-1 were shown for the system although it

suffers from photo-instability.46,117

1.4.3 Chemical Photo-systems

Heterogeneous Catalysis

Chemical H2 evolution catalysts have also been adapted for photo-enhancement, common

methods include the attachment of dyes, incorporation onto semiconductors and use of other

photosensitisers. Simple systems combining catalysts and semiconductors/dyes have been

investigated since the mid 1980’s where a combination of p-type silicon and [1.1]ferrocenophane

achieved H2 evolution under illumination with a 300 mV underpotential.118 Developments

since then have progressively moved towards aqueous and more neutral environments and

include the work of Nann, Pickett et al., where a nano-photocathode system was reported to

achieve a photo-electrochemical efficiency of over 60% (potential was applied).119 Their system,

based on a [FeFe]-hydrogenase analogue and a network of crosslinked indium phosphide, was

able to produce H2 at an applied potential of −400 mV vs Ag/AgCl in a neutral aqueous solution

(Figure 1.14). This corresponds to an underpotential of ca 200 mV and is a significant step

in the development of an efficient photo-elelctrocatalyst; though it should be mentioned that

currents remain very poor.

Other studies have combined CdS with a molecular Ni-complex120 and a MoS2-polyaniline

composite121 to produce successful photo-catalytic systems. More exotic hybrid combinations

using CdSe/ZnS quantum dots with cobaloxime catalysts have resulted in high turnover num-

bers (TON) with respect to the photocatalytic generation of H2.122 The molecular [Mo3S4]
4+

catalyst has also lent itself to be incorporated into photo-active materials such as NaTaO3
123

and silicon124 to photo-catalytically produce H2. Key issues that remain for these photo-systems
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Figure 1.14: The nano-photocathode system developed by Nann, Pickett et al. A: Schematic
cross-section diagram of the photo-system showing the InP nanocrystal modified gold cathode
and adsorbed [Fe2S2(CO)6] catalyst. (Right) Comparison of the photocurrent responses of
various electrodes at different bias potentials.119

however, include the need for sacrificial electron donors such as triethylamine, strong acidic

environments and the absence of long-term testing.

Homogeneous Catalysis

Homogeneous catalysis is another approach investigated with interest centred on the devel-

opment of non-precious metal based photo-catalysis.125 Examples of such research include

the bio-inspired supramolecular photocatalyst created by Sun et al.126 and involves the non-

covalent assembly of a metalloporphyrin to an iron hydrogenase active site mimic (Figure 1.15

left). While the TON is low (0.2) it is attractive due to the lack of noble metals and the use of

bio-inspired molecules.125 Nickel catalysts have also been investigated with one such example

reporting the photo-driven production of H2 with a high TON of 7300, though again, requires

a sacrificial electron donor.72,127

Photo-catalysis on cobalt based complexes have also been investigated and include the attach-

ment of cyclometalated iridium and ruthenium photosensitisers to cobaloxime catalysts.128–130

One such photo-catalyst is shown in Figure 1.15 (right), and was able to achieve quantum yield

values of 16% with high TOF (50 h−1) and moderate stability (TON = 273). Studies have since

continued to increase TON, reaction rates, quantum efficiency, pH performance and operation

in pure aqueous environments, nonetheless there is the need for further improvements.131

There are numerous other catalysts for the homogeneous photo-driven production of H2 and

their molecular nature helps to reveal much about the photo- and chemical properties required

for the HER.125,132,133 However, this nature also means that it is difficult to regenerate the

photo-catalyst without sacrificial additives and could potentially hinder large scale production.
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Figure 1.15: Structures of molecular photocatalysts showing catalyst and photosensitiser.125

Left: Bio-inspired di-iron active catalyst with porphyrin photosensitiser and Right: a cobaloxime
catalyst with iridium photosensitiser.

Summary of Photo-catlysts

Harnessing light for the HER and water splitting is a promising and energy efficient method

in which to produce hydrogen. Yet, despite work progressing along numerous fields, an ideal

photo-system for the production of hydrogen has yet to be realised. The key hurdles vary for

each photo-catalyst though commonly encountered issues include, the reliance on rare-earth

metals, the need for sacrificial donors, difficulties in aqueous environments, low H2 evolution

rates and low stability.134,135

Some of these issues can be addressed through the use of hybrid photo-electrochemical systems

where the light harvesting mechanism from a conventional solar cell (Si, DSSC, perovskite etc.)

is used to drive a matched electrochemical catalyst.46,90,134,136 These systems can eliminate the

need for sacrificial donors as charges can be balanced/regenerated by the redox reactions on the

counter electrode. On the other hand, the incorporation and successful catalytic interaction of

two different systems can be problematic and their overall usefulness remains dependent on the

development of efficient catalysts. In any case, the advancement of photo-systems for the HER is

ongoing along many different research directions, all with interesting properties and capabilities.

Only time will tell which method will achieve the holy grail of water splitting/sustainable H2

production.
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1.5 Conducting Polymers

1.5.1 Overview

Conducting polymers were first discovered in 1862 by H. Letheby and his investigations on

polyaniline, however, the instability of early conducting polymers limited their commercial use.

Their potential as intrinsically conducting polymers (ICP) was only fully realised in the late

1980’s with the development of a range of stable species using polyaniline, polypyrrole and

polythiophenes.137

Since then, conducting polymers have been utilised for a wide range of applications, brought

about by careful analysis and utilisation of the HOMO/LUMO positions (for discrete molecules)

or the valence band (VB)/conduction band (CB) (for polymer films), and their associated band

gap (Eg). These applications include organic light-emitting diodes (OLEDs) , anti-static coatings,

organic photovoltaic cells (OPV) and field effect transistors.138 Amongst the most commonly

used ICP is the stable, highly conductive and processable poly(3,4-ethylenedioxythiophene) or

PEDOT.139 In this section, an emphasis is placed on members of the polythiophene family due

to their relevance to the project.

The operating principles of ICPs is illustrated by p-doped (or oxidised) polythiophene (Figure

1.16) where the positive charge is conducted via the conjugated carbon backbone and the

associated π electron system. The introduced charge is known as a polaron and is associated

with the creation of an extra electronic energy level from the conduction and valence bands,

see Figure 1.16.140,141 Increased doping of the conducting polymer eventually leads to the

formation of polaron bands and provides the pathway by which charges can travel. Bipolarons

are also commonly observed especially in more heavily doped samples and is the combination

of two same charge polarons that come together to form a spinless state.142

For many polythiophenes and other conducting polymers, they can swap between a neutral

(undoped) semi-conductor state and an oxidised (doped) conducting state; ICPs are conducting

polymers that naturally exist in this doped conducting state. However, the oxidation state

of the conducting polymer is also strongly dependent on the synthesis method used as well

as the chemical environment that it is exposed to. The oxidised/doped state can be brought

on chemically with oxidants,141 with applied potential144 and with light.145–147 The latter

phenomenon is particularly important as it underpins the operating mechanisms of many

conducting polymer photo-applications.

1.5.2 Photo-interactions

The band structure of ICPs and conjugated polymers enable a variety of photo-interactions.

Many examples (including polythiophenes) are able to absorb light in the visible spectra via a
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Figure 1.16: The chemical and band structure of neutral polythiophene, and p-doped polythio-
phene with a polaron and bipolaron, where A- represents the counter ion. Further increases in
doping levels eventually lead to the formation of polaron bands. Adapted from reference.143

π−π∗ excitation to form a photo-excited electron/hole pair (exciton). A range of different

photo-physical and photo-chemical mechanisms can occur from this excited state, some of

which are shown in Figure 1.17.

The most commonly known of these is perhaps fluorescence – a fast radiative relaxation between

states of the same multiplicity – and has been harnessed in polythiophenes for a variety of

applications such as fluorescent markers, light-emitting diodes and even lasers.145,148–151

Internal conversion (IC) or the loss of photo-energy via heat is another common relaxation

mechanism. Other transitions include intersystem crossing which is a non-radiative transition

to the triplet state (T1) and the subsequent radiative relaxation from T1 to the singlet ground

state (S0) via phosphorescence. The triplet processes are spin-forbidden and are typically low

in population but occur over longer timescales (>µs).

The mechanism by which the photo-excited state relaxes/recombines is heavily dependent

on the proximity and activity of surrounding chromophores.152 In conjugated polymer films,

the high density and overlap of π-orbitals mean that intermolecular relaxation mechanisms

such as quenching, energy transfer by the movement of excitons and the formation of excimers

(D) are possible; where an excimer describes the short-lived dimeric species formed by the

formation of a temporary bond between a photo-excited and ground state pair. These processes

are prominent in the polythiophene family due to the heavy sulphur atom which promotes non-

radiative relaxation mechanisms such as interchain interactions and intersystem crossing.150,153
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conversion (IC) and intersystem crossing, the radiative processes of fluorescence (Fl) and
phosphorescence, and the formation of excimers (D) (adapted from reference152).

As a result, the triplet states and interchain transfers play a much more important role in the

photo-physics of polythiophenes.154,155

The photo-chemistry of ICPs is also important to understand as photo-excitation often leads

to degradation via photo-oxidation and chain scission, especially in the presence of O2.152,156

However, when utilised properly, this photo-activity can be employed for a wide range of useful

reactions. This includes the formation of charge transfer complexes and photo-induced electron

transfers for photo-electrochemistry and photovoltaic applications.141,157,158

1.5.3 Polythiophenes

Polythiophene was first synthesised in the early 1980’s. In its most basic form, polythiophene

was known as a stable and moderately conducting polymer (when doped with iodine)159 but

did not really exhibit any other particularly notable properties. This could have been in part
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Figure 1.18: Schematic showing the operating mechanism of a typical OPV. A: Initial photo-
excitation and formation of the exciton (electron/hole pair), B: diffusion of the exciton to the
heterojunction interface followed by charge separation. C: Conduction of the separated charges
to their respective electrodes and the generation of photo-current.

due to the strong π stacking of the polythiophene chains which severely reduced solubility and

made initial studies difficult.138 It wasn’t until the development and synthesis of the soluble

poly(3-alkylthiophene) family that allowed for a much broader range of scientific studies.

The extensive conjugated π-structure of polythiophenes and conducting polymers in general,

allow them to absorb light and electronically interact with surrounding materials relatively

easily. As such, they have been harnessed for photo-electric applications that include OLEDs,

OPVs and as conductive substrates in a variety of photo-devices.160–163 In these cases, success

of the photo-device is dependent on the correct positioning of the polymer’s electronic band

energies and its ability to selectively conduct holes (positive charges).

Polythiophenes in particular, have been heavily studied due to their stability and the wide array

of techniques by which they can be synthesised, modified and tuned for specific photo-electronic

properties.150,164 This feature has been of particular interest in OPVs as it allows for a much

greater flexibility when optimising for properties such as processability, stability, morphology

and Eg.138,165,166 One of the most well known polythiophenes to have evolved from this process

is poly(3-hexylthiophene) (P3HT) where it is commonly paired with phenyl-C61-butyric acid

methyl ester (PCBM) to form a relatively stable and efficient OPV.167

The success of P3HT and related polythiophenes with respect to OPVs is due to several inherent

properties with the first being their strong photo-absorption.168 Good interchain interactions

then aids in the diffusion of the generated exciton pair towards the bulk heterojunction where

it can undergo charge separation and generate the desired photo-current (see Figure 1.18).169
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1.5.4 Electrochemical Applications

The same properties that make P3HT useful for OPVs such as good conductivity and photo-

activity, also makes them suited for electrochemical and photo-electrochemical applications.

However alternatives to the poly(3-alkylthiophene) family is required due to their instability in

the presence of O2 and H2O.170,171 As such, alternative water stable polythiophenes such as

PEDOT are used.

As an organic polymer network, PEDOT lends itself to various modification techniques whilst

still being able to preserve its highly conductive nature. Examples include the addition of

gold/platinum/iron particles to PEDOT to improve the electrochemical oxidation of various

organic species172–175 and the reduction of protons and oxygen.176,177 Moreover, research

from our group and others have shown that PEDOT and various other polythiophenes prepared

via a vapour phase polymerisation (VPP)178 has shown interesting catalytic abilities. These

include the oxygen reduction reaction (ORR)179–182 as well as the HER on PEDOT:PEG blends10

(shown earlier in Figure 1.2); the latter of which forms the basis of this thesis project.

The VPP and solution processability of PEDOT and other polythiophenes allowed for easy depo-

sition on functional substrates and led to the improvement of catalytic performance.161,183,184

Examples include PEDOT on reduced graphene oxide for the ORR,185 poly(3,4-dinitrothiophene)

on carbon nanotubes as an electrocatalyst for the HER186 and PEDOT with PEG scaffolds for the

ORR which exhibited performance on par with Pt.187 This ease of polymerisation/modification

and promising electrocatalytic activity of PEDOT and polythiophenes eventually led to the

progression towards the investigation of photo-active films.

Photo-enhancement

Polythiophenes have been successfully utilised for photo-enhanced electrochemical catalysis by

taking advantage of their inherent optical and electronic properties.188–190 Examples include

the photo-stimulated catalytic oxidation of water using polyterthiophene (PTTh)191,192 and

PEDOT.193 Another approach investigated a heterojunction based device for the splitting of

water with the schematic being shown in Figure 1.19.194 The photo-electrocatalytic capabilities

of these conducting polymers represent the beginnings of a promising field of study; albeit a

little surprising given that these polymers are generally optimised for stability and conductivity,

not reactivity or photo-absorption. Studies are currently underway to better understand their

catalytic mechanism, with one initial result revealing the formation of a photo-enhanced

P3HT/oxygen charge transfer complex.195
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Figure 1.19: The polymer heterojunction photo-system for water splitting.194 Left: Schematic
diagram showing the working principle of the device and the energy levels associated with
each of the components. Right: Comparing the dark and illuminated performance of the
ITO/rr-P3HT:PCBM/NaCl/Pt device.

Summary

The ability to electronically interact with a wide range of substrates/catalysts/components

affords conducting polymers such as polythiophenes a customisability that is hard found in

inorganic and biological equivalents. Their inherent photo-absorbance and stability further

increases their potential for successful photo-catalytic activity. Moreover, the promising initial

photo/electro-catalytic results give support to the viability of our proposed photo-electrocatalytic

system using ICPs and dyes.

1.6 Dyes

Dyes by their very nature are natural light absorbers and have been utilised heavily in the field

of electrochemistry to enable photo-activity; the most prominent example perhaps being DSSCs.

Several dye sensitised photo-systems for the HER have already been mentioned in Section

1.4.3, though they chiefly comprise of metal complex dyes. In this section, an emphasis is

placed on organic dyes which have numerous advantages, key of which include easier synthesis

and customisation methods, no reliance on rare-earth metals such as Ru and high absorption

coefficients from the π−π∗ transition.196

Typically in dyes, relaxation of the excited state occurs via a variety of methods such a IC

and fluorescence (similar to ICPs, Figure 1.17). However, given the proper excitation energy,

stability of the dye and chemical interactions, it is possible for a charge transfer from the dye

to another species.58,197,198 This concept is the basis upon which we incorporate dyes.

In relation to H2 production, some dyes, such as Safranine O, have been found to photolytically

reduce hydrogen (in the presence of electron donors).199 Further studies found that the
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Figure 1.20: A xanthene and Ni photo-catalyst system proposed for the HER.204 Left: The
photo-catalytic hydrogen production with NiS-EG catalyst and xanthene dyes, 2.25 mmolL−1

in 15 % v/v aqueous TEOA solution, illumination wavelength >420 nm. Right: Schematic
diagram of the Ni-Xanthene catalyst system for the photodriven generation of H2

attachment of dye to semi-conductors created more efficient charge separation and improved

catalytic performance.103,109,200,201 More recent studies include; the investigation of dye

sensitised TiO2 particles loaded with Pt for use in photodriven hydrogen generation and

environmental remediation,202 as well as the combination of Eosin Y (dye) with a synthetic

[FeFe]-hydrogenase inspired catalyst to photo-catalytically produce H2.203 Of particular interest

is the demonstration of photocatalytic H2 evolution using xanthene dyes and nickel based

catalyts,204 a system that contains many close parallels to the photo-system envisioned for this

project (Figure 1.20).

Dyes are an obvious choice for the enabling and enhancing of photo-activity, but proper under-

standing of their abilities and limitations is needed for the design of a successful photoelectrode.

Some examples of this required working knowledge comes from the analysis of the dye’s

HOMO/LUMO energies, absorption spectra, excitation lifetimes and ability for charge transfer.

1.7 Computational Chemistry

The use of computational techniques has been applied in recent years to both model and

develop new catalytic molecules and systems. While computational results still require the

support of experimental data, careful selection of computational models and parameters can

allow valuable insights into a wide range of chemical properties. Wang and Lewis were able to

accurately predict the bandgap narrowing effect of anion-doped TiO2
205 while work by Siegbahn

and Head-Gordon et al. helped reveal the catalysis mechanism for [NiFe]-hydrogenase28 and

molybdenum-oxo catalysts57 respectively.
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Figure 1.21: Comparison of computed and experimental reduction potentials showing good
correlation for various photo-oxidants.208

For the purpose of photo-electrochemical catalysis, study and knowledge of properties such as

the electronic band energy structure and HOMO/LUMO energy levels are vital. In recognition

of this, researchers have applied computational techniques to aid in their determination.

Examples include calculations of HOMO and LUMO orbital energies using time-dependent

density functional theory (TD-DFT) 206,207 and the determination of reduction potentials using

a density functional theory (DFT) based approach.208,209 The latter of these techniques was

able to achieve a significant accuracy with organic photo-oxidants and is show in Figure 1.21.

1.8 Research Aims

1.8.1 Main Research Aim

Despite the many different methods currently under development, we are yet to discover an

efficient, economical and sustainable solution for the facile production of hydrogen. In light of

this, we propose:

The development of a photo-electrocatalyst for the hydrogen evolution reaction utilising blends of

conducting polymers and organic dyes.

1.8.2 Secondary Aims

Exploration and optimisation of the conducting polymer:dye electrode for catalytic ac-

tivity toward the HER

The thorough investigation of the successful conducting polymer:dye electrode to examine

how operation parameters such as pH, electrolyte, film thickness etc. will affect the catalytic

behaviour; and if these parameters can be tuned in a way to improve catalytic response.
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Development of computational models to streamline selection processes

The goal of this aim is twofold, first and foremost it will enable a rapid selection process where

time consuming and costly laboratory work can be minimised. Secondly the development of a

computational model whereby redox potentials can be accurately predicted will have a wide

ranging impact with applications in electrochemistry and catalyst development.

Mechanistic understanding

The in-depth investigation of the conducting polymer:dye heterojunction system to better

understand and further refine the electrode material. This includes the elucidation of the

charge transfer mechanism, dependence on electronic energy levels and the effect of solvent.

All of which are vital to the development of the electrode.

Expanding the electrode material for the catalysis of other reactants

Focus will be on the development of a photo-enhanced electrocatalyst for the HER, but the

principles on which the electrode is founded will be applicable to a wide range of electrochemical

reactions. Thus examinations into other processes may reveal new and interesting applications

for this system.

1.9 Conclusion and Project Summary

The sustainable production of hydrogen through electrolysis is a critical milestone to the

realisation of a carbon-free hydrogen economy. From the thorough review of current literature,

significant progress has been made in developing more efficient and low cost electrodes though

substantial hurdles remain. Electrochemical catalysts are capable of high production rates but

require high overpotentials and tend to be energetically inefficient. Biological catalysts are only

viable under very specific conditions and tend to become inactive and unstable when exposed

to air. Photo-catalysts are able to harness light for the HER but have limited lifetime and often

rely on sacrificial electron donors and/or expensive noble metals.

Conducting polymers provide a good base to address many of these issues, particularly PEDOT

and variants from the polythiophene family. Their favourable properties include good stability

under a wide range of chemical conditions, good hole conductivity and impressive electro-

and photo-catalytic activity towards numerous reactions such as the HER and ORR. These

inherent photo-interactions will be of interest to explore, though further photo-activity can be

supplied with the addition of dyes which have been known to aid in the catalysis of various

electrochemical reactions.
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The proposed conducting polymer:dye blend for this project encompasses a wide range of fields

where each one is vital to the success of its overall operation. Taking current research on photo

and electrocatalysts as inspiration, the as yet untrialled incorporation of dyes into conducting

polymers is hoped to reveal a new and novel photo-system. The working principles of this

electrode system is displayed in Figure 1.22 and will rely on the concepts highlighted in the

above literature review, including:

• The ability for efficient charge separation and transfer

• The correct matching of electronic band energies

• A low ∆G for the adsorption and release of H2

• Good coherency between the dye and the conducting polymer

• Stability under various electrochemical environments
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2.1 Materials and Preparation

The experimental methods used are described in detail below. This includes the preparation,

synthesis, experimental parameters used as well as a small overview on more important and

novel analysis techniques. The initial sections show the preparation and synthesis steps of the

films and their various components, while the later sections focus on experimental techniques

and parameters.

2.1.1 Substrates

A variety of substrates were utilised though they follow three main groups: gold substrates,

glass substrates and glassy carbon substrates. The chief role of the substrate is to provide a

conducting surface with which to transfer charge to the film using minimal resistance. Good

adherence of the film is also important as is a clean background where the substrate is inert

throughout the investigated electrochemical window.

Gold substrates

The gold substrates comprised of gold that was sputtered coated onto mylar and polytetrafluo-

roethylene (PTFE) film, known as the “gold mylar” and “gold Gortex” respectively. Gold mylar

was acquired commercially through CPFilms Inc. USA and was used after trace amounts of

dust were removed with an air gun.

The gold Goretex samples were prepared in-house via two main steps. First, a plasma treatment

of the Goretex film was conducted using the deposition and polymerisation of maleic anhydride

to form a binding layer. Second was the spluttering of a thin layer of gold using an SPI Sputter

Coater under Ar gas to form gold Goretex. Further details on this method and the maleic

anhydride plasma treatment can be found in work by the Winther-Jensen group.1,2 Occasionally,

for more conductive films such as PEDOT, the second gold spluttering step was forgone and the

plasma treated Gortex film was used as is; this is referred to as the “Gortex” substrate.

Glass substrates

The glass substrates consisted of two different types, the glass slide for films that do not require

electrochemistry, and fluorine-doped tin oxide (FTO) glass for electrochemical analysis that

required a transparent substrate. Typically, these glass substrates would be rinsed in ethanol

and acetone before being blown dry with an air gun. Occasionally, a plasma treatment of maleic

anhydride would be used, this would be referred to as plasma-treated glass substrates.
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Glassy Carbon

The glassy carbon substrates were polished prior to polymerisation. A 50µm Al2O3/H2O paste

was first used to remove the previous film along with any scratches or defects on the glassy

carbon. Once clean, a fine 1µm diamond suspension was used to polish the glassy carbon until

a mirror finish was reached. The substrate was then rinsed in water and ultrasonicated in a 1:1

mixture of H2O and ethanol for 60 min to remove residual diamond suspension. A final rinse

in ethanol and acetone followed drying with an air gun resulted in the usable glassy carbon

substrate.

2.1.2 Dyes

The dyes used for initial testing were obtained from a variety of sources, namely: Sigma

Aldrish (Coomassie Brilliant Blue G250, Ethyl Violet, Malachite Green, Brilliant Green and

p-Rosolic Acid), the British Drug House (Crystal Violet, Cresol Red, and Catechol Violet), May

and Baker (m-Cresol Purple) and Fluka AG (Phenol Red). The dyes were used as is without

further purification though they were dried thoroughly at 70 ◦C to remove residual water

contaminants.

2.1.3 Vapour Phase Polymerisation

The vapour phase polymerisation (VPP) technique was used extensively to produce the con-

ducting polymer films. To conduct VPP, an enclosed chamber containing a small amount of the

monomer is heated so that it vaporises to form an atmosphere containing monomer vapour

inside the chamber. When the monomer vapour comes into contact with an oxidant coated on

the substrate, it is oxidised which allows it to then undergo polymerisation with the surrounding

monomers.3,4

Figure 2.1: A: The spin coater used for depositing the oxidant onto the substrate and B: one
of the VPP chambers used synthesising PEDOT.
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Typically, a 40 w/v% Fe(III)PTS3 in BtOH oxidant precursor solution was spin coated onto

a prepared substrate at 1500 RPM for 30 s and then placed into a preheated polymerisation

chamber (Figure 2.1). The chamber + substrate was then placed in a 70 ◦C oven and left

to undergo VPP, 30 min for PEDOT, and 60 min for PBTh. The resulting polymer film was

then taken out and rinsed in ethanol, followed by an overnight soak (≈ 18 h) also in ethanol,

to remove residual Fe species. A final rinse with ethanol was performed to remove the last

traces of Fe and complete the synthesis step of the polymer film. For some films, 1 mmolL−1

para-toluene sulphonic acid (PTSa) was used for the wash steps instead of ethanol.

Dye blends

In the some experiments, the polymer films were blended with dyes to serve as a light har-

vester/catalyst. These dye/ICP blends were formed by dissolving a specified amount of dye

into the oxidant solution which allows the ICP to polymerise around the dye. The amount

of dye dissolved was calculated as a ratio based on the expected volume of polymer film vs

volume of dye. The oxidant solution (with dye) would then be spin coated and polymerised

via VPP as per usual. After the VPP step, the dye was mostly entrapped by the interlocking

layers of ICP, though strong solvents could remove the dyes. Thus, the wash solutions were

tailored to minimise the escape of dye; a water wash was used for organic soluble dyes, while

pH adjustments were used for water soluble dyes to keep them in a non-ionic form. Once dried,

dye/ICP films did not show significant leaching of dye during electrochemical experiments.

Films of Different Thicknesses

Conducting polymer films with different thickness were also prepared by diluting the original

40% Fe(III)PTS BtOH oxidant. A “half” thickness film is prepared using a 20% Fe(III)PTS BtOH

oxidant solution while a “quarter” thickness is prepared using a 10% solution, see Figure 2.3A.

A “double” film was made by performing two VPP process back to back, where after the first

VPP, the film was taken out and another layer of precursor was deposited for the second VPP.

Films Exposed to Humidity

In general, exposure to humidity during the production step was avoided since it can lead

to the formation of crystallites that affect conductivity. However, in certain studies it was

necessary to expose the spin coated oxidant solution to ambient or artificial humidity. This was

achieved either by exposing the oxidant to air (noting down the time, temperature and ambient

humidity levels) or via placement inside a humidity chamber (Figure 2.2). The humidity

chamber consisted of a saturated aqueous NaCl solution in a glass desiccator and maintained a

constant humidity of 75%.5
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Figure 2.2: The humidity chamber with saturated NaCl solution and constant humidity at 75%

2.1.4 The Standard Film

The most commonly used sample for our investigation was a PBTh film polymerised on glassy

carbon using 40% Fe(III)PTS and washed in ethanol (sometimes referred to as “single” thick-

ness), Figure 2.3B. This is assigned as the “standard film” and will be referred to thusly in the

proceeding discussions.

Figure 2.3: (A) PBTh of different thickness on glass slides, from left to right, a quarter, half
and single film. (B) The standard film of PBTh on glassy carbon.

2.1.5 Light Source

A Leica KL2500 LCD lamp with a halogen bulb was generally used as the light source to provide

illumination of the film. A setting of 4E was commonly used with an average intensity of 0.4

suns at the general working distance of our films (1.5–2 cm) as calibrated by a Si chip. However

the intensity could vary depending on the age of the light bulb, hence for experiments where

photo-intensity was critical, the lamp output was measured and reported. The results within

the same set of experiments are generally comparable but this effect should be noted when

considering longer term testing or tests conducted far apart.
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2.2 Components for Electrochemistry

2.2.1 Working Electrodes

The working electrode (WE) for the most part consisted of the polymerised film – PEDOT/PBTh

and their variants – on their respective substrates. For dye characterisation, the working

electrode was a Pt wire immersed in the dye solution.

2.2.2 Electrolyte

Phosphate buffer (PB) was the most commonly used electrolyte for testing. Typically a

0.1 molL−1 solution of pH 7 was prepared by mixing a 0.91:1 molar ratio of NaH2PO4:Na2HPO4;

obtained from Merck and used as is. PB of different pH and buffer concentrations were also

used, in which case the molar ratio and amount of NaH2PO4 and Na2HPO4 were adjusted

accordingly and the desired pH was confirmed by measurements from a pH probe. Sodium

chloride solutions also used and were made up by the dissolution of NaCl (from Merck) in

water to the required concentration.

Non-aqueous electrolytes, namely anhydrous acetonitrile (Acn) and anhydrous propylene

carbonate (PC) were used for dye and film characterisation; both solvents were obtained from

Sigma Aldrich. As these solvents are hygroscopic, pre-dried 4 Å molecular sieves were added

to the solutions to remove any trace amounts of water, they were then stored under a N2

atmosphere.

2.2.3 Counter Electrodes

The counter electrode (CE) used for electrochemistry were typically titanium mesh electrodes

with a mixed metal oxide coating from Savcor ART Pty Ltd. The Ti mesh electrodes were selected

for their large surface area and the ease in which the water oxidation reaction could occur,

thus making a good anode to compliment the reduction reactions at the working electrode.

Furthermore, the absence of platinum was highly desirable as it eliminated the risk of Pt

contamination. Alternative counter electrodes including Pt, stainless steel, glassy carbon and

graphite counter electrodes were also utilised when the electrochemical cell set-up did not

allow for a Ti mesh electrode; mainly as a result of size limitations.

2.2.4 Reference Electrodes

Two main types of reference electrodes (RE) were used in aqueous electrolytes, the saturated

calomel electrode (SCE) and the silver chloride reference electrode (Ag/AgCl), these were
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obtained commercially from Cole Parmer and BASi respectively; the concentration of chloride

in the Ag/AgCl reference was 3 molL−1 (NaCl), thus the electrode is 207 mV vs SHE. Typically,

the SCE was used for earlier tests in the initial plastic cell while the Ag/AgCl electrode was

used in the custom designed metal and plastic cells, see section 2.2.5 for more details.

For non-aqueous electrolytes, a platinum wire was used as a pseudo-reference electrode in

conjunction with ferrocene. The required CV was first conducted vs Pt wire, Fc/Fc+ was then

added for a second CV vs Fc/Fc+. Comparison between the two allowed the determination of

the potential vs Fc/Fc+ for the first (clean) CV.

2.2.5 Electrochemical Cells

Initial non-gas tight cells were useful for preliminary electrochemical investigations, but it was

identified early in the project that a gas tight cell would be required to properly analyse any

gaseous products. In recognition of this, several electrochemical cell set-ups were used in our

studies: the quick, non-gas tight preliminary cells for fast, non-critical analysis and the more

rigorous gas tight “standard” cells for further in-depth study.

Preliminary Cells

The preliminary cells used modified plastic tissue culture flasks (from BD Falcon) with holes

cut in for the insertion of the required electrodes. An inert atmosphere was achieved by the

vigorous bubbling of the solution (N2 or Ar) but it did not allow for the collection of any gaseous

products nor the incorporation of a flow through detector system, see Figure 2.4A. This cell

was most used in the initial studies of PEDOT and PBTh as well as for quick electrochemical

tests that did not require gas analysis.

Development of Gas Tight "Standard" Cell

For more stringent gas detection, metal cells were used. The preliminary lab metal cell (shown

in Figure 2.4B) was not tailored for the thick glassy carbon substrates that were required for

our studies. As a result, gas was easily lost, shorting of the electrodes was a common problem

and catalytic performance in general greatly suffered, making it impossible to detect hydrogen.

A commercially available Zahner photo-electrochemical cell was also explored but it was not

ideal with issues such as a large head space, the use of a Pt counter electrode and general

leakage when used conjunction with our films. To counter this, a series of custom designed

metal cells were made for the PBTh system with the goal of providing a flexible, gas tight

system with which to test a variety of sample sizes, substrate types and electrolytes.
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Figure 2.4: (A) A preliminary plastic cell set-up showing the electrodes and gas line for purging.
(B) The preliminary lab metal cell for gas tight measurements.

The first generation of this custom cell incorporated some design elements from the Zahner cell

but was more tailored to our system. Some key features include the use of a larger electrolyte

chamber, the ability to interchange counter electrode types, a larger working electrode area, a

more effective gas purge set-up and the relocation of the gas outlet to the top of the cell, thus

avoiding leakage issues and maintaining a solution free headspace. The cell was also kept to be

as thin as possible so that it would be more amenable to planned in-situ experiments. Stainless

steel was used throughout the cell to minimise the escape of H2 gas and was combined with

Swagelok fittings to further reduce gas loss. This first generation cell can be seen in Figure

2.5A and ultimately culminated in a much better detection limit and allowed the first successful

identification of gaseous H2.

The custom metal cell bought many benefits, but as investigations continued, two major short-

comings were revealed; the presence of cross-over reactions from the close proximity of the

counter electrode and the inability to alter the size of the working electrode. Thus, the original

design was modified to include a flexible spacer plate so that different WE areas are possible

and a wider counter electrode fitting so that it can be situated away from the main chamber.

This second generation cell (also referred to as the standard cell) was made in stainless steel

and PVC. The former was selected to perform high efficiency, low cross-over analysis while

the latter was an inert cell for long-term analysis as well as quick studies that did not require

sensitive gas measurements. The disassembled second generation plastic cell is shown in Figure

2.5B and highlights the different components; the metal cell has the same design.
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Figure 2.5: (A) The first generation custom metal cell showing it in operation with the inserted
electrodes and connection for gas chromatography (GC). (B) The second generation custom
cell (PVC version), showing the various components that make up the cell and how they are
assembled.

Dye Characterisation Set-up

For the electrochemical characterisation of the various dyes, a simple 20 mL glass vial was used

to hold the appropriate electrodes and dye solution/electrolyte. Steps were taken to avoid
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shorting and the electrochemistry was conducted inside a N2 glovebox to prevent H2O and O2

contamination.

2.3 Electrochemistry

Electrochemistry played a critical role in the analysis of the films and a variety of techniques

were used. The basic principles are outlined here, as are some of the more commonly used

experimental parameters. However, due to the immense diversity of each experiment, more

specific details are provided and discussed at the relevant sections.

2.3.1 Cyclic Voltammetry

Introduction

Cyclic voltammetry (CV) is perhaps the most commonly used electrochemical technique and is

a useful method to gain insights into a wide variety of kinetic and thermodynamic parameters.

Three electrodes are typically used to produce a cyclic voltammogram, the working electrode,

reference electrode and counter electrode. The working electrode is where the electrochemical

reactions in question take place and is the electrode on which the potential is controlled and

the current is recorded. The reference electrode provides a known reference with which to bias

the potential. Typically, they are made using well defined and stable redox systems such as the

SCE or Ag/AgCl redox couples so that the applied potential on the working electrode (Ewe)

can be confidently and reliably reported against the reference electrode. Finally, the counter

electrode is responsible for the reverse half cell reaction to balance those occurring on the

working electrode; current is recorded between the working and counter electrodes. Common

traits that make a good counter electrode include high surface area, good exchange current

density and electrochemical stability.

To perform a CV, the potential of the working electrode is swept back and forth between two set

potential limits at a predetermined scan rate. The current is recorded during this process and

gives information on reactions that take place with respect to potential. Three main processes

contribute to the current detected.

The first is capacitance which arises from changes in the double layer charges as they adsorb

and desorb when Ewe is changed; it is heavily influenced by scan rate. Capacitance is typically

not desired as it reveals little about redox behaviour, however, it can provide useful information

on film properties such as surface area and capacitance.

The second process that contributes to current comes about from the resistance in the working

electrode or electrolyte and is apparent as a linear line in CV that follows Ohm’s law. Resistance
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is generally not desired and is minimised by selecting conductive substrates and the addition of

a supporting electrolyte, though it is occasionally unavoidable due to the low conductivity of

the sample. The effects of capacitance and resistance on the voltammogram is shown in Figure

2.6A and B.
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redox couple reaction (Fc/Fc+) and (D) a reduction reaction where there are no diffusional
limits as well as illustrating E0, Eonset and η

The third and most important process to be observed in CVs are redox reactions. Every redox

reaction has an inherent electrochemical potential at which it will take place, this is commonly

known as E0 and is based on the thermodynamics of the system. E0 however, is based on

theoretical ideal conditions and very often, extra potential – also known as an overpotential

(η) – is required before the reaction can proceed on the working electrode. Once a sufficient

overpotential is reached, the electrochemical reaction beings to take place and the point at

which this happens is known as the onset potential (Eonset) ; these points can be observed in

Figure 2.6D. As the potential continues past Eonset, the current grows until the point at which

kinetic limitations such as diffusion begin to take hold. The result of this is a decrease in

current and the appearance of an oxidation (positive current)/reduction (negative current)

peak. Ideally, the oxidation and reduction peaks are reversible and form a characteristic “redox

couple” pair as represented by Fc/Fc+ in Figure 2.6C. However, there are many alternate redox
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behaviours depending on the reversibility, kinetics and thermodynamics of the reaction. If the

redox reaction is diffusion independent, as in the case of the HER where the electrolyte (H2O)

is the reactant, then there will be no kinetic limitations and no peak will form. Instead, a “tail”

will be observed (Figure 2.6D) and is only stopped when the set potential limit of the CV is

reached.

Standard Parameters

Each CV experiment was specifically tailored to the investigation, though a standard procedure

was commonly used for the initial testing of each sample. Typically, the scan range used for

the CV was 0.6 V to −0.8 V vs Ag/AgCl with a scan rate of 20 mV s−1 and performed under an

inert atmosphere of either N2 or Ar gas. The electrolyte was 0.1 molL−1 PB at pH 7 while Ti

mesh and Ag/AgCl made up the counter and reference electrodes respectively. Deviations from

the standard are mentioned where appropriate.

2.3.2 Chronoamperometry

In Chronoamperometry (CA), a constant potential is applied to the working electrode and

the resulting current is recorded as a function of time. Due to the constant Ewe, CA is useful

in probing long-term and equilibrium behaviours that are difficult to do in CV. As such, they

are helpful in separating capacitance and true redox behaviour. In our experiments, CA was

commonly used in conjunction with other analytical techniques such as gas chromatography,

Raman spectroscopy etc. to trigger and maintain the photo-electrocatalytic reaction. CA was

used to probe long-term catalysis performance and degradation of the film.

2.3.3 Electrochemical Impedance Spectroscopy

Introduction

Electrical impedance spectroscopy (EIS) is a powerful technique used to analyse a wide variety

of electrochemical systems and have found extensive use in fields such as corrosion science,

dye sensitised- and organic solar cells, battery development and photo-electrocatalysis. Simply

put, EIS is the use of electronic circuitry components such as resistors and capacitors to develop

a model with which to approximate electrochemical systems and their behaviour. The resulting

model is known as the equivalent circuit and is able to reveal important information such as

the charge transfer resistance, the diffusion rate, the number of active states and the time

constants of different interactions. However, each system has their own equivalent circuit and

some may even have multiple circuits that provide an empirically good fit but have different

physical interpretations. Because of this, care must be taken when designing an equivalent
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circuit. Ideally, each component should be assigned to a known system interaction. Obtaining

a good fit for the sake of fitting can lead to extraneous components that have no real-world

meaning.

To understand how an equivalent circuit is first fitted to EIS data, an understanding of impedance

is required. In an ideal resistor, the resistance is given by Ohm’s law in the relationship:

R = V/I . However, this is not usually observed in electrochemical systems, thus a concept

known as impedance is used to better describe resistive behaviour. Consider a pseudo-linear

electrochemical system where a small sinusoidal potential input (Et) is applied on top of the

Ewe. The resulting current response (It) will be sinusoidal in nature albeit with a phase shift

(φ) due to the “resistance” of the system, see Figure 2.7.

E
(t

)
I(

t)
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φ

Figure 2.7: A graphical representation of the relationship between Et , It and φ.

From this, Et and It can be described by equations 2.1 and 2.2 respectively.

Et = E0 sin(ωt) (2.1)

It = I0 sin(ωt +φ) (2.2)

Where Et and It is the input potential and output current at a given time respectively. E0 and

I0 is the amplitude of the original signal and ω is the radial frequency (ω= 2π f ). From this,

the impedance (Z) can be described using a relationship derived from Ohm’s Law, eq 2.3. From

this information, a Bode plot can be formed by plotting |Z| and φ as a function of frequency

( f ) and is one of the common graphical methods with which to interpret EIS (shown in Figure

2.8).
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Z =
Et

It
=

E0 sin(ωt)
I0 sin(ωt +φ)

= Z0
sin(ωt)

sin(ωt +φ)
(2.3)

Using Euler’s relationship, eq 2.3 can also be represented as a complex number as shown in eq

2.4. The Nyquist plot, anothed method in which to represent EIS data, is made by plotting the

real (ZRe) and imaginary (ZIm) impedance components on x- and y-axis respectively, see Figure

2.8.

Z(ω) = Z0(cosφ + j sinφ) (2.4)

Using these relationships, it is then possible to describe a variety of electrical components such

as resistors and capacitors in terms of impedance, see eq 2.5. When translated to Nyquist and

Bode plots, resistors cause a shift in ZRe and |Z | respectively, while capacitors are observed in

Bode plots as a linear section in |Z | while φ trends towards 90◦, see Figure 2.8. There are also

phenomena such as diffusion that only exist in electrochemical systems, thus new descriptors

are required to model their behaviour. Some of the more common electrochemical elements

such as Warburg impedance and the constant phase element (CPE) are described in Eq 2.5.6

Resistor: Z = R

Capacitor: Z =
1

jωC

Diffusion: Z =
1

Y0
p

jω

CPE: Z =
1

Y0( jω)−a

(2.5)

The Warburg impedance describes diffusion (assuming that the diffusion distance is infinite)

and is critical when the redox reaction is dependent on the diffusion of reactants to, or products

away from, the electrode. The Warburg impedance can be observed in EIS as a 45◦ tail in

the Nyquist plot or a phase shift towards 45◦ in a Bode plot (Figure 2.8). A CPE element is a

versatile component that can describe a wide range of behaviours due to its a exponent and

can represent a capacitor (a = 1), resistor (a = 0) and Warburg element (a = 0.5). More

importantly, the CPE allows the modelling of a range of “imperfect” elements that are often

encountered in real-world systems. For example, a CPE where a = 0.8−0.9 is a good descriptor

for the capacitance of a porous/uneven/imperfect surface while for a = 0.1− 0.2, the CPE

would describe a non-ideal resistor like behaviour.
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Using the knowledge of these relationships and analysis of the Bode and Nyquist plots, it is

possible to assign an equivalent circuit though this does becomes more difficult with complex

systems. The Randles Circuit – shown in Figure 2.8 – is a good starting point for electrochemical

reactions and incorporates many common phenomena such as solution resistance (RS), charge

transfer resistance (Rct), double layer capacitance (Cdl) and diffusion (ZW). Each system has

their own distinct equivalent circuit and it is often useful to refer to literature for the initial

template followed by further refinement. A χ2 test is generally used to judge the accuracy of

the proposed equivalent circuit though it is also important to relate each individual component

to a real world process.

EIS parameters

All EIS measurements were conducted under an N2 atmosphere in 0.1 molL−1 phosphate buffer

at pH 7 with a counter and reference electrode of glassy carbon and Ag/AgCl respectively. The

samples were analysed over a frequency range from 100 kHz to 200 mHz with a sine wave

perturbation of 10 mV; illumination was supplied by a Leica KL 2500 halogen lamp source.

Prior to EIS measurements, an initial CV was conducted to confirm the photo-electrocatalytic

response of the film, followed by a CA measurement at -0.5 V vs Ag/AgCl to help remove

residual O2 and allow time for swelling of the film. EIS commenced once a stable photo-current

of was reached, where ∆photo-current <2µA s−1 over a 15 min period.
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2.4 Experiments and Methodologies

The following describes the key non-electrochemical experimental parameters. Techniques that

were not common or details of very specific variations are provided in the relevant sections

where required.

2.4.1 Gas Chromatography

Gas chromatography (GC) was performed with a SRI 310C gas chromatograph with a MS-5A

column using a thermal conductivity detector and a carrier gas of Ar at 50 ◦C. This set-up

was parametrised to enhance H2 detection where the injection volume was 50µL. Prior to

injection, the gas chromatograph was left until a baseline equilibrium was reached. For a GC

measurement, an injection of 10 s was done to completely flush the loading column followed

by a 5 s wait before commencing the recording of GC data. Typically, H2 eluted at 2 min, with

trace amounts of O2 and N2 also being observed at 3.5 min and 6.5 min respectively.

To detect and quantify the catalytic production of H2, the gas chromatograph was arranged

in a flow-through set-up with the standard metal cell. The loading column for the GC was

directly connected to the metal cell outlet so that each injection would sample the headspace

of the cell, as shown in Figure 2.5A. Upon injection, the peaks of the gaseous products would

be converted to a ratio with respect to the carrier Ar gas using a calibration curve. The flow

rate of the carrier gas was critical in the determination of an accurate %H2 and was set by a

Brooks 5850 E Series Mass Flow Controller. Typically, a flow rate of 0.15 mLmin−1 was used

for low currents while better performing catalysts used a flow rate of 1 mLmin−1 to improve

the purging of air.

Calibration was performed by the injection of a known volumetric ratio of H2:Ar; these samples

were prepared underwater to prevent the escape of gas. The calibration graph was determined

by the plot of the resulting peak height vs known %H2 and spanned the ranges 0.02–1 %H2.

2.4.2 UV-Vis Spectroscopy

The UV-Vis spectroscopy spectra were acquired using a Jasco V670 Spectrophotometer. Typically,

a background correction was applied by subtracting the spectrum of the underlying substrate

(e.g. glass slide). A typical scan range of 330–1500 nm was used for glass slide, FTO glass and

plastic cuvettes while a range of 190–1500 nm was used for quartz cuvettes and quartz glass;

quartz was typically used in dye characterisation.
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In-situ UV-Vis Spectroscopy

To perform in-situ UV-Vis spectroscopy, a standard metal cell (see 2.5) was placed inside the

sample chamber and the working electrode aligned with the UV-Vis beam. An FTO glass

substrate was used due to the need for it to be both transparent and conductive. A CA would

typically be used to apply the potential for the in-situ UV-Vis spectra. Once the current in dark

had stabilised, UV-Vis analysis was taken of the film under the applied potential in both light

and dark conditions. The light source was provided by a Leica KL2500 halogen lamp through a

pinhole sized aperture which was formed by enclosing the lamp with a punctured foil sheet.

Light leakage was minimised through shielding with metal foil.

Figure 2.9: Pictures of the in-situ UV-Vis set-up. (A) The UV-Vis spectrometer showing the
incoming UV-Vis beam and shielded detector; stray light is minimised by use of foil shielding. (B)
The UV-Vis cell under experimental lighting conditions showing the electrochemical electrodes.
The light from the lamp is brighter than in real life due to the heightened exposure of the photo
to better reveal other features.

2.4.3 Fluorescence Spectroscopy

Fluorescence spectroscopy was used to characterise the photo-emission of various dyes and

was conducted using a Horiba Fluoromax 4 spectrofluorometer. The dyes were typically diluted

to a concentration of 10µmol L−1 though higher concentrations were also used depending

on the intensity of the fluorescence peak. The excitation wavelength was determined by the

absorption data from UV-Vis spectroscopy.

2.4.4 Raman Spectroscopy

A Jobin-Yvon T64000 Raman system with a 488 nm blue diode laser was used for the majority

of the Raman spectra. As the output of the diode laser was highly susceptible to temperature

fluctuations, calibration would be done prior to every Raman test. An initial calibration was first

performed with respect to a known mercury emission line from a fluorescent lamp (546.07 nm),
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followed by confirmation of the laser output wavelength; ideally at 487.77 nm but could vary

by ± 1 nm. Finally, calibration was conducted to the Raman line of a Si chip at 520.5 cm−1. If

the spectra deviated by more than 2 cm−1, the calibration process would be repeated.

A normal Raman spectrum was performed by scanning between 200–3500 cm−1 in 500 cm−1

steps at a magnification of 100×. Each step comprised of 3 s acquisitions that were averaged

over 5 takes. A 100% laser power (0.5 mW) was generally used, though this would be adjusted

if the sample showed signs of degradation.

In-Situ Raman Spectroscopy

In-situ Raman was performed with two different systems; the Jobin-Yvon T64000 as described

above and a Renishaw inVia Raman system with a 633 nm red HeNe laser. For the Renishaw

Raman system, an accumulation time of 10 s repeated 3 times with 10% laser power was used.

A 10× objective was used for all in-situ studies due to the need for a long working distance to

keep it above the electrolyte. Raman was conducted after the electrochemical cell had reached

equilibrium using the same parameters as listed in 2.4.4.

Figure 2.10: The in-situ Raman set-up showing the electrochemical electrodes and how the
cell was arranged. N2 was purged into the headspace above the electrolyte to remove as much
air as possible.

For the electrochemical set-up, a 6 mm hole was cut into a petri-dish for the PBTh working

electrode and attached by silicone tape. The petri dish was then filled with a thin layer of

0.1 molL−1 PB electrolyte (pH 7) and the electrochemical set-up completed with the addition a

Ag/AgCl RE and titanium mesh CE (Figure 2.10). The cell was purged continuously with N2

throughout the test.
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2.4.5 Scanning Electron Microscopy

For scanning electron microscopy (SEM), either a FEI Nova NanoSEM 450 or a JEOL 6300F field

emission gun was used to acquire the various micrographs and energy dispersive X-ray (EDX)

analysis. The machine used depended on their availability but for all intents and purposes they

are comparable to each other. An accelerating voltage of 5 kV was typically used for all the

samples due to the sensitive nature of the polymeric sample.

2.4.6 Light Dependency

Wavelength Dependency

A Spectra Physics arc-lamp housing (Model 66901) with a Xe bulb was used as the light source

in conjuction with a Cornerstone 260 monochromator (Model 74100) for the wavelength

depedency measurements. The wavelengths were manually selected in intervals of 20 nm

from 800–600 nm and intervals of 10 nm from 600–300 nm. The photo-response was recorded

after an illumination period of 30 s, the film was then allowed to rest for another 30 s in dark

before the next photo-measurment. A calibration of the photo-intensity at each wavelength was

conducted using a Si chip and the photo-response normalised to their respective intensities.

These measurements were conducted in-situ with a standard PBTh film on glassy carbon being

held at a constant potential under N2 in a 0.1 molL−1 PB solution. A standard metal cell set-up

was used with a Ag/AgCl reference and Ti mesh counter electrode.

Intensity Dependency

The intensity dependence of the film was measured using a Newport Arc Lamp Housing (Model

67005) with a Xe bulb. An AM 1.5 spectral filter was used to model the solar spectrum while

neutral density filters were used to adjust intensity. The light intensity was calibrated using a

GaAs cell. A metal cell with a Ag/AgCl reference electrode and Ti mesh counter electrode was

used, the working electrode was a standard PBTh film on glassy carbon and purged with N2.

A constant voltage of −0.5 V vs Ag/AgCl was applied. The sample was allow to equilibrate in

the dark for 20 min before the first photo-measurement began. Each measurement consisted of

the application of light for 1 min followed by 1 min of darkness. The calculated photo-current

is the current recorded at the end of the 1 min exposure subtracted by the dark current.
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2.4.7 Mass Spectroscopy

Mass spectroscopy (MS) was used to analyse the purity of dyes. This was conducted on a Waters

micromass ZQ quadrupole mass analyser using electospray ionisation with a cone voltage of

35 V. For some dyes, a hybrid technique of MS with high pressure liquid chromatography

(HPLC) was used to extrapolate further information on purity. An Agilent 1200 series HPLC

system with a flow rate of 300µLmin−1 (MeOH) was used for this MS-HPLC method.

2.5 Computational Chemistry

Computational chemistry uing density function theory (DFT) was performed to supplement

experimental data. The 6-31+G* basis set7–11 and the B3LYP hybrid functional12–15 was used

for all calculations unless otherwise stated. Generally, geometry optimisation, single point

energy and solvation energy calculations were performed on the Monash Sun Grid (Monash

University’s high performance computing facility) while vibrational and time-depedent DFT

(TD-DFT) calculations were performed locally where access to large amounts of memory

was more readily available. All computations were run using NWChem16 via the Extensible

Computational Chemistry Environment (ECCE) .17

2.5.1 Thermodynamic Calculations of Dye Species

An initial geometry optimisation was carried out to determine the zero-point energy (ZPE),

followed by a vibrational calculation to find the enthalpy (Hcorr) and entropy (S) correction

terms. Finally, a single point energy calculation using a COnductor-like Screening MOdel

(COSMO)18,19 was done to determine the solvation energy contribution; a solvation radius of

2.16 Å and a dielectric constant of 36.64 was used for acetonitrile. The overall free energy (G)

for a dye species was determined by eq 2.6, where T = 298K.

G = Z PE +Hcor r − T · S − Gsol v (2.6)

The free energy is also determined for the oxidised (−e−) and reduced species (+e−) and

subtracted from the ground state to give the Gibbs free energy (∆G) for each respective

reaction. The ∆Gred/ox is converted to a electrochemical potential using eq 2.7 and then

corrected to a potential vs Fc/Fc+ using eq 2.8.

E(eV) = −
∆G
nF

(2.7)

E(vs Fc/Fc+) = −4.988 eV− E(eV) (2.8)
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2.5.2 Investigating the Catalytic Mechanism of Polybithiophne

Computational calculations were also used to investigate the catalytic mechanism of PBTh using

a 7-membered thiophene oligomer, see Figure 2.11. Initial thermodynamic calculations where

conducted on this oligomer (referred to as PBTh) and it’s protonated states (at the sulphur and

α-Carbon atom) using a geometry optimisation, followed by single point energy and vibrational

energy calculations using B3LYP/6-31++G**.

For analysis of the HOMO/LUMO molecular orbitals, the PBTh analogue was protonated at

various sites (as shown in Figure 2.11) by forcing the proton to a distance of 1 Å then allowing

for geometry relaxation. These initial preliminary computational studies were conducted with

B3LYP/6-31+G* and analysed the HOMO and LUMO molecular orbitals via a single point

energy calculation of the geometrically relaxed PBTh/protonated-PBTh sample with a COSMO

solvation model (solvation radius = 0.5 Å, dielectric constant = 78.4 for H2O).

Figure 2.11: The 7-membered thiophene oligomer used as the analogue for PBTh in computa-
tional calculations. The various investigated protonation sites are indicated and situated on
the central thiophene unit which is highlighted in green.

Further in-depth studies using TD-DFT with CAM-B3LYP/6-31+G*20 were used to determine the

ground to excited state transitions; number of roots (nroot) = 12. The ground and excited state

orbitals corresponding to the most intense transition were then presented as the computationally

determined ground and photo-excited state orbitals; this intensity is often several orders of

magnitude larger then the other predicted transition.

The electrostatic potential (ESP) calculations were conducted on a geometry optimised PBTh/PBTh(S-

H)+ species using the NWChem ESP module.

Triplet state calculations were done by assigning a spin state of 1 to the PBTh/protonated PBTh

analogue. A geometry optimisation was then performed, followed by a single point calculation

to find the molecular orbital of the ground triplet state.
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3.1 Introduction and Initial PEDOT Studies

The use of ICPs (such as PEDOT) for catalysis stemmed from various studies by the Winther-

Jensen group that achieved promising results for reactions such as O2 reduction1 and H2O

oxidation.2 The most influential of these studies was the discovery of a PEDOT-PEG blend on

Ti foil as an efficient catalyst for the HER3 and served as the basis for the PhD project. Initial

studies focused on the development of this PEDOT based catalyst to a photo-enhanced system

with the inclusion of dyes and other light harvesters, similar to that of a dye sensitised solar

cell. The envisioned energetic diagram and thermodynamic basis of this concept is shown in

Figure 3.1, where the photo-excitation of the dye allows for the reduction of H+ while the ICP

serves as a conductive substrate to provide charge separation and dye regeneration.
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Figure 3.1: The working principle of the envisioned ICP/dye blend for the HER.
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For this chapter, all electrochemical tests were conducted in the preliminary plastic cell with a

Ti mesh counter electrode and an SCE reference electrode, see Figure 2.4A.

3.1.1 PEDOT:Brilliant Blue

The first dye to be blended with PEDOT was Coomassie Brilliant Blue G250 (Brilliant Blue) and

was chosen due to its strong photo-absorbance, commercial availability, non-toxic nature and

large molecular structure which aided in its entrapment within the film. The chemical structure

of Brilliant Blue and PEDOT are shown in Figure 3.2. The blend was made by dissolving

Brilliant Blue into the precursor Fe(III)PTS solution prior to VPP; both Brilliant Blue and the

EDOT monomer were obtained from Sigma Aldrich and used without further purification.

N

H3C

N
H

N+H3C

O

CH3

SO3
-

SO3
-

H3C CH3

Na+

n

O O

O O

PEDOT

Brilliant Blue

O

OHHO

Rosolic Acid

Figure 3.2: The chemical structure of PEDOT and the dyes, Rosolic Acid and Brilliant Blue.

Several different blends with varying ratios (v:v%) of PEDOT:Brilliant Blue (and one film of

PEDOT:PEG:Brilliant Blue 1:1:1) were made and characterised. The resulting conductivity

of each film is presented in Table 3.1 and showed good levels of conductivity. As expected,

the conductivity of the film drops with increasing amounts of Brilliant Blue. Interestingly,

conductivity was highest with blended PEG despite it being non-conductive.
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Table 3.1: The conductivity of PEDOT:Brilliant Blue films on glass slide as measured using a
Jandel RM3 4-point probe.

Sample Conductivity (S/cm) Standrd Deviation (S/cm)
PEDOT:PEG:Brilliant Blue 1:1:1 185 8

PEDOT:Brilliant Blue 1:1 155 27
PEDOT:Brilliant Blue 1:2 87 32
PEDOT:Brilliant Blue 1:3 63 19
PEDOT:Brilliant Blue 1:4 41 17

Characterisation of these films were also done via UV-Vis spectroscopy and the results are shown

in Figure 3.3, along with that of PEDOT:PEG and Brilliant Blue for comparison. Since each film

has a slightly different thickness and PEDOT content, each spectra (except for Brilliant Blue)

was normalised to their respective PEDOT content by using the absorbance at 1000 nm (where

Brilliant Blue is non-absorbing). The observed increase in the Brilliant Blue absorption peak at

630 nm reflects the trend of their ideal PEDOT:Brilliant Blue composition and confirmed the

successful incorporation of the dye in the desired ratio.
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Figure 3.3: The UV-Vis spectra of various PEDOT:Brilliant Blue films on glass slides as well as
that of PEDOT:PEG and pure Brilliant Blue.

The first electrochemical tests were conducted on a PEDOT:PEG:Brilliant Blue film in a 1:1:1

volume ratio on gold mylar. It was tested via CV in both 1 mmolL−1 H2SO4 (pH 3) and

0.1 molL−1 PB (pH 7) at a scan rate of 5 mV s−1 under N2 gas, Figure 3.4.
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Figure 3.4: Initial CV tests on PEDOT:PEG:Brilliant Blue films as compared to PEDOT, PE-
DOT:PEG and the gold mylar substrate. Conducted under bubbled N2, CE was Ti mesh. A: The
films in 1 mmolL−1 H2SO4 (pH 3) and B: 0.1 molL−1 PB (pH 7)

The presence of a Brilliant Blue redox couple at≈ 0.1 V vs SCE in Figure 3.4 indicated successful

electronic interaction between the PEDOT film and Brilliant Blue dye. However, from the same

set of results, it was quickly realised that gold mylar – in both electrolytes – was unsuitable as

a substrate due to its catalytic activity towards the HER. As a result, the true electrochemical

catalytic performance of the PEDOT:PEG:Brilliant Blue blend remained unknown. Furthermore,

the use of PEG in the films resulted in inconsistent data as swelling from the uptake of H2O

altered catalytic performance. Because of this, PEG was omitted from future ICP:dye blends.

In light of the interference from gold, it was decided to investigate the catalytic properties

of the PEDOT:Brilliant Blue film via photo-enhancement. Since gold is not photo-active, any
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Figure 3.5: Photo-investigation of PEDOT:dye films in 0.1 molL−1 PB (pH 7). A: Shows the
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trace of the different films whilst held at −1 V vs SCE, the light was switched on ≈35 min. The
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photo-electrocatalytic contribution towards the HER would be from the blended film. A variety

of PEDOT:Brilliant Blue ratios were investigated, from 1:1 to 1:4, to see if the increased ratio

of Brilliant Blue would influence the detected photo-response. The CV response of the best

performing film (PEDOT:Brilliant Blue 1:2) is presented in Figure 3.5A (blue) and showed a

small but distinct increase in photo-current when illuminated. However, this effect was also

exhibited by a plain PEDOT film (red) and threw into doubt the effectiveness of the Brilliant

Blue dye.



76 CHAPTER 3. PHOTO-ELECTROCHEMICAL PROPERTIES

The dye’s effectiveness was further challenged by subsequent CA experiments over a period

of 1 h (Figure 3.5B). Light was switched on at 35 min ±5 min and while all PEDOT:Brilliant

Blue films exhibited a noticeable photo-current increase, the largest photo-response was from

the pure PEDOT film (red trace). An alternative dye – Rosolic Acid – was also trialled to see if

it could enhance the photo-effect; its structure is shown in Figure 3.2. While PEDOT:Rosolic

Acid (1:1) showed a detectable photo-response (Figure 3.5B, purple trace), it was insignificant

when compared to that of PEDOT. This confirmed that the observed photo-enhancement effect

was not due to the dyes but an inherent property of the PEDOT film.
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Figure 3.6: Light and Dark CV traces of PEDOT on Goretex (no gold), there is no observable
photo-enhancement; the tests were conducted in 1 molL−1 H2SO4, pH 0.

The photo-effect of PEDOT was unexpected and warranted further investigation. Studies were

then undertaken on pure PEDOT films with Goretex substrates to avoid any catalytic effect

from gold. As can be seen in Figure 3.6, these pure PEDOT films on Goretex did not exhibit

any photo-enhancement in the absence of gold. This implied that the previously observed

photo-response for the HER was due to a combination of the gold’s catalytic abilities with

PEDOT’s inherent photo-absorbance.

Alternate substrates such as Ti film and FTO glass were also tried though they revealed no

photo-response. The PEDOT and PEDOT:Brilliant Blue films were also ineffective as photo-

catalysts towards other electrochemical reactions such as the reduction of Cu2+ to Cu or the

reduction of FcPF6; see Appendix C Figure S2 & S1. Moreover, the underlying catalytic concept

of the ICP/dye was not realised and a redesign of the catalytic system was required. Several

considerations were identified to aid in this, the most important of which was the correct

characterisation and subsequent matching of energy band positions of the ICP and dye pair.



3.2. EXPLORATION OF DYE AND POLYMER PROPERTIES 77

3.2 Exploration of Dye and Polymer Properties

A comprehensive analysis was undertaken for a wide variety of triarylmethane dyes as well as var-

ious ICPs from the polythiophene family, namely poly(2,2’-bithiophene) (PBTh), poly(2,2’:5’,2”-

terthiophene) (PTTh) and PEDOT. The triarylmethane dye family was selected chiefly for their

ability to remain stable in the precursor oxidant solution during the VPP process. Other common

dye families like the azo- and phenazine- dyes were found to breakdown in the acidic oxidant

solution and high temperatures of VPP. Characterisation was done via three main methods,

electrochemistry, UV-Vis/fluorescence spectroscopy and computational chemistry.

Priority was given to electrochemical results as they were able to reveal the absolute HOMO

(oxidation) and LUMO (reduction) levels. Optical spectroscopy and computational calculations

reveal the HOMO/LUMO band gap and their predicted positions respectively but they were

mainly intended to provide supporting data for the electrochemical results. By using the

accumulated database of electrochemical and photo-excitation behaviour, it was hoped that an

appropriate energy pairing of dye and conducting polymer could be made.

3.2.1 Electrochemistry

Characterisation was initially conducted using dichloromethane (DCM) but the small electro-

chemical window (≈ 2 V) quickly precluded many dyes, where the reduction and oxidation

of DCM obscures the dye peaks (Figure 3.7). This was a particularly noticeable problem with

dyes that had large band gaps, as their oxidation and reduction positions were far apart.

Another electrolyte that was tried was propylene carbonate as it had a larger electrochemical

window, however, it was not able to clearly resolve many dye peaks. An example of this

can be observed in Figure 3.7 where the Rosolic Acid reduction couple at −1 V vs Fc/Fc+ is

absent in PC (red) but clearly observable in acetonitrile (blue). It was thus decided to conduct

electrochemical characterisation of the dyes – at a concentration of 0.5 mmolL−1 – in acetonitrile.

The observed oxidation (Eox) and reduction (Ered) redox couples were assigned as the HOMO

and LUMO positions respectively and the difference between them as the electrochemical

“band gap” (∆ECV) . These results and their discussion are presented in Publication 1 and its

supplementary information in Appendix A.

3.2.2 Optical Spectroscopy

The band gap of the dye is an important piece of information that is able to reveal photo-

excitation behaviour as well as provide support for electrochemical characterisation.4 The use

of UV-Vis and fluorescence spectroscopy is a common method with which to determine the dye’s
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Figure 3.7: Characterisation of 0.5 mmolL−1 Rosolic Acid using various electrolytes with
a 0.1 molL−1 [TBA][PF6] supporting electrolyte. Ewe was normalised to a Fc/Fc+ internal
reference. Acetonitrile is ideal for its good peak resolution and large electrochemical window.

optical band gap (∆Eopt) and is achieved by finding the intersection of the photo-absorbance

(UV-Vis) and emission (fluorescence) spectra.5

To perform this, the dye solutions used in the electrochemical investigations were diluted

to a concentration of 30µmolL−1 and 10µmolL−1 and analysed via UV-Vis and fluorescence

spectroscopy respectively. The results of these studies are given in Publication 1.

3.2.3 Computational Calculations

Finally, as Publication 1 also will discuss, the determination of clear redox potentials for the

HOMO and LUMO energies and well resolved photo-absorption and emission spectra for ∆Eopt

was not trivial. Computational chemistry was thus used to further aid in the characterisation

of the dye. Thermodynamic parameters were calculated and used to find the free energy of

the ground, oxidised and reduced species for each dye. From this, a Gibbs free energy for the

redox reactions (∆Gox/red) and hence, Eox and Ered could be calculated and compared with

electrochemical results. Again, further details and discussion are presented in Publication 1.
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3.3 Publication 1: Characterisation of a series of triarylmethane

dyes as light harvesters for photo-electrochemical systems

The following paper details our experimental results and discussion with regards to the char-

acterisation of triarylmethane dyes for use in future photo-electrocatalytic systems. Further

information and the complete set of raw data used for this study can be found in Appendix A.
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1. Introduction

The role of dyes as a functional component in electrochemical
systems is a rapidly expanding field of which dye sensitised solar
cells (DSSC) is perhaps themost prominent example [1e4]. Many of
these devices utilise metal-based dyes that require expensive or
toxic rare-earth elements [5], or custom synthesis of donor-
acceptor type organic dyes [6], There are however, several low
cost and commercially available dye families e such as those based
on the azo and triarylmethane functionalities e that may show
potential in these applications, many of which are non-toxic and
produced annually on a large industrial scale [7,8].

Of particular interest to our research is the use of dyes in elec-
trochemical systems as light harvesters [9], catalysts [10], and as
substrate materials [11,12]. These applications take advantage of
the inherent ability of the dye to absorb light and its electro-
chemical properties in order to create a photosensitive system. For
the efficient design of a device it is thus imperative for a proper
characterisation of both the photo- and electro-chemical properties
[13e15].

We here investigate a series of triarylmethane dyes (Fig. 1) that
are used as staining agents in microscopy (1c), pH indicators

(4a, 4b), anti-microbial agents (2a, 2b) as well as for colouring (1b)
[16e18]. More importantly, triaryl dyes are known to be compatible
with intrinsically conducting polymers [19], and present unique
opportunities for developing novel organic dye sensitised systems.
Yet, despite their advantages and commercial availability, the use of
triaryl dyes as low-cost light harvesters in photo-electrochemical
systems has thus far been limited.

To analyse these dyes, we explore several methods of charac-
terisation. One of the most common is the use of cyclic voltam-
metry (CV) for the determination of the reduction (Ered) and
oxidation (Eox) potentials [20,21]. This method allows for the
determination of the absolute energy levels, as opposed to relative
energy levels, and is important in the understanding of the overall
electron flow in the system. Another common technique is the
combination of UVeVis and fluorescence spectroscopy to identify
the optical electronic transition energy (DEopt) between the HOMO
and LUMO energy levels [22,23]. Supplemented by CV data, DEopt
can be used to approximate the gap between reduction and
oxidation potentials [24,25]. Additionally, computational methods
are used to predict thermodynamic reduction and oxidation
potentials. This last technique offers the possibility of exploring the
properties of arbitrary dye structures, but requires a precise
knowledge of the structures of the reactants and products. Here we
are inspired by the DFT-based method of Speelman et al. [26,27]
which are computationally affordable even in cases where access
to high performance computing facilities is limited.
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Importantly, by comparison and analysis of the varying tech-
niques, the inherent short-comings of common literature meth-
odologies are brought to light. These include, though is not limited
to, the interchanging of the optically and electrochemically
determined band gaps and the corresponding HOMO and LUMO
energies. As this study and past studies support [28,29], significant
deviations may result from its casual use.

2. Materials and methods

Ethyl Violet (1b), Malachite Green (2a), Brilliant Green (2b),
p-Rosolic Acid (3), ferrocene (Fc) and tetrabutylammonium

hexafluorophosphate ([TBA][PF6]) were obtained from Sigma
Aldrich. Crystal Violet (1a), Cresol Red (4b) and Catechol Violet
(4d) were obtained from the British Drug House, m-Cresol Purple
(4c) from May & Baker, and Phenol Red (4a) from Fluka AG.
Anhydrous acetonitrile from Sigma Aldrich was dried over freshly
prepared 4 Å molecular sieves and stored in a nitrogen atmo-
sphere. All other chemicals were used as received and verified
using UVeVis spectroscopy and mass spectroscopy, see ESIy
(Table S1 and Figures S19eS27). The dye structures are shown
in Fig. 1.

Dye solutions were prepared under a nitrogen atmosphere in a
glove box using oven-dried (70 �C, 30 min) reagents. All dye

Fig. 1. Structures of the triarylmethane dyes in this study. Sub-groups 1 and 2 contain the nitrogen-based dyes: 1a, 1b for tri-amine dyes, 2a and 2b for di-amine dyes. Sub-groups
3e5 contain the oxygen based dyes which include the phenol type dyes 3 and the sulfonphthalein dyes 4a, 4b, 4c and 4d.
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solutions were made to a concentration of 0.5 mmol L�1 in
acetonitrile with 50 mmol L�1 [TBA][PF6] as the supporting
electrolyte.

Cyclic voltammetry was performed using a high surface area
titanium mesh [30,31] as the counter electrode and platinum wire
as both reference and working electrodes. Data was acquired under
a nitrogen atmosphere in a glove box at a scan rate of 20 mV s�1. A
ferrocene/ferrocenium (Fc/Fcþ) couple was used as an internal
reference. [32].

The solutions used in the electrochemical study were then
further diluted in acetonitrile to a concentration of 30 mmol L�1 and
used for UVeVis spectroscopy. Spectra were acquired between 190
and 1000 nm using quartz cuvettes. The wavelength of the
maximum absorption in the visible region was assigned labs.
Fluorescence spectra of 10 mmol L�1 dye solutions in acetonitrile
were acquired using labs, as the excitation wavelength and the
resulting emission peak recorded as lem. For particularly noisy or
low fluorescing dyes, the concentration was gradually increased
from 10 mmol L�1 until a clear fluorescence emission peak lem was
obtained.

Thermodynamic cycles were used to calculate the free energy
changes for the oxidation and reduction of the ground state;
where oxidised and reduced state were defined as the removal
and addition of an electron from the ground state respectively.
Calculations were done using a similar level of theory as was
used by Speelman et al., see ESIy for further details. Briefly, the
geometry of all species were optimised at the B3LYP/6-31 þ G*
[33e40] level of Kohn-Sham density functional theory while
solvent effects were approximated using the COnductor-like
Screening Model [41,42] (COSMO) with a solvent radius of
2.16 Å and dielectric constant of 36.64. Enthalpy and entropy
values were determined via vibrational calculations on the opti-
mised structure. Thermodynamic parameters from these normal
mode analyses were used to calculate the reduction and oxidation
potentials using a thermochemical cycle. The tabulated compu-
tational data can be found in the ESIy, Table S2. All computations
were carried out using NWChem 6.4 [43], and managed by ECCE
7.0 [44].

The electrochemical, spectroscopic and computational data are
tabulated in Table 1. Full cyclic voltammograms of the dyes before
and after the addition of Fc/Fcþ (Figures S1eS9) and optical spectra
(Figures S10eS18) are available in the ESIy. All dyes, owing to
their similar chemical structures, showed reduction, oxidation and
optical activity in similar ranges.

3. Results and discussion

3.1. Electrochemical characterisation

There were a few principal challenges in characterising some
of the dyes by cyclic voltammetry. These included weak redox
reactions that led to broad or indistinct peaks (see Fig. 2B) as well
as the presence of multiple redox processes which made it
difficult to assign peaks to a specific process. Furthermore, some
of the redox processes were irreversible and prevented the
calculation of E1/2. In these cases, Eox and Ered were defined as the
potential corresponding to the oxidation and reduction peak
respectively (Epeak). As the peak potential is an overestimation
of E1/2, an empirically determined correction factor of 0.3 V has
been included for positions determined using Epeak and can be
observed in Fig. 4C. Typically, nitrogen based dyes such as Ethyl
Violet 1b, showed strong reversible redox processes (Fig. 2A)
while oxygen based dyes such as Cresol Red 4b (Fig. 2B) were
more problematic and exhibited many of the aforementioned
issues.

3.2. Optical spectroscopy characterisation

The combination of UVeVis and fluorescence spectra was used
to calculate DEopt (Fig. 3) [28,45,46]. DEopt was determined as the
lowest energy intersect (lint) of the emission/excitation spectra.
The variability in concentration between absorbance and fluores-
cence is assumed to affect lint with an empirically approximated
symmetrical error of 0.04 eV.

3.3. Computational results

Computationally derived oxidation and reduction potentials
were in most cases of the same order of magnitude as the experi-
mentally derived electrochemical data (Fig. 4). This is particularly
satisfying given that a relatively small basis set had to be used to
yield manageable computational times owing to the large size of
the organic molecules in this study. The large size of the dyes also
rules out the use of more accurate post-Hartree-Fock methods e.g.
Moeller-Plesset perturbation theory or coupled-cluster approaches.
A significant weakness was also the inherent poor accuracy of
implicit solvation models, which precludes the attainment of
chemical accuracy.

Table 1
Tabulated data from electrochemical, computational and spectroscopic experiments.

Dye Cyclic voltammetry Computational (B3LYP/6-31 þ G*) Optical spectroscopy

Eox (eV)a Ered (eV)a DECV (eV)b Eox (eV)c Ered (eV)c DEcalc (eV) labs (nm)d lem (nm)e lint (nm) DEopt (eV)f

1a �5.70 �3.79 1.91 �5.42 �3.35 2.07 588 638 612 2.03
1b �5.67 �3.78 1.88 �5.64 �3.35 2.28 592 639 616 2.02
2a �5.66 �4.04 1.61 �5.68 �3.63 2.05 618 669 643 1.93
2b �5.65 �4.06 1.60 �5.78 �3.62 2.16 626 678 648 1.92
3 �5.53 �4.01 1.51 �5.64 �3.16 2.47 420 547 500 2.48
4a �5.63 �4.14 1.49 �6.89 �3.87 3.02 390 516 461 2.69
4b �5.53 �4.07 1.46 �5.00 �2.84 2.16 394 553 465 2.67
4c �5.56 �4.19 1.37 �5.48 �3.13 2.35 388 534 461 2.69
4d �6.08 �4.18 1.90 �5.75 �3.56 2.19 420 544 472 2.63

a Assigned as the first clearly identifiable redox couple (E1/2) on the respective oxidation and reduction sides. Converted to absolute energies by the relationship:
eV ¼ EþFc=Fc � Eox=red, where EþFc=Fc ¼ �4:988 eV [53].

b The difference between Eox and Ered.
c DG is obtained from the calculations and converted to a potential (Eox/red) via the relationship: DG ¼ �nFE, full details in ESIy.
d lmax from UVeVis absorbance spectrum.
e lmax from fluorescence emission spectrum.
f The intersect between the UVeVis and fluorescence spectra.
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3.4. Comparison between characterisation techniques

There was overall poor correlation between either the
electrochemical and spectroscopic data, or the electrochemical and
computational data. A detailed analysis shows that while the
computational method quite accurately predicts the oxidation
potential for some dyes, and fails spectacularly for others, it sys-
tematically overestimates the reduction potential, leading to the
overall poor correlation between DECV and DEcalc (Fig. 4B). There
were some notable exceptions, however, and these include Ethyl
Violet and other members of the nitrogen based dyes (dyes 1a-b
and 2a-b) which underwent reversible redox reactions. In either
case the magnitude of non-systematic errors and the limited data
range precluded the establishment of a simple linear correlation
between the computed and experimentally determined data such
as that described by Speelman et al. to better link computational
and experimental data.

The qualitative correlation between the computational (DEcalc)
and spectroscopic (DEopt) data was somewhat better. According
to the Franck-Condon principle, optical excitation is rapid and
generally not accompanied by structural or chemical changes and
instead constitutes a vertical electronic excitation. This was an
implicit assumption present in the computational method e in
that no chemical changes were accounted for e and may explain
the relatively good correlation between DEcalc and DEopt (Fig. 4A).
However, this isn't necessarily the case for thermodynamic pro-
cesses such as electrochemical reduction and oxidation where the
species can undergo subsequent reactions, ranging from proton-
ation/deprotonation and reorganisation [47e49]. The generally
poor agreement between DEopt and DECV (Fig. 4D) and much
better agreement between DEopt and DEcalc suggests that most of
the dyes undergo at least some structural rearrangement. This is
further supported by the observation where dyes that underwent
reversible redox processes and exhibited clear redox waves e e.g.
nitrogen based dyes e showed a closer agreement between the
different methods. The reversibility indicates that they underwent
minimal rearrangement, while dyes that were irreversibly
reduced or oxidised, or showed diffuse peaks in the CV spectrum
e such as the oxygen based dyes e showed a much poorer
agreement, most likely due to redox induced structural and
chemical changes. These irreversible processes strongly indicate
that they can no longer be represented by a simple single electron
addition/removal from the conjugated p system as is done in the
computational method, and similarly, are not suitable targets
for optical spectroscopy approximations that rely on vertical
HOMO-LUMO transitions.

This is an important point to note due to the prevalence in the
current literature that makes use of such approximations i.e., the
determination of the LUMO (reduction) position by the addition
of an optically determined band gap to an electrochemically
determined HOMO (oxidation) level [50e52]. While the
simplicity of this process is attractive, the present work is a strong
reminder that not all species conform to this approximation;
in particular, species that undergo conformational or chemical
changes (i.e. pH dependent species). The lack of structural
relaxation in the case of electronic transitions, as determined by
the optical methods, means that these methods should yield a
larger DE than the electrochemical method, which is a thermo-
dynamic process.

Though the combination of optical and electrochemical
methods is not empirically incorrect, it is important to be aware
of the fundamental issues associated with combining a slow
thermodynamic process (redox reactions) with a rapid electronic
process (optical transitions) without proper consideration of the
system.

Fig. 3. Normalised UVeVis absorbance (black) and fluorescence emission (red) spectra
of Ethyl Violet in acetonitrile (30 mM and 10 mM, respectively). The lintersect that
corresponds to DEopt is shown. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 2. Cyclic voltammograms of 0.5 mmol L�1 solutions of Ethyl violet (A) and Cresol
Red (B) in acetonitrile with 50 mmol L�1 [TBA][PF6] at a scan rate of 20 mV/s.
Computed reduction and oxidation potentials are indicated in blue and red, respec-
tively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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4. Conclusions

We have compared electrochemical, spectroscopic and compu-
tational techniques as probes for the selection of triarylmethane
dyes as low-cost light harvesters in electrochemical systems. We
find that while there is some correlation between the methods for
narrow classes of dyes, overall neither the optical or computational
methods can predict the suitability of a dye for inclusion in
photo-electrochemical devices as they do not reflect the presence
of irreversible redox processes, nor do they provide a good
quantitative indication of where these processes will occur.

The nitrogen based dyes (1a-b, 2a-b) showed promising features
such as redox reversibility and strong light absorbancemaking them
potential candidates for inclusion in photo-electrochemical systems.
In contrast, the oxygen based dyes (3, 4a-d) revealed chemically
unstable redox states and weak light absorption and as such,
are unlikely candidates for light harvesters. However, these char-
acteristics may lend themselves to applications as sensors.

Because the correlation between the different methods
explored was low, the findings highlight the potential issues with
characterisation methods currently employed for functional dyes:
restricting the characterisation to a single or partial method is
insufficient in providing a full and accurate picture of the dye's
behaviour in photo-electrochemical systems.
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3.4 Refined Polymer and Dye Blends

Using the data from Publication 1 and the previous electrochemical characterisation of ICP

films – as performed by group members and presented in Table 3.26 – it was possible to explain

the failings of the initial PEDOT:Brilliant Blue/Rosolic Acid films. Specifically, the band energy

structure of PEDOT was inappropriate for the envisioned ICP/dye system.

Table 3.2: The valence (Eox) and conduction band (Ered) – vs vacuum – of various ICPs as
determined by cyclic voltammetry. The difference between them (∆ECV) is the electrochemical
band gap and analogous to Eg.7

ICP Eox (eV) Ered (eV) ∆ECV (eV)
PEDOT -4.32 -2.84 1.48
PBTh -5.48 -2.74 2.74
PTTh -5.17 -2.74 2.43

The valence band energy of -4.32 eV in PEDOT is too high to effectively regenerate the dye

species. Without this transfer, charge separation becomes difficult and the dye initiated photo-

system fails. The close proximity of the PEDOT valence band and the H+ reduction potential

is also problematic as this bypasses the dye’s role as light harvester. On the other hand, it

may explain why PEDOT was photo-catalytic towards the HER when combined with gold,

where some of the excited state electrons were transferred to Au with sufficient energy to

perform the HER. These issues are better highlighted in Figure 3.8 and reveal that the initial

ICP/dye pairings were not ideal for our envisioned photo-system (described in Figure 3.1).

An alternative ICP candidate is PBTh, where the much lower valence band energy of -5.48 eV

enables it to regenerate and thus pair well with a variety of dyes.

PEDOT Brilliant

Blue

Rosolic

Acid

PBTh Cresol

Red

eV

Ethyl

Violet

H+/H2
-4.2 eV

Figure 3.8: The determined band energies in acetonitrile for the initial ICP/dye combinations
(PEDOT:Brilliant Blue/Rosolic Acid), and the new ICP/dye combination after characterisation
(PBTh:Cresol Red/Ethyl Violet).
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3.4.1 Polybithiophene:Dye Blends

The characterisations revealed numerous new pairings, amongst which was PBTh with the dyes

Cresol Red and Ethyl Violet, where their energy levels were ideally suited for the photo-system.

PBTh is of sufficient energy and close proximity for charge separation/dye regeneration and

the dye’s respective LUMO bands are at an appropriate level to to reduce H+ (Figure 3.8).

As a result, blends of PBTh:Cresol Red and PBTh:Ethyl Violet were made in a ratio of 1:1

to investigate their catalytic performance under illumination. Glassy Carbon was chosen as

the substrate for its inertness over a wide range of potentials and served as a much better

alternative to the catalytically active gold mylar.

The initial CV performance of the films in 1 molL−1 H2SO4 (pH 0) under N2 is revealed in

Figure 3.9A. The PBTh:Ethyl Violet film exhibited increased noise with the application of

light but did not show any distinguishable photo-electrocatalytic response; experiments using

CA at various potentials revealed the same inert behaviour. This suggests that despite the

correct thermodynamic energy requirements, the photo-system is ineffective due to kinetic

limitations and/or other phenomenon. A variety of mechanisms come to mind and include:

fast recombination rates of the exciton, slow diffusion of H+ to the active site, difficult charge

transfer from the dye to H+ and bad electronic interaction between PBTh and Ethyl Violet.
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Figure 3.9: The photo-response of the newly paired PBTh:Dye films (1:1) conducted in
1 molL−1 H2SO4 at pH 0 with bubbled N2. A: CV of PBTh:Cresol Red and PBTh:Ethyl Violet
comparing light and dark response (scan rate = 10 mV s−1). B: CA of PBTh:Cresol Red whilst
held at −0.6 V vs SCE.

A different story was observed for the PBTh:Cresol Red film where a small but noticeable

photo-enhancement was consistently observed over a large number of CV cycles (Figure 3.9A,

red). Further investigation using CA at −0.6 V vs SCE showed a distinct and rapid increase in

the reduction current when light was applied at 30 min, which was then reversed when the light
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was turned off at 60 min (Figure 3.9B). The effect was even more compelling when considering

the inert glassy carbon substrate as this photo-current and catalytic response is solely provided

by the PBTh:Cresol Red film. These factors confirmed that a photo-electrocatalytic response was

occurring on the PBTh:Cresol Red film, though further confirmation was required to determine

the exact nature of the reaction.

3.5 Conclusion

Many initial failings were revealed with the PEDOT:Brilliant Blue films, the most critical of

which was the use of catalytically active gold mylar as the substrate material. It resulted in

many experiments revealing false positives such as PEDOT’s photo-electrocatalytic response.

While this was novel, more thorough investigations revealed that the underlying mechanism

was dependent on gold. This fact, combined with the relatively modest photo-enhancement,

meant that pursuit of PEDOT based films were not ideal.

These findings thus catalysed the in-depth characterisation studies which helped shed light on

the limitations of the initial PEDOT:dye films. More importantly, the breadth of the studies

allowed the identification of alternate triarylmethane dyes for use as light harvesters. The

promising PBTh:Cresol Red film was discovered in the subsequent studies and displayed photo-

electrocatalytic behaviour in acidic conditions. This conducting polymer:dye combination

showed immense potential for further investigations and seeded the discovery of a success-

ful conducting polymer-based photo-electrocatalyst for the HER, as will be discussed in the

following chapter.
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4.1 Introduction

The characterisation of the dye and conducting polymer films represented a large step in

the right direction towards the development of a HER catalyst. From this, the identification

and testing of the PBTh:Cresol Red blend in the previous chapter showed promising hints of

photo-activity. However, the confirmation of the HER was not trivial and required numerous

steps in order to confirm the successful production of H2. The following chapter thus describes

the process in which the HER was isolated, confirmed and H2 detected as well as presenting

the paper in which this finding is described. Unless otherwise stated, glassy carbon was the

substrate used throughout the following chapter due to its inertness towards the HER.1

4.1.1 Continued Studies on PBTh:Cresol Red

The discovery of a successful photo-electrocatalytic reaction with PBTh:Cresol Red represented

an important step in the development of ICP/dye blends. Nevertheless, the exact nature of the

reaction needed to be determined, particularly as the dark baseline of the PBTh:Cresol Red –

observed in Figure 3.9 as 4µAcm−2 – was not negligible. A key concern was that the non-zero

baseline could represent the oxygen reduction reaction (ORR) as shown in Eq 4.1, and is a

competing reaction to the HER. Furthermore, earlier studies from the group have shown PBTh

and PEDOT to be photo-electrocatalytically active towards O2 reduction2,3 and it was possible

that the previously observed photo-response was due to the ORR.

O2 + 4 H+ + 4e− −−→ 2 H2O (4.1)

To investigate further, plain PBTh and the blended PBTh:Cresol Red (1:1) film were analysed

using CV under bubbled air, Figure 4.1A. From this, it was clearly evident that both PBTh and

PBTh:Cresol Red were cataltyic towards the ORR with an impressive 0.55 V reduction in onset

potential (light vs dark). As an aside, PBTh:Cresol Red had a slightly earlier ORR Eonset than

PBTh which might be attributed to the dye, however, the difference is small and Cresol Red

was not as effective as originally intended.

The results presented in Figure 4.1A threw doubt on the promising photo-electrocatalytic results

presented in the previous chapter (Figure 3.9). In hindsight, the lower bubbling rate of N2

and use of the plastic (non-air tight) preliminary cell would have easily allowed the ingress of

residual O2. Further evidence is provided by the high dark currents of the CA experiment in

Figure 3.9B which indicated the presence of a reduction reaction which was independent of

photo-excitation.

Contamination with O2 and the subsequent ORR was an issue that needed to be resolved and

a complete purging using N2 was attempted. This was done by sealing all open gaps on the
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Figure 4.1: Analysis of the PBTh and PBTh:Cresol Red (1:1) films on glassy carbon for their
photo-electrocatalytic response under bubbled A: air and B: N2. These were conducted in the
preliminary plastic cell in 0.1 molL−1 PB at pH 7 with a scan rate of 5 mV s−1.

plastic cell with Blu-tack and substantially increasing the bubbling rate of N2 gas; the cell was

then left to purge overnight. CV was then conducted on the PBTh and PBTh:Cresol Red films in

0.1 molL−1 PB pH 7 and are presented in Figure 4.1B. When first examined, the obtained CV

currents were significantly lower (as compared to Figure 4.1A) and indicated that a significant

portion of the initial photo-response was due to O2. Nevertheless, a reduction reaction could be

observed with the application of light and although small, it was clear and distinguishable and

clearly present over many cycles. This provided the first indications that an alternate reduction

reaction beside the ORR was occurring, presumably the HER.

4.1.2 Initial Discovery

The discovery that PBTh and PBTh:Cresol Red was photo-active towards a reduction reaction

under a N2 atmosphere was important, though the danger of residual oxygen was still a concern

in the preliminary plastic cell. To investigate, a longer term CA experiment was run with a

potential of −0.2 V vs SCE; a region where PBTh and PBTh:Cresol Red was shown to be active

(from Figure 4.1B). The light was turned on at t = 30 min for a period of 2 h before being

turned off and left to run in the dark again for another 30 min. The results for this experiment

is presented in Figure 4.2 and showed that the photo-electrocatalytic response was immediate,

and more importantly, was sustained over the 2 h illumination period. As such, it points to a

reactant that is abundant in the system. This was most likely not related to O2 reduction since

the continued intense bubbling of N2 would result in a gradual decay over time as residual O2

was used up. Similarly, the stable current suggests that the reduction of the PBTh film or Cresol

Red dye – other potential reactants – was unlikely.
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Figure 4.2: CA trace of PBTh and PBTh:Cresol Red on glassy carbon in 0.1 molL−1 PB, pH
7 at an applied potential of −0.2 V vs SCE. The photo-electrocatalytic current remains stable
throughout. Also note the zero baseline current when in the dark.

The long term sustainability of the reaction was particularly surprising as the applied potential

of −0.2 V was well below the theoretical onset of the HER at pH 7, where E0 = −0.65 V vs

SCE. This factor originally ruled out the HER and it was reasoned that reduction of the PO 3–
4

of the phosphate buffer was taking place. Hence, experiments were undertaken using more

inert electrolytes, namely 0.1 molL−1 NaCl with added 0.25 mmolL−1 HCl (pH 3) to promote

the HER. The electrolyte was continually purged with N2 whilst numerous CV experiments

were conducted over a period of 6 days. On the 7th day, a final CV was performed followed by

long-term CA experiments on the PBTh film and the results are presented in Figure 4.3. Only

the results for PBTh are presented as the PBTh:Cresol Red film showed signs of delamination

and was stopped due to the significant decrease in film characteristics and an increase in ohmic

resistance.

The CV in Figure 4.3A confirmed a photo-response despite prolonged testing and showed good

stability of the film. Perhaps more critical to the investigation, higher photo-electrocatalytic

currents and a lower onset potential was recorded at pH 3 (compared to pH 7 in Figure 4.1B)

and follows the expected Nernstian behaviour for the HER.

The long-term results from the CA experiment, conducted over 24 h at−0.7 V vs SCE is shown in

Figure 4.3B and highlight the photo-dependency of the PBTh system. Moreover, the remarkable

stability of PBTh’s photo-response over the 24 h period clearly rules out reduction of the

conducting polymer. At the same time, the use of inert NaCl and HCl in the solution eliminates

the possibility of reducing the supporting electrolyte salts (such as PO 3–
4 ). Most convincingly

perhaps, was the evolution of bubbles when running the CA under illumination (Figure 4.3D)
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but not when in dark (Figure 4.3C). Thus, the combined evidence points to the HER as the

only viable candidate for the observed reduction reaction.

-0.9 -0.6 -0.3 0.0 0.3 0.6

-6

-4

-2

0

2

0 4 8 12 16 20 24

-12

-8

-4

0

J 
(

A 
cm

-2
)

Ewe vs SCE (V)

 Dark
 Light

A

DC

B

J 
(

A 
cm

-2
)

Time (h)

 Dark
 Light

Figure 4.3: Electrochemical tests on PBTh (glassy carbon substrate) in 0.1 molL−1 NaCl,
0.25 mmolL−1 HCl (pH 3) whilst bubbling under N2 in the preliminary plastic cell. A: CV in
light and dark at 5 mV s−1. B: CA at −0.7 V vs SCE for a period of 24 h in light and dark. The
PBTh film after CA in C dark and D: light.

4.1.3 Detection of H2

From the above experiments, the evidence of H2 production was compelling though direct

detection was not yet achieved. It was realised at this point that another electrochemical cell

set-up was required as the preliminary plastic cell lacked the gas tightness and appropriate

points of attachment for a GC detection system. The preliminary lab metal cell was thus trialled

(Figure 2.4B) and it was hoped that the metal fittings would prevent gas escape and O2 ingress.

Unfortunately, due to design limitations of the sample holder, the preferred glassy carbon

substrates were too thick to be used. Many alternative substrates were trialled but they were

plagued by bad electrical connections – short circuiting and noise were major issues – and

difficulty in reproducing the photo-electrocatalytic reaction, see Figure 4.4.
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Figure 4.4: PBTh coated on various substrates for use in the preliminary lab metal cell scan rate
of 5 mV s−1, electrode area was not recorded. A: ITO glass, B: carbon paper, C: Graphite and
D: Gold mylar (the potential range on gold mylar was limited to avoid catalytic activity from
gold). In general, these films were limited by the sample holder and poor electrical contact.

It should be noted that studies on PBTh:Cresol Red ceased at this point after further difficulties

in obtaining a stable film. Numerous samples of PBTh:Cresol Red also exhibited catalytic

performances that were inferior to those of pure PBTh and threw into question the effectiveness

of the dye as a light-harvester (Figure 4.5A). A possible explanation was that the hydrophilic

nature of Cresol Red promoted the ingress of H2O to swell the film. Initially, this could promote

catalytic activity but over time, this swelling would lead to delamination; thus reducing electrical

contact and coherence of the PBTh:Cresol Red film and leading to poor catalytic performance

(Figure 4.5B). Despite the small improvements observed on certain PBTh:Cresol Red films,

further studies of the dye blend was postponed. Moreover, the removal of the dye aided

the simplification of the PBTh catalyst system so that a better understanding of this novel

photo-system could be made.

In a final attempt to use the preliminary lab metal cell, the glassy carbon substrate was attached

to the very back of the cylindrical cell using silicon tape, bypassing the small sample holder.

This allowed the use of the thicker and preferred glassy carbon substrate but meant that the

PBTh film was obstructed by the reference and counter electrodes and positioned far away from
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Figure 4.5: Comparison between the performance of pure PBTh vs the PBTh:Cresol Red blend;
done in the preliminary plastic cell in 0.1 molL−1 PB, pH 7 under N2. A: The initial CV trace
of the two films at 5 mV s−1, the area of the electrode ≈ 1 cm2, PBTh shows a higher catalytic
response. B: The photo-response of PBTh:Cresol Red over a period of 3 days showing gradual
degradation.

the light source. The use of silicon tape was also a concern as it has a higher H2 permeability

and represents a potential point of escape for H2 gas. This set-up was not ideal but it was the

only cell that was available at the time.

Due to size limitations of the cell, the electrochemical/GC experiments were conducted using a

Ag/AgCl reference electrode and stainless steel counter electrode; instead of the SCE RE and Ti

mesh CE. A 0.1 molL−1 PB electrolyte was also used at pH 7 with bubbled Ar gas (to match

the GC carrier gas). Phosphate Buffer at pH 7 was chosen for several reasons, the first being

that it was much better than NaCl solutions at maintaining a consistent pH, particularly over

longer term experiments. It was also deemed safe to use as the results from Figure 4.3 had

shown that phosphate was not responsible for the observed photo-currents. Finally, a pH of 7

was chosen since catalysis of the HER at this neutral pH is much more compelling and novel

than in acidic media; particularly as preliminary data had suggested catalysis at pH 7 to be

possible (Figure 4.2).

Initial CV tests on the PBTh film in the preliminary lab metal cell (Figure 4.6A) showed

a strong reduction reaction when illuminated and begins well below the E0 of the HER

(E0 = −0.63 V vs Ag/AgCl). The catalytic response was also higher as a result of more ex-

perience in the fabrication of the PBTh film; as later studies will reveal, transfer speeds and

exposure to air and humidity has a large effect on the performance of the film. Using this CV

data, a potential of −0.5 V vs Ag/AgCl was chosen for the subsequent CA experiment, primarily
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Figure 4.6: Tests on the PBTh film on glassy carbon in the preliminary lab metal cell, done in
0.1 molL−1 PB at pH 7 with bubbled Ar. (A) The CV of the film in light and dark, 5 mV s−1; the
E0 of the HER is also shown. (B) The CA trace performed at −0.5 V vs Ag/AgCl. (C) The GC
trace of the injection done at t = 60 min of the CA experiment showing a hint of H2.

because the film was significantly photo-active at this potential, but also because it would be

note-worthy to show the evolution of H2 at an energy lower than that of E0.

The CA experiment commenced with illumination and presented decent photo-currents of

≈ 15µA that was maintained until the light was switched off at 95 min; whereby the reduction
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current immediately dropped to zero (Figure 4.6B). During the CA, GC injections were made at

30, 60 and 90 min though only the GC injection at 60 min is shown, see Figure 4.6C. This GC

injection was particularly exciting as it revealed the first signs of a H2 peak at the expected

2 min elution time, see Appendix C Figure S8. Unfortunately, the small size of the peak was not

significantly above the noise threshold to be convincing. Furthermore, the injections at 30 and

90 min did not reveal a clear H2 peak. These results suggested that leaks were still occurring

and was supported by the presence of air peaks (O2/N2) and further compounded by the fact

that the set-up was not ideal for the glassy carbon substrate. It was thus decided to design and

commission a new electrochemical set-up, culminating in the custom test cells shown in Figure

2.5; details of studies using this custom cell is presented in Publication 2 (Section 4.2).

4.2 Publication 2: Photo-electrocatalytic H2 evolution on poly(2,2’-

bithiophene) at neutral pH

The first signs of H2 gas in the preliminary lab metal cell was encouraging but a different

set-up was required in order to realise a more convincing conclusion. The attached paper thus

describes the results and investigations using the custom designed metal cell and the eventual

detection of evolved H2 from the PBTh film.

Supplementary information relating to this publication is attached in Appendix B.
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a b s t r a c t

Vapour phase polymerised (VPP) polybithiophene (PBTh) on glassy carbon is revealed to be

an efficient photo-electrocatalytic electrode for the hydrogen evolution reaction (HER). An

onset potential of �0.03 V vs SCE for the HER is observed on illumination using visible light

in 0.1 mol L�1 phosphate buffer at pH 6.9, 600 mV lower in energy than E0. Hydrogen

evolution is confirmed using gas chromatography with a calculated faradaic efficiency of

34% when holding at a potential of �0.5 V. Importantly, this process occurs without plat-

inum and under neutral aqueous conditions thus revealing a significant but overlooked

application for PBTh: a potential low-cost cathode material for the splitting of water.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

The latest Intergovernmental Panel on Climate Change report

considers the warming of our planet as “unequivocal”, with

the move away from fossil fuels ever more crucial in order to

limit the impact of climate change [1]. Hydrogen has been long

proposed as a sustainable replacement energy medium but is

hindered by current industry practices which rely on fossil

fuels while alternative renewable methods have been difficult

to commercialise [2e4]. In the case of electrolysis, an elec-

trochemical technique that converts water to H2 and O2,

commercialisation has been difficult due to its reliance on

harsh chemical environments, expensive catalyst materials,

and large energy requirements [5]. We here propose an alter-

native cathodic electrode material for electrolysis using poly

(2,20-bithiophene) (PBTh), a low-cost intrinsically conducting

polymer (ICP).

Previous studies on the hydrogen evolution reaction (HER),

which occurs at the cathode, have focused on the use of metal

complexes [6,7], biological enzymes [8,9], and inorganic ma-

terials such as MoS2 [10] and WS2 [11] as catalysts. However,

the use of ICPs such as PBTh remains relatively unexplored in

spite of their advantages which include chemical stability in a
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wide range of environments, ease of manufacture, low-cost,

and the ability for their properties andmorphology to be tuned

through the use of different polymerisation techniques.

Furthermore, polymer chains inherently allow for the

entrapment and diffusion of species within and throughout

the ICP. These characteristics are invaluable to optimising

catalysis performance.

We have demonstrated in the past the use of ICPs as cat-

alytic electrodes in processes such as oxygen reduction

[12,13], water oxidation [14], and hydrogen production [15].We

here further explore this novel use of ICPs by harnessing the

inherent optical and electrochemical properties of PBTh to

photo-electrically catalyse the HER and reduce the overall

energy required to split water. Important properties of PBTh

that lend themselves to this application include its visible

light absorption band gap (480 nm) and the position of the

polymer's reduction and oxidation potential at �1.54 V [16]

and 1.24 V [17] vs SHE respectively, which is of sufficient en-

ergy to photo-catalyse the HER. This direct use of a single

semi-conductor for both light harvesting and catalysis is un-

common, and with the exception of TiO2 [18], has often been

unsuccessful. Thus despite PBTh being a relatively known and

studied material, our use of PBTh represents a unique and

novel application which has, to our knowledge, never previ-

ously been attempted.

Material and methods

The overall low conductivity and difficulty in processing PBTh

means that it is often overlooked in favour of more exotic

derivatives. To overcome these inherent obstacles, a tech-

nique known as vapour phase polymerisation (VPP) was uti-

lised [19]. Briefly, an Fe(III) oxidant was spin-coated onto a

glassy carbon substrate, quickly transferred to a VPP chamber

containing evaporated 2,20-bithiophene monomer and left to

polymerise for 1 h at 70 �C. The film was then washed in

1 mmol L�1 p-toluenesulphonic acid to remove residual Fe

oxidant, a known contaminant from the VPP process; further

details are provided in Supporting informationy.
The resulting thin film (thickness ca 300e400 nm) on the

conductive glassy carbon substrate helps negate the low

conductivity of PBTh while the use of VPP helps provide a

dense and uniform film which is free of the globules and

loosely connected structures commonly seen on electro-

chemically polymerised conducting polymers [20,21]. Char-

acterisation of the PBTh film was conducted via UVeVis (see

Fig. S1y) and Raman (Fig. S2y) spectroscopy. In brief, the film's
characteristic p / p * UVeVis absorption at ca 480 nm cor-

responds to a band gap of 2.6 eV and is in close agreement

with literature lmax values [14,22e24] as well as our group's
studies of VPP PBTh that revealed an electrochemical band

gap of 2.7 eV [16]. Strong Raman peaks at 1505 cm�1

Fig. 1 e Custom designed metal electrochemical cell with

in-situ gas chromatography; RE, CE and WE refers to the

reference, counter and working electrode respectively.

Initial cyclic voltammetry measurements were conducted

inside a plastic cell Fig. S3.

Fig. 2 e Cyclic voltammogram of the PBTh films in 0.1 mol L¡1 phosphate buffer (pH ¼ 6.9) at a scan rate of 5 mV s¡1. (A)

Smooth PBTh in dark and under illumination compared with the glassy carbon substrate while bubbling with Ar; the

reduction reaction only occurs under illumination. (B) Comparison of the performance of a smooth and rough PBTh film

while bubbling with N2; the rough film has an Eonset that is lower in energy with a much higher current. (C) SEM images of a

smooth film and (D) a rough film with a Ra value of 26.21 nm and 44.52 nm respectively (refer to Fig. S5y for more details on

roughness and SEM measurements). The pore size of the rough film is approximately 500 nm.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 1 8 2 3 0e1 8 2 3 4 18231
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(conjugated coordinate mode), 1463 cm�1 (C]C symmetric

stretching) and 1225 cm�1 (CeC stretch) were also observed

and are typical for PBTh [22,25]. The washed films were then

placed inside a test cell and sealed for electrochemical and in-

situ gas chromatography measurements (Fig. 1). Light was

provided by a Leica KL 2500 LCD halogen lamp with a visible

light emission centred at 600 nm. See the Supporting

information for additional experimental and characterisa-

tion information.

Results and discussion

Cyclic Voltammetry (CV) experiments were first conducted

to deduce the effect of light, if any, on the electrochemical

interactions of the system. Initial CV measurements in

0.1 mol L�1 phosphate buffer (pH 6.9) on a rough PBTh film

revealed a photo-electrocatalysed HER with an onset po-

tential of �0.03 V vs the standard calomel electrode (SCE,

Fig. 2B). This onset is more than 600 mV lower in energy

than the theoretical HER potential at pH 6.9 (E0 ¼ �0.65 V vs

SCE) and indicates the generation of a photo-voltage on par

with those observed in bulk heterojunction solar cells;

where the open circuit voltage ranges from 0.5 to 1.0 V [26].

Moreover, subsequent voltammograms on smooth films

acquired in the dark down to a potential of �1.1 V vs SCE

(Fig. 2A) shows no indication of the HER, hinting at the

generation of a significantly higher photo-voltage, or the

presence of an alternative reaction pathway for the HER

upon illumination. Further investigation to more negative

potentials were not conducted to avoid degradation of the

sample, although more detailed mechanistic studies are

currently underway.

We also found that surface area was a major contributing

factor to the performance of the film. Comparing smooth and

rough films, where the rough filmwas produced by alternative

templating using crystallised Fe(III) oxidant, the rough film

achieved a current five times higher at �0.5 V vs SCE (see

Fig. 2B) and an Eonset that is 0.24 V lower in energy. Impor-

tantly, these results were generated using the relatively sim-

ple polythiophene backbone which operated as a single semi-

conductor in neutral pH without requiring additional photo-

active components, rare-earth elements or sacrificial addi-

tives [27,28].

Subsequent studies were undertaken in order to rule out

possible side reactions and to confirm the production of

hydrogen. Chronoamperometry (CA) on a smooth PBTh film

at a potential of �0.7 V vs SCE under illumination revealed a

sustained reduction current of 5 mA for over 8 h (see Fig. S6y)
and indicates an abundant reactant species which is un-

likely to be a contaminant. Furthermore, this sustained

current demonstrates the stability of PBTh during the

reduction reaction under illumination and applied potential.

The absence of a contaminating species is supported by EDX

measurements and is shown in Fig. S7y where main

elemental composition was shown to be carbon and

sulphur. The sustained current also rules out reduction of

the film itself since this would be evident as a decline in

current over time due to the reduction and dedoping of

PBTh. Additionally, the reduction of oxygen was discounted

due to the lack of an oxygen reduction wave in the CV trace

acquired in the dark; the presence of oxygen would have

been apparent as a large reduction tail beginning at

Ewe ¼ �0.1 V vs SCE in dark (Fig. S4y). Taken together, this

leaves the HER as the only remaining candidate. The

reduction of protons to gaseous hydrogen was further sup-

ported by the presence of bubbles on the film after longer

periods of sustained testing (Fig. 3A), while the photo-

electrocatalytic mechanism is clearly illustrated in the

same figure by the instantaneous increase in reduction

current when illuminated.

Final confirmation of hydrogen production was provided

by gas chromatography (SRI 310C, TCD, MS-5A column, Ar

carrier). A distinctive peak corresponding to H2 at an elution

time of 2 min is generated on the illuminated sample with an

equivalent volume percentage of 0.053% H2 (see Fig. 3B). This

equates to a hydrogen production rate of 0.19 mmol h�1 and a

faradaic efficiency of 34%. A major limitation and contrib-

uting factor to this evolution rate and low faradaic efficiency

Fig. 3 e Measurements on a smooth PBTh film on glassy

carbon mounted in a metal cell with bubbled Ar

(0.15 mL min¡1) while holding at ¡0.5 V vs Ag/AgCl

(¡0.52 V vs SCE) in 0.1 mol L¡1 phosphate buffer (pH 6.9).

(A) Recorded CA current on the PBTh film during the dark

and illuminated phase. Light was applied using a Leica KL

2500 LCD halogen lamp (1.6 suns); spectral information of

the lamp is provided in Supporting information Fig. S1y.
Insert: The evolution of bubbles on the PBTh film during

the experiments. (B) GC trace of the PBTh film after

90 min in the dark and under illumination respectively. A

chromatogram of injected 0.1% H2 is also shown for

reference.
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is crossover reactions of products between anode and cath-

ode in the frit-less cell. This issue was observed and

addressed in studies by Winther-Jensen et al. where the

separation of the gaseous product from the counter electrode

resulted in an increase of faradaic efficiency from 61% to 92%

[29]. In light of this, a redesign on the electrode setup is

currently underway. No hydrogen peak was observed in the

absence of light.

The following mechanism for the PBTh film system is

proposed (see Fig. 4). On illumination by light, electrons from

the valence band of PBTh are excited into the conduction band

and injected into the surrounding protons, thus catalysing

their reduction to H2. The PBTh is regenerated by receiving an

electron from the glassy carbon electrode. Thermodynami-

cally, this proposed mechanism does not present any signifi-

cant challenges; however, the ability of the system to satisfy

the kinetic requirements to achieve charge separation is un-

expected. This requires either a rapid injection of electrons

from either PBTh to Hþ (to form H2) or from the glassy carbon

to PBTh. Identification of the responsible injection is currently

ongoing and will be fundamental to the understanding of this

system and improving the design and performance of future

ICP based electrodes.

The enhanced performance on the rough film suggests

that (currently) the surface area of the film is the limiting

factor on performance, and not an inherent property of the

system's mechanism such as excessive charge recombina-

tion or a deficiency in the photo-absorbance. The importance

of the surface area is likely explained by the hydrophobic

nature of the PBTh which limits the diffusion of water into

the polymer network; the contact angle of PBTh in its

reduced state (below 0.4 V vs Ag/AgCl, the region in which

we operate) has been determined to be 180� [30]. As it stands,

the low H2 production rates currently obtained from the

PBTh films is a manifestation of mainly morphological re-

straints and does not represent a threshold on the capabil-

ities of the PBTh films. Thus there is substantial scope for

improvement in performance through for example, the

incorporation of hydrophilic components (e.g. poly(ethylene

glycol)) and gelatin which had been shown to improve the

performance of other ICPs [15,31], as well as increasing the

porosity and roughness of the film and the use of meso-

porous conducting substrates.

Conclusions

Our findings reveal a new and effective method for generating

hydrogen using PBTh, a low-cost polymer, via a simple vapour

deposition technique. The photo-enhanced onset potential rep-

resents the generation of a substantial photo-potential and

enabledthephoto-electrocatalyticgenerationofH2at0.6Vbelow

E0. More significantly, this was achieved under aqueous condi-

tions in a neutral pH of 6.9. Despite our initial scepticism of the

production of H2 froma basic thiophene structure, these notable

results have been reproduced and substantiatedwith over half a

dozen PBTh films, each generating detectable amounts of H2.

However, questions into PBTh's long-term stability and catalytic

activity will need to be addressed through further studies. The

preliminary findings presented thus far are promising and show

a sustained current, albeit small, for a period of 8 h with

little indication of degradation. In spite of the low hydrogen

evolution rates, the flexibility of PBTh allows for significant

modifications and improvements in performance. Coupledwith

the relatively low-cost of PBTh in comparison to platinum, this

study on PBTh presents a novel and exciting organic based op-

portunity inwhich to dramatically increase the competitiveness

of hydrogen as a new sustainable energy carrier.
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4.3 Conclusion

The initial studies using PBTh:Cresol Red led to the discovery of an unknown photo-electrocatalytic

reduction reaction. Systematic studies were then undertaken to elucidate the nature of this

reduction reaction and began with the prevention of the competing ORR. This was followed

by the use of inert electrolytes and long-term analysis which eventually lead to the formation

of gaseous bubbles. During these tests, it was found that the presence of Cresol Red was not

critical to the successful operation of the photo-electrocatalytic system and as a result, studies

were redirected to focus on neat PBTh films.

An optimisation of the electrochemical cell was undertaken in order to minimise gas leaks and

allow for the use of in-situ GC detection. This culminated in the first hints of H2 from the

PBTh film using the preliminary lab metal cell followed by a much more definitive evidence

using the customised metal cell. Publication 2 summarises the key initial findings of the PBTh

photo-system.

The confirmation of H2 evolution is particularly noteworthy due to the low potential at which

it occurs, potentially up to 600 mV below E0. Furthermore, this was all achieved under a neutal

pH of 7 and in an aqueous environment without the need for a sacrificial oxidant. As a result,

PBTh presents a huge potential for further optimisation and improvement which is further

explored in Chapter 4.
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5.1 Introduction

The realisation of PBTh as a successful HER photo-electrocatalyst was a vital breakthrough and

opened up a wide range of research directions. Some possible ideas included the re-introduction

of dyes into PBTh for photo-enhancement, the blending of the film with other ICPs and the

deposition of known catalytic particles/compounds into the photo-system to further increase

catalytic activity. However, despite these exciting directions, it was deemed more prudent and

necessary to further characterise and investigate the properties of the PBTh film prior to the

addition of extra components.

These exploration studies of PBTh was particularly important considering the early stage of

development. This chapter thus describes in detail the various parameters that were investigated,

chief of which include the faradaic efficiency of the film, its long-term stability and performance

under various pH. These are mostly presented in Publication 3 (Section 5.2) though additional

studies on altering the microstructure of PBTh is presented in Section 5.4.1.

5.2 Publication 3: Exploration and optimisation of Poly(2,2’-bithiophene)

as a Stable Photo-electrocatalyst for Hydrogen Production

The key findings from our exploration and optimisation studies are presented in Publication 3

and show a number of impressive properties. These include the remarkable longevity (12 days)

and stability of the PBTh film and the ability to catalyse the HER in alkaline environments (pH

11).

The supplementary information for publication 3 is provided within this chapter – instead of at

the appendix – due to the significant portion of relevant work presented within. This includes

much of the original raw data, calculations and further elaboration on several key results. As

a result, a full appreciation of the results and findings may require a little more alternating

between the publication and supplementary information than expected.



Exploration and optimisation of poly(2,20-
bithiophene) as a stable photo-electrocatalyst for
hydrogen production†

Chun Hin Ng,*a Orawan Winther-Jensen,a C. André Ohlinb

and Bjorn Winther-Jensena

An organic photo-electrochemical catalyst for the hydrogen evolution reaction (HER) based on the

conducting polymer, poly(2,20-bithiophene) (PBTh), is further explored. Long-term stability testing shows

the successful operation of the catalyst over a period of 12 days at neutral pH with corresponding

turnover numbers exceeding 6 � 104. Experimental parameters such as substrate type, electrolyte, pH

and thickness of the film are explored and their subsequent effects on catalytic behaviour and

performance discussed. Significant findings include the four-fold increase in performance by the

reduction of thickness to better facilitate charge transfer and the successful photo-catalysis of the HER

at pH 11, with an onset that is 0.14 V below E0. Faradaic efficiency was also determined with a maximum

recorded efficiency of 80% despite known losses such as crossover reactions and H2 escape from within

the system.

Introduction

The potential consequences of anthropogenic climate change
have been known for some time, but the dependence of the
world economy on fossil fuel based technologies has hindered
the transition to renewable based processes. The rate at which
the world is diverging from fossil fuels is further inuenced by
factors such as economics, availability of natural resources and
politics, but the absence of a truly breakthrough energy tech-
nology has severely limited the attraction and feasibility of
moving to a sustainable energy economy.1–4 Commercially
available renewable energy platforms such as solar and wind
can provide renewable energy but their intermittent nature
necessitates the use of a storage medium such as batteries or
hydrogen.

Hydrogen has numerous advantages as an energy medium,
key of which being that it is completely clean burning, with only
H2O as a by-product. Its ability to provide fuel for both elec-
tricity generation and transportation – which account for over
45% of our energy consumption5 – is also invaluable. To make
hydrogen a viable alternative however, sustainable production
methods that are capable of H2 generation at an industrial scale
are needed. A promising solution is the use of solar or wind
power in combination with water electrolysis. However,

cheaper, more robust and energy efficient alternatives than the
currently used Pt-based electrode catalysts must rst be found.
Potential solutions include using biological and bio-mimetic
approaches,6,7 improved use of noble metals such as RuO2 or
reducing Pt loading,8 as well as the development of new hetero-
and homogeneous catalysts;9 unfortunately, a large energy
input is still oen required. A common technique to reduce
electrolysis energy requirements is the development of photo-
driven/assisted water splitting catalysts and systems (photol-
ysis),10,11 and is an approach that is harnessed in this body of
work.

A key hurdle in the development of a water splitting system is
to design one that is conducive to both the cathodic hydrogen
evolution reaction (HER) – typically acidic – and the anodic
oxygen evolution reaction (OER) – typically alkaline. The studies
herein continue the development of electrolysis electrodes with
a focus directed at the cathodic HER process, which is currently
heavily dependent on Pt.12 Promising alternative HER catalysts
have harnessed biological enzymes such as hydrogenase,13

synthetic bio-mimics and complexes,14–16 and inorganic particle
catalysts such as MoS2;17 oen with the incorporation of a
photo-active component in an attempt to lower energy
requirements.18–20 However, difficulties such as stabilising
complex bio-catalyst centres, continued use of acidic or non-
aqueous environments, and a requirement for large over-
potentials remain key obstacles.

Previous studies have shown the potential of intrinsically
conducting polymers (ICPs) in overcoming some of these
issues.21,22 While the use of organic ICPs is a break from the
more traditional catalytic materials, the photo-active,
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conductive and stable nature of these materials23 – particularly
of the polythiophene family – lends themselves well to catalysis.
Such successful uses of ICPs include the oxygen reduction
reaction for fuel cell applications,24–26 the reduction of nitrite to
ammonia for waste treatment27 and the water oxidation28,29 and
proton reduction30 reactions of the electrolysis process.

More recently, our group has reported the ability of poly(2,20-
bithiophene) (PBTh) to photo-electrocatalytically produce H2

from a neutral (pH 7.0) aqueous phosphate buffer solution.31

Although the faradaic efficiency was low, the system demon-
strated an onset potential that was signicantly lower than that
of the theoretical reduction potential (E0) when illuminated.
These promising preliminary results have prompted us to
further investigate the effect of pH, substrate materials, elec-
trolyte and lm characteristics such as thickness on hydrogen
evolution using PBTh.

Results and discussion

All PBTh lms tested, with the exception of those used for
thickness measurements, were prepared in the same manner
via a vapour phase polymerisation (VPP) technique using a
Fe(III) oxidant solution as described in the Experimental section,
see ESI† for further experimental details. This preparation
method results in what is referred to below as the standard
PBTh lm.

Determination of faradaic efficiency and cell optimisation

Ideally, the operation of the PBTh lm should yield a 100%
faradaic conversion of electrons to hydrogen gas (with a molar
ratio of 2 : 1 e� : H2); however, the initial published ndings
showed a faradaic efficiency of only 34%.31 Therefore, it is
important to determine the origin of this efficiency loss, be it via
competing reduction reactions or the escape of produced
hydrogen gas or other means. Moreover, it would be benecial
to establish a correlation between observed current and detec-
ted hydrogen gas so that we can use the observed current to
determine the rate of H2 evolution. To this end, a special cell
was designed.

A key goal was to minimise cross-over reactions, whereby
oxygen produced at the counter electrode diffuses towards the
working electrode to reduce in a competing oxygen reduction
reaction and vice versa. These parasitic currents adversely affect
the generation and measurement of H2 and is a key contributor
to the low initial faradaic efficiency of 34% observed in our
initial work.31 To improve upon this, the counter electrode was
moved away from themain chamber into a separate tube angled
in such a way that the generated O2 gas is directed away from
the main cell into a separate head space, Fig. S1.† Earlier
designs had also placed the PBTh lm within a recessed edge
which was found to trap bubbles and affect the detected
amount of H2. The cell thus was further modied so that any
gases generated from the lm were allowed to escape directly
into the head space. Lastly, great care was taken to seal the cell
from leakage, both from egress of H2 and ingress of O2 from the
surrounding air.

A standard glassy carbon supported PBTh lm was utilised
for the testing. Periodic injections of head space samples into
the gas chromatograph were conducted, from 75 to 275 min
while the lm was held at a potential of �0.8 V vs. Ag/AgCl in
1.0 mol L�1 phosphate buffer (pH 7.0) under an illumination
of 1.6 suns. The corresponding peak height of H2 was con-
verted to a molar amount via a calibration curve Fig. S2.† In
agreement with earlier ndings from our group,31 the
response of the photo-system to light consists of a rapid
initial increase in reduction current (with a speed that is
comparable to that of inorganic semiconductors32,33) fol-
lowed by a more gradual growth in current. This growth is
attributed to the gradual swelling of the lm and the subse-
quent exposure of more catalyst centres to the electrolyte,
this behaviour can be more clearly observed in Fig. S8.†With
the termination of light, the reduction reaction current
rapidly returns to zero, see Fig. 1 and 2.

The results from Fig. 1 show an increased faradaic efficiency
of up to 80% and demonstrates the effectiveness of our tech-
niques. Nonetheless, leakage of hydrogen remains an issue due
the ease by which it is able to diffuse through the remaining
polymer parts of the setup (such as O-rings and tubing).
Moreover, the detection of trace amounts of O2 and N2, which
elute aer ca. 3.5 and 6.5 min respectively (Fig. S3b†) indicates
the presence of air and thus, the competing oxygen reduction
reaction. Finally, dissolved oxygen and hydrogen in the elec-
trolyte remains liable to diffuse between the chambers and
cause small amounts of parasitic current despite the steps taken
to separate the electrodes.

Nevertheless a faradaic efficiency of up to 80% is still indicative
of an efficient electrocatalysis process, especially considering that
the attainment of a 100% faradaic efficiency is not trivial.34 This
high faradaic efficiency also justies the use of the recorded elec-
trochemical current on the PBTh electrode as an accurate proxy
indicator for produced hydrogen. Thus, in the proceeding results
and discussion, current is used as a measure of H2 evolution.

Fig. 1 Faradaic Efficiency of PBTh on Glassy Carbon. Each point
represents the calculated faradaic efficiency from the detected
amounts of H2 from each GC injection. Peak efficiency was recorded
as 80% at an injection time of 170 min; the overall average efficiency
was 72%. The corresponding chromatograms are presented in
Fig. S3a.†
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Stability testing

For any catalyst the long-term stability is crucial for the
performance and indeed for gaining any commercial interest.
We thus probed the long term stability of the PBTh lm to
determine this important criterion. This was tested via chro-
noamperometry (CA), where a standard PBTh lm was held at
�0.5 V vs. Ag/AgCl at neutral pH 7.0 (0.13 V less than E0) under
illumination over a period of 12 days and the current recorded
(see Fig. 2a). Occasional top ups of water was necessary due to
the need of an open cell setup and the continuous purging with
N2 gas; these top up points are marked in Fig. 2a. Inspection of
the CA trace shows a gradual decrease in recorded photocurrent
over time. This is partly accounted for by a gradual decrease in
the light intensity from the halogen light bulb which was
recorded between days 4–12 and account for over 70% of the
recorded decrease in photocurrent between these days; see
Fig. S4 and ESI† for further details. The stability of the PBTh
lm is also supported by the Raman spectroscopy results which
show no discernible differences in the Raman spectrum of the
lm before and aer testing (Fig. 2b) and conrms that the
chemical structure of PBTh has not been altered.

Nonetheless, a noticeable decrease in performance can be
observed despite corrections for the lamp's output. Probing via
SEM and EDX reveals the presence of Cu and Fe which would
reduce the number of available catalytic sites and are likely
culprits for the gradual drop in photo-current. The magnitude
of this deposition and subsequent degradation of the photo-
current was much lessened by the use of a mixed oxide Ti mesh
counter electrode when compared to stainless steel and plat-
inum wire counter electrodes but not fully prevented (see
Fig. S5–S7†). Migration of dissolved ions from the counter
electrode and the surrounding metal casing to the working
electrode consequently leads to their deposition onto the PBTh
lm; although slow, the long duration of these tests compounds
this adverse effect. Alternative inert counter electrode and cell
materials such as glassy carbon and glass respectively would aid
in minimising deposition as would increasing the area of the
counter electrode to reduce its oxidation potential. It is worth
noting that this occurrence of competitive deposition on the
working electrode is a general issue for the eld, not specic for
the PBTh catalyst.

In light of these ndings, it is important to remark that the
photocurrent was maintained over a period of 12 days; in
comparison, lifetimes for contemporary catalysts for the HER
are reported on the timescale of hours.14,35 Moreover, this was
achieved under neutral conditions at a potential that is 0.13 V
below E0 and the reaction was stopped before the exhaustion of
catalytic activity. Given the lack of chemical degradation as
determined by Raman spectroscopy, it is highly probable that
the long term photo-catalytic activity of PBTh is signicantly
higher. Maintenance of this catalytic performance is also likely
to be further improved upon with the removal of metal ions
from the electrochemical system. Assuming that one bithio-
phene unit is equivalent to one catalytic site (a lower bound
estimate), the turnover number (TON) for the complete 12 day
period was calculated to be 6.7� 104, where the density of PBTh
lm is 1.52 g cm�3 36 see ESI.† Alternatively, if a more realistic
catalytic site comprising of a 13 membered thiophene oligomer
is used instead – the span of an average polaron site37 – the TON
is 4.4� 105. It should be noted however, that the true size of the
active site is still currently under investigation.

Substrate

Investigations on the substrates were conducted to determine if
alternate, low-cost substrates were suitable for pairing with the
PBTh lms for catalysis. In spite of the chemical inertness, high
conductivity and promising preliminary results on glassy
carbon, it is an inherently expensive and non-transparent
material that may hinder implementation if scaled to industrial
capacities. It is thus prudent to investigate alternative substrate
options as a precursor to further development. For substrate
testing, a standard lm of PBTh was polymerised atop the
substrate and tested via cyclic voltammetry (CV). An aqueous 1.0
M NaCl (pH 6.0) electrolyte was used for all substrates.

The resulting CVs in Fig. 3 show that despite the capability of
PBTh for HER catalysis, the selection of substrates play an
important role in the overall system. The work function of the

Fig. 2 (a) Long-term testing of a standard PBTh film on glassy carbon
over a period of 12 days at an applied potential of�0.5 V vs. Ag/AgCl, in
1.0 M PB (pH 7.0) under constant illumination of 1.6 suns. (b) Raman
spectroscopic analysis of the film after long-term testing over 12 days.
No discernible differences can be observed.
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substrate is a key consideration in any photo/electrochemical
system; however, the selected materials all possess sufficient
energy to regenerate the PBTh HOMO band (5.3 eV 38): glassy
carbon 4.5 eV,39 silicon 4.8 eV,40 gold 4.8 eV 39 and FTO glass 5.0
eV.41 Thus the limitation to successful catalysis is beyond a
simple work function requirement. Good adhesion of lm,
inertness of the substrate and facile electron transport between
substrate and PBTh are other key parameters to consider as
discussed below; however studies to quantify them are currently
beyond the scope of this work.

Analysis of Fig. 3 shows the failure of PBTh on carbon paper
to be photoactive even though it is a carbon based substrate. It
is possible that residual air trapped within the bres or impu-
rities/degradation of the electrode is leading to a competing
reduction reaction. Residual O2 is likely to arise given the
hydrophobicity of the carbon paper (which would also adversely
affect the performance of the lm). However, the limited photo-
effect suggests the issue is not O2 related as PBTh has been
known to show strong photo-electrocatalytic behaviour towards
oxygen reduction.31 Degradation of the carbon paper is more
difficult to address and, together with the limited photoactivity,
precludes carbon paper as a viable option. The inactivity of
silicon conversely is likely due to its limited ability to transfer
electrons effectively to the deposited PBTh lm. This is sup-
ported by the negligible currents, capacitive and faradaic,
recorded in both light and dark conditions, and is most likely
the result of the presence of the SiO2 layer that reduces good
electron conductivity.

On the other hand, we do observe successful catalysis from
the gold coated mylar and FTO glass substrates. While not
comparable to the currents obtained from glassy carbon, both
exhibit substantial photo-electrocatalytic behaviour and the
successful activation of the H2O/PBTh/substrate photosystem.
The success of gold mylar is unremarkable given its inherently
high conductivity and the affinity of sulphur to gold, however, it
is not an ideal substitute due to its high cost and relatively low
performance. The success of the FTO glass as a substrate for
PBTh in the HER is of more commercial interest due to its low-
cost, chemical inertness and transparency; characteristics
which help allow it to better compensate for its lower catalytic
performance as compared to glassy carbon.

It should be noted that for the rest of this work, glassy carbon
remained the substrate of choice due to its superior perfor-
mance. For this seminal work, it is more critical that the
maximum potential of the lm is recognised and harnessed.
Nonetheless, the identication of alternative substrates
remains signicant.

The effect of electrolyte

A key interest in the operation and performance of the PBTh
lm is the role that the electrolyte plays in the overall mecha-
nism, in particular whether the use of phosphate buffer (PB)
was critical to successful operation of the PBTh photo-electro-
catalytic system31 or if it can be replaced with simple salts such
as NaCl. To this end, PB and sodium chloride solutions (pH 7.0)
were investigated, at 0.1 and 1.0 mol L�1 concentrations.

Fig. 3 CV showing the performance of PBTh on various substrates; 1 M NaCl pH 5.98, 20 mV s�1. (a) Carbon paper, (b) silicon, (c) glassy carbon
for comparison, (d) gold mylar and (e) FTO glass. (f) The evolution of H2 bubbles from the FTO/PBTh film trapped on the top edge of the cell. The
oxidation peak present in (c–e), corresponds to the oxidation of adsorbed H2.
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A potential of �0.5 V vs. Ag/AgCl was applied to the
immersed PBTh lm while under illumination and the current
recorded aer a period of 60 min. The resulting comparison
between PB and NaCl at the concentrations of 0.1 and 1.0 mol
L�1 is presented in Fig. 4.

The signicant photocurrents recorded in the NaCl solution
is evidence that a mono- or di-hydrogen-phosphate containing
electrolyte is not crucial and that H2O is capable of acting as a
source of protons for the HER. This nding is particularly
noteworthy as only very few systems are able to photo-electro-
catalytically reduce H2O directly to H2 without sacricial addi-
tives such as methanol42 at neutral pH and is a crucial step to
the realisation of an effective HER catalyst. The observed
doubling in current when increasing the concentration of PB
indicates that the introduction of phosphate ions has a positive
effect on the amount of available protons for the HER. It is
unlikely that the improvement in photocurrent in the PB solu-
tions was due to an increase in ionic strength due to the
concentration independence shown by the (0.1 and 1.0 mol L�1)
NaCl solutions. Thus this suggests that the performance of the
overall system can be improved by the addition of protonating
species such as H2PO4

� (pKa 7.2 43). Currently, this has only
been demonstrated in relation to PB but it would be of partic-
ular interest to see which other species and are able to interact
and enhance the PBTh system and further, the extent to which
performance can be improved by increasing the concentration
of proton donating species. For comparison, the results from
using bare glassy carbon substrate are also shown in Fig. 4; the
small detected currents (ca. 0.5–1.5 mA cm�2) is attributed to the
presence of trace amounts of residual O2.

The effect of pH

The pH dependence of the system was also investigated owing
to the important role it plays in understanding the limitations
of a particular HER catalyst. Given the ability of PBTh to
perform this photo-electrocatalytic function at a neutral pH, it is
appealing to review its capabilities at either end of the pH

spectrum. PB (0.1 mol L�1) was used as the electrolyte and the
pH was varied from 3 to 11.

The onset potential of the lm was used to characterise the
pH performance and was determined via CV. A slow scan rate of

Fig. 4 Comparison of the PBTh current density in aqueous PB and
NaCl electrolytes at concentrations of 0.1 and 1.0 mol L�1, see Fig. S8†
for CA traces.

Fig. 5 Comparison of PBTh performance and onset potential for the
HER under illumination as pH is varied from 3.1 to 11.0. (a) The CV
reduction sweep comparing PBTh catalytic activity at different pH. The
theoretical E0 of each pH is indicated by the dotted line. (b) Deter-
mination of the onset potential at pH 3.1. The estimated onset
potential in dark is also presented. CVs of the remaining pH tests are
presented in the ESI, Fig. S9.† (c) Comparison of the pH onset potential,
potential has been normalised to E0 of the respective pH where a
negative overpotential indicates an onset that is below E0.
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0.1 mV s�1 was utilised to minimise electrical double layer and
diffusional effects. The pH of the electrolytes before and aer
each run was recorded and showed that pH was maintained
throughout the experiment (see Table S1†). The resulting vol-
tammograms (Fig. 5a) exhibited reduction onset potentials that
moved steadily to more negative potentials with increasing pH,
as expected from the stoichiometry of the HER which invokes
H+ as a reactant.

For a more rigorous comparison it is necessary for the onset
potentials to be normalised with respect to the E0 at each pH. E0

was determined using the Nernst equation and corrected for the
Ag/AgCl reference electrode (0.222 V vs. SHE). With respect to
the onset potential, the trace obtained in the dark was sub-
tracted from the trace collected in the light to correct for O2

contamination; this corrected trace was then used to determine
the subsequent onset potential (see the solid black trace in
Fig. 5b). The onset potential was dened as the point where the
corrected reduction current deviates from the baseline by a
value of more than 1.0 mA cm�2. The resulting onset potentials
vs. E0 is presented in Fig. 5c.

The low onset potential at pH 3.1 is noteworthy because it
represents the generation of a photovoltage of ca. 1.0 V, which is
obtained by subtracting the estimated Eonset in dark (�1.03 V)
and the Eonset in light (�0.05 V), see Fig. 5b. This highlights the
generation of high energy photo-electrons by PBTh for hydrogen
production. A slight increase in onset potential is also observed
as pH increases – from �0.35 V vs. E0 at pH 3.1 to �0.14 V vs. E0

at pH 11.0 (see Fig. 5c) – and represents the increase in activa-
tion energy of the HER as the equilibrium shis from high H+

concentrations at pH 3.0 to high OH� concentrations at pH
11.0. Despite this, PBTh has demonstrated the ability to catalyse
the HER at the highly alkaline environment of pH 11.0, which is
particularly noteworthy given the implications for overall water
splitting process. As stated before, for effective electrolysis both
the HER and its conjugate reaction (the OER) must proceed
readily. A low pH aids H2 production but this acidic environ-
ment drives up the energy required for the OER. Conversely, an
alkaline electrolyte aids in the OER but is detrimental to the
energetics of the HER in most catalytic systems. Thus, the
discovery that PBTh remains an effective photo-electrocatalyst
at pH 11 with an onset potential that is 0.14 V below E0 is a key
nding in the progress towards a viable commercial water
splitting device.

Interaction between light and PBTh

The effect of the PBTh lm thickness on the HER performance
was investigated. As the catalysis process is dependent on light
to generate an active excited state, the more light absorbed the
more potential catalytic events. Equally, good conductivity of
holes is a prerequisite for the effective charge separation/
regeneration of the lm. Therefore, the PBTh photo-electro-
catalytic system requires an ideal balance of light absorption vs.
charge transport from the active site to the supporting elec-
trode; in the case of the poorly conducting PBTh, this balance
becomes even more important. To investigate this, the thick-
ness of the PBTh lm is varied and the resulting performance is

compared against the measured absorbance of PBTh on a glass
slide. Four different thicknesses were prepared – 0.11, 0.21, 0.44
and 1.24 mm – where the standard lm is represented by the
thickness of 0.44 mm, the thickness of each lm was measured
via prolometry.

Fig. 6 highlights the importance of the balance between
conductivity and light absorbance. The thicker lms at 0.44 and
1.24 mm has a dramatically increased absorbance – to the point
where the saturation of UV-Vis detector was reached for the 1.24
mm lm; however, the higher resistance through the thicker
lms considerably reduces the ability for efficient charge
separation. As a result, a large portion of the generated excitons
recombine as they are unable to move and separate, thus
causing a decline in the overall photo-electrocatalytic ability.
Conversely, by having a thin lm, there is facile mobility of the
charges from substrate to the catalytic site at the PBTh-water
interface but the absorbance of the lm suffers. As a result,
fewer excitons are generated and the number of possible cata-
lytic events decreases. An optimum balance between these two
factors is achieved by the lm at a thickness of 0.21 mm and is
evident by the recorded current and detected hydrogen which
represents a threefold increase in performance when compared
to the 0.44 mm lm (standard lm).

By utilising the limitations discovered in these investiga-
tions, it is also possible to infer several details with respect to
the catalytic mechanism of the system. The dependence on
thickness – and hence, resistance with regard to hole conduc-
tion and possible recombination – suggests that the kinetic
driving force of the system operates via the conduction of the
photo-generated holes away from the catalytic site, thus
achieving charge separation. Had charge separation occurred
via the fast injection of the photo-electron into H+, thickness
should have had little effect on the measured photocurrent;
save for a slight voltage drop from internal resistance. Due to
the hydrophobic nature of PBTh in its reduced form44 we

Fig. 6 Comparison of PBTh as thickness is varied. Three parameters
are presented, the UV-Vis absorbance, the detected H2 peak (in mV) at
120 min and the current sustained at the end of 120 min under illu-
mination and an applied potential of �0.5 V vs. Ag/AgCl. The UV-Vis
absorbance was measured on PBTh on glass slide (Fig. S10†). See
Fig. S11 and S12† for the corresponding CA trace and gas chromato-
gram respectively.
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assume that the active catalytic area of the lm remains
conned to the interfacial layers and is independent of the
thickness of the PBTh lm. Direct empirical evidence would be
required to support these arguments though it is encouraging
to note that the deductions made thus far are able to account
much of the current observations.

The wavelength dependency was also probed to determine if
the excitation photon energy and subsequent photo-electro-
chemical response corresponded well to the absorbance spec-
trum of PBTh. This is similar in purpose as the commonly
reported incident photon-to-current efficiency (IPCE) measure-
ment used for solar-cells and highlights PBTh's photo-response
for a given wavelength. For our purposes, the dependency of
PBTh's catalytic response (reported in mA mW�1 cm�2) is
compared against the wavelength of the incident photons to
illustrate their relationship; no IPCE in its conventional sense is
calculated due to the need for an applied potential.

A PBTh lm on glassy carbon with a relatively high reduction
potential of �0.8 V vs. Ag/AgCl was chosen to yield a better
photo response. A high intensity Xe lamp was used for the
photo-dependency measurements to allow for a wider spectral
window. The reported results in Fig. 7 show a strong match up
to the absorbance of PBTh though there is a slight blue shi in
the response. This is not surprising considering that the ener-
getics of the two-electron catalysis reaction will be more
demanding than a conventional singlet excitation process.
Importantly, the results show that it is the p/ p* transition in
the visible spectrum (between 400 to 550 nm) that is responsible
for the photo-electrochemical catalysis of the HER.

Conclusion

The investigation into various system parameters have resulted
in a substantial increase in performance on the PBTh lm with
respect to the HER. Importantly, it has revealed the signicant
potential of PBTh as a commercially viable catalyst for the HER
and exhibits key characteristics such as high faradaic efficiency
and long term stability. Furthermore, PBTh's high pH perfor-
mance and low onset potential provides an ideal condition for

the water oxidation reaction and presents a very compelling
material for the water splitting system.

The use of a conducting polymer as a photo-electrochemical
catalyst brings further novelty in its implications for future
catalyst designs, not solely for HER. The ease in which polymers
can be polymerised, blended, patterned and manipulated
brings about a exibility not oen observed with traditional
catalyst materials. As a result there remains signicant scope
with which the PBTh system can be modied and investigated.
Future studies into combinations of various polymerisation
parameters e.g. humidity, polymerisation time and polymeri-
sation temperature and/or into engineering aspect of the
substrate morphology and cell design will thus further aid in
determining the true potential of the PBTh system.

Experimental

The standard PBTh lm was polymerised using a 40 w/v% Fe(III)
p-toluenesulfonate in butanol as the oxidant solution. Approx-
imately 0.5 mL of this solution was spin-coated onto a glassy
carbon substrate (polished to a mirror nish) at 1500 rpm for 30
s. The deposited sample was then placed in a pre-heated VPP
chamber with 2,20-bithiophene monomer (from Sigma Aldrich)
and le to heat and polymerise in the oven at a temperature of
70 �C for 1 h. The sample was then taken out and washed and
le to soak overnight in ethanol. Aer soaking the sample was
rinsed once more and le to dry in air. Unless otherwise stated,
the counter and reference electrodes used was stainless steel
wire and Ag/AgCl respectively. An initial CV scan was performed
for all samples prior to testing to conrm photo-electrocatalytic
behaviour. Illumination was provided by a Leica KL 2500 LCD
lamp with an equivalent power of 1.6 suns.

Efficiency

A standard PBTh lm was used for testing efficiency but a
modied metal cell was utilised for better sealing and separa-
tion of the counter electrode (Ti mesh45), see Fig. S1.† An initial
CV was performed to check photo-electrocatalysis. Main inves-
tigations proceeded via a CA measurement. Regular gas chro-
matography (GC) injections into the gas chromatograph (SRI
310C, TCD, MS-5A column, Ar carrier) was performed and the
resulting hydrogen peak at 1.96 min recorded. Conversion to a
hydrogen : Ar ratio was done using the calibration curve as
shown in Fig. S2† and the rate of hydrogen production was
calculated (Ar ow rate 2 mL min�1) for conversion to faradaic
efficiency.

Stability testing

A standard lm was used for long-term tests and was continu-
ally purged with N2 to remove O2, a titanium mesh was used as
the counter electrode. The CA test was le to run over a period
of 12 days with sporadic top ups with distilled H2O to replace
evaporated and consumed H2O.

Fig. 7 The wavelength of PBTh's catalytic performance with respect
to the incident photon wavelength with an applied potential of �0.8 V
vs. Ag/AgCl; the raw current response is shown in Fig. S13.† The UV-Vis
absorption spectrum of PBTh is also shown for comparison.
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Substrates

Each substrate was sonicated in a 50 : 50mixture of ethanol and
H2O for 1 h and rinsed in acetone prior to polymerisation.
Polymerisation was conducted as per before save glassy carbon
was replaced with the appropriate substrate. Testing proceeded
aer an initial purge using Ar gas and consisted of a CV run at
20 mV s�1.

Electrolyte

The NaCl and PB solutions used in the electrolyte testing was
made up using NaCl and NaH2PO4/Na2HPO4 salts from Merck
respectively. The pH of each electrolyte solution was tested prior
to the studies using a Mettler Toledo pH meter; the NaCl
solutions were adjusted to approach pH 7.0 using small
amounts of 0.1 mol L�1 HCl and NaOH. Testing was conducted
on the same PBTh lm but a new area was utilised for each
electrolyte. N2 was bubbled through the cell for 20 min prior to
commencement, followed by the main CA test.

pH

The 0.1 mol L�1 PB pH solutions were made up using varying
ratios of NaH2PO4 and Na2HPO4 and dissolved in water. At pH
9, the solution was almost entirely Na2HPO4 and for pH 11, ca. 4
mL of 0.1 mol L�1 NaOH was added to increase alkalinity. A
standard PBTh lm was used for testing with each pH run
performed on a different area; this helps to minimise variations
due to differences between lms. The cell was purged with Ar
prior to the main pH testing; CV at a scan rate of 0.1 mV s�1. The
pH before and aer each run was recorded and is presented in
Table S1.†

Interaction between light and PBTh

Thickness. For the preparation of the thin PBTh lms the
oxidant solution (40% Fe(III) PTS in butanol) was diluted with
butanol to a concentration of 20 w/v% and 10 w/v% Fe(III) PTS
for the 0.21 mm and 0.11 mm lm respectively. Polymerisation
then occurred via the standard technique. The 0.44 mm lm was
prepared in the same manner as the standard lm. The 1.24 mm
lm was prepared using two depositions of the oxidant solu-
tion; aer an initial rst polymerisation of the standard lm
(but before the wash step), another layer of the oxidant solution
was deposited via spin coater and the VPP process repeated. The
resulting double layer of PBTh was then washed as per usual in
ethanol to produce the thick 1.24 mm lm. Polymerisation of
each thickness was conducted on both glassy carbon substrates
and glass slides.

CV and CA measurements on the glassy carbon PBTh lms
were run under Ar (0.15 mLmin�1) to assess the performance of
the lm. CA measurements were conducted by applying a
potential of �0.5 V vs. Ag/AgCl over a period of 120 min under
illumination. GC measurements were conducted concurrent to
CA and the resulting H2 peak height at 120 min is shown in
Fig. S12.†UV-Vis spectroscopy of the PBTh lms polymerised on
glass slides were conducted on a Jasco V670 Spectrophotometer
to determine the absorbance.

Wavelength dependency. A thin lm of 0.21 mm was
prepared as described in the thickness measurements, on
glassy carbon. An initial CV was conducted followed by a CA run
held at �0.8 V vs. Ag/AgCl reference electrode, Ti mesh and 1
mol L�1 PB at pH 7 were used as the counter electrode and
electrolyte respectively. The light source was provided by a high
intensity Xe lamp (Ron Polilight PL6) and the wavelengths
selected using the respective bandpass lter (Newport 10BPF10-
XXX series). The PBTh lm was placed under illumination for a
period of 10 min and the average current recorded as the
catalytic response; a 5 min dark interval separated each wave-
length measurement. Intensity was determined using a Si solar
cell and converted with the approximation that 1 sun is equiv-
alent to 100 mW cm�2. Ar was used to purge the cell throughout
the experiment at a rate of 10 mL min�1.
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5.3 Supplementary Information for Publication 3: Exploration and

optimisation of Poly(2,2’-bithiophene) as a Stable Photo-electrocatalyst

for Hydrogen Production



Supporting Information 

Efficiency 

A new cell setup was procured with an improved layout for gas detection and determination 

of faradaic efficiency. 

 

Fig. S1: New cell setup in metal cell with separated counter electrode compartment, direct access to headspace 

and improved sealing.  Area of the film is determined to be 6.79 cm
2
 

Calibration of the gas chromatograph with % H2 (in Ar) to detector response (in μV)  was 

conducted and presented in Fig. S2.  The molar evolution of H2 per second is determined 

using the known flow rate of Ar (2 mL min
-1

), the calculated % H2 and the molar volume of 

gas (24.5 L mol
-1

). 
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Fig. S2: Calibration curve relating GC detector response and % H2 
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Fig. S3: (a) GC of injected headspace showing detected H2 for the determination of faradaic efficiency, Ar flow 

= 2 mL min
-1

.  (b) GC injection of air showing its characteristic O2 and N2 peak at 3.51 min and 6.54 min 

respectively, Ar flow = 0.15 mL min
-1

.   
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Stability Testing 

Full stability CA 

Correction of Light Intensity 

The correction for the lamp intensity was done utilising an Edmund Optics LaserCheck 

power meter (model 54-018) with a silicon cell; the power measurement was conducted at a 

wavelength of 488 nm.  An initial power reading (in mW) was taken at 3.9 days and used as 

the baseline power (100% lamp intensity).  Subsequent readings were converted to a 

percentage based on this initial reading and compared with the photocurrent.  Once the 

decrease in light output is accounted for, the decrease in photocurrent from day 4 to day 12 is 

ca. 80%; as compared to ca. 60% without the correction. 

  

 

Fig. S4 Longterm percentage decrease from day 4 to 12.  The  trace shows the corrected decrease in 

photocurrent when the decrease in light intensity is accounted for. 
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Counter Electrodes 

Initial tests utilising a stainless steel and platinum wire as counter electrodes resulted in a 

dramatic decrease in photocurrent over time.  The comparison between these counter 

electrodes is shown in Fig. S5 where Ti mesh (black trace) is shown to retain the best long 

term performance.   

 

Fig. S5 Comparison of the CA trace of each counter electrode material, all were conducted on the standard 

PBTh film at -0.5 V vs Ag/AgCl in 1 mol L
-1

 phosphate buffer.  They have been normalised to their maximum 

reduction current for better comparison of their degradation over time. 

Subsequent studies using SEM and EDX shows the presence of deposited precipitates of 

various metal ions, refer to Fig. S6 and Fig. S7 respectively.  Different counter electrode 

materials exhibited slightly behaviour with stainless steel showing substantially higher 

depositions of metal.  This is unsurprising due to the relative reactiveness of stainless steel 

which would oxidise at higher rates than that of Pt or the mixed metal oxide layer on the Ti 

mesh electrode.  Nonetheless, despite a higher resistance to oxidation, all samples exhibit 

noticeable metal deposits. 
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Fig. S6 SEM showing the PBTh film, before and after lonterm stability testing with different counter electrodes. 

The deposition of precipitates are observed throughout all samples.   

 

Fig. S7 EDX showing the significant presence of metals after stability testing, prior to testing, all films only 

exhibited the expected C and S peaks associated with PBTh.  The stainless steel electrode resulted in a 

significantly higher amount of deposition and is reflected in the EDX spectra (d).  Pt wire showed an EDX 

spectra similar to that of Ti mesh. 
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Calculation of turn over number (TON) 

To calculate the total amount of hydrogen produced (assuming faradaic efficiency is 100%) 

integration of the current density (A/cm
2
) over time (s) over the 12 day period was done to 

determine the total amount of charge.  This resulted in a value of 60.1 C/cm
2
.  Converting to 

an amount of H2 gas: 

                                           

                
                     

  

To determine the number of catalytic sites, given the hydrophobicity of PBTh, we assume 

that only the first 5 nm of the material is permeable to H2O and catalytically active.   Thus: 

                                              

Density of PBTh = 1.52 g/cm
3
 

 (             )                                 

Assuming one catalytic site is one unit of polymerised bithiophene, Mr(catalytic site) = 164.2 

g/mol 

   (               )                     ⁄               

                                                           

     
          

         
                        

Electrolyte 

 

Fig. S8 CA trace at a potential of -0.5 V vs Ag/AgCl in different electrolytes under bubbled N2.  Solid traces 

represent PBTh films, dotted traces represent glassy carbon under the same conditions.  Light was switched on 

at 15 min, current was recorded at 75 min (after 60 min of illumination). 
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pH 

The pH of the electrolyte was recorded before and after each CV test to ensure that pH had 

been maintained; this is presented in Table S1. 

Table S1: The pH of each solution measured before and after the experiment. 

pH Test pH before pH after 

3 3.1 3.2 

5 5.0 5.2 

7 7.0 6.9 

9 8.5 8.9 

11 11.0 10.9 

 

Fig. S9 shows the CV traces in light, dark and the corrected trace showing the determined 

onset potential and E
0
 at various pH. 

 

Fig. S9 CV of the PBTh film at different pH showing the determined onset potential, E
0
 at the specified pH, the 

original dark and light traces and the corrected trace. (a) pH 5.0, (b) pH 7.0, (c) pH 8.5, (d) pH 11.0.  pH 3.1 is 

shown in the main manuscript. 
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Thickness 

 

Fig. S10 UV-Vis absorption spectra of various PBTh film thicknesses on glass slide.  The absorbance of the 

0.91 μm film resulted in saturation of the detector and is not presented in the main manuscript, Fig. 6 

 

 

Fig. S11 CA measurement of different thickness with an applied potential of -0.5 V vs Ag/AgCl.  The current is 

recorded at 120 min for comparison (dotted grey line) in Fig. 6.  The measured thickness of each film is also 

shown in the legend. 

130 CHAPTER 5. OPTIMISATION OF POLYBITHIOPHENE



 

Fig. S12 Gas chromatograms of the injected headspace at 120 min and the recorded H2 peak at 2 min.  Ar 

bubbling rate was 0.15 mL min
-1

; O2 and N2 can also be observed.  The measured thickness of each film is also 

shown in the legend. 

Wavelength dependency 

 

Fig. S13 CA measurement at -0.8 V vs Ag/AgCl in 1 mol L
-1

 phosphate buffer (pH 7) for wavelength 

dependence measurements; E0(HER) = -0.63 V vs Ag/AgCl.  The photo response is the average current over the 

10 min interval with light.  The wavelength and corresponding intensity of each band pass filter is also provided. 
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5.4 Influence of Morphology on Catalytic Performance

In Publication 2, it was hinted that higher roughness significantly enhanced catalytic activity

and was attributed to the increased surface area as well as the improved penetration of the

electrolyte. From this result, we attempted a more in-depth look into how the performance of

PBTh can be improved by altering the film’s morphology. Numerous methods were proposed

and included the use of pre-roughened substrates, mesoporous structures, porous foams,

incorporation of hydrophilic components (like PEG), and laser etching. However, to maintain

consistency, (flat) glassy carbon was retained as the substrate while the PBTh films were altered.

This modification to PBTh was done via two main – albeit related – methods, exposure of the

Fe(III)PTS oxidant to humidity prior to polymerisation and the exposure of a FeCl3 oxidant to

humidity prior to polymerisation.

5.4.1 Modification of Morphology using Humidity

Exposure of the precursor oxidant solution to high levels of humidity is not typically desired

in the VPP process as it leads to the formation of iron crystallites which disrupts the smooth

ordering of the conducting polymer. This in turn can result in rough films with adverse effects to

conductivity; a common indicator for conducting polymer quality. However, it was discovered

during the testing of a rough film – formed unintentionally by exposure to air on a particularly

humid day – that it exhibited significantly improved photo-catalytic responses. This interesting

effect was thus further investigated, though due to issues with obtaining consistent results,

these findings were not included in Publication 3.

Figure 5.1: Comparison of a smooth and rough PBTh film made using the humidity chamber.
A: A smooth film, 0 min in humidity chamber (some blemishes can be seen due to evaporated
electrolyte and residual salt) and B: a rough film, 2 min in humidity chamber.
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A variety of films were produced by varying exposures to humidity and tested via electrochem-

istry. Initial tests used a humidity chamber, a glass dessicator that was filled with a saturated

aqueous NaCl solution so that a constant humidity of ≈ 75 % was obtained.1 The spin coated

oxidant solution was placed in this humidity chamber for 1 and 2 min prior to VPP so that small

amounts of iron crystallites could form. The PBTh films were then allowed to undergo VPP as

per normal, followed by washing in 1 mmolL−1 PTSa and left to dry; the resulting smooth and

rough films are shown in Figure 5.1.

CA testing of these initial humidity films (held at −0.5 V vs Ag/AgCl) showed promising

performances (Figure 5.2). The currents and the recorded H2 peaks obtained for the “rough”

films (1 and 2 min) were much higher than the “smooth” film (0 min sample) and presented

a compelling case as a method for enhancing photo-electrocatalysis. At the same time, the

use of the humidity chamber was problematic as the transfer time from the spin-coater to the

humidity chamber and then to the VPP chamber was difficult to keep consistent. Moreover, it

exposed the film to atmospheric humidity and made samples which were prepared on different

days difficult to compare. A humidity and temperature controlled glovebox with an internal

spin coater and oven would be more ideal for reproducibility, though this was not available to

us at the time.

0 40 80 120 160 200
-100

-80

-60

-40

-20

0

20

0 2 4 6 8 10 12

-400

-300

-200

-100

0

100

Light

B

J 
(

A 
cm

-2
)

Time (min)

 0 min
 1 min
 2 min

A Dark

N2

O2

H2

D
et

ec
to

r R
es

po
ns

e 
(

V)

Elution Time (min)

 0 min (Light)
 1 min (Light)
 2 min (Light)
 0 min (Dark)
 1 min (Dark)
 2 min (Dark)

Figure 5.2: Comparison of the rough films after varying exposures to 74% humidity in the
humidity chamber. Testing was conducted in the 1st generation metal cell in 1 molL−1 NaCl
electrolyte (pH 6), and bubbling at Ar = 0.15 mLmin−1. A: CA trace of the PBTh film held at
−0.5 V vs Ag/AgCl for 120 min in light, then for ≈ 60 min in dark. B: GC trace of the headspace
during the CA experiment, conducted at t = 120 min (Light) and t = 180 min (Dark). Trace
amounts of O2 and N2 can also be observed.

In order to bypass the transfer times and associated humidity swings of using the humidity

chamber, it was decided to simply expose the film to atmospheric humidity. This would isolate

exposure time as the only experimental variable – given the same atmospheric conditions – and
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would allow for a more consistent humidity exposure and hence, degree of roughness. The

samples were exposed to air (humidity = 47%, 21 ◦C) for 0, 4, 10, 20 and 30 min after spin

coating then placed into the VPP for polymerisation. They were washed in ethanol and tested

in 0.1 molL−1 PB (pH 7); PB was used to better maintain pH at these higher currents.

The results of these air exposed films is shown in Figure 5.3 and reveal a surprising trend.

Contrary to previous findings, the smooth film with 0 min exposure – the one transferred

directly from spin coater to VPP chamber – had the highest performance by far. This was

particularly surprising since it was prepared in the same manner as previous films. One

proposed explanation was the use of the 2nd generation metal cell for the humidity tests,

whereas the initial experiments on smooth films (eg: in Figure 5.2) utilised the 1st generation

metal cell and older designs. The 2nd generation cell was designed to isolate the products (O2)

produced at the counter electrode which would then limit cross-over reactions and increase

HER activity. As a result, the 0 min sample in Figure 5.3 was able to exhibit much higher

catalytic activities. Furthermore, care was taken to avoid the introduction of metal ions and

other contaminants into the main chamber of the newly acquired 2nd generation cell. Whereas

in the 1st generation metal cell, studies using a variety of reactive counter electrodes such

as graphite and stainless steel resulted in trace contaminants which could adversely affect

performance.

Another possible explanation is that through the encounter of favourable atmospheric/synthesis

conditions, this particular PBTh film was much more active. This is not surprising considering

the large variation in PBTh performance that has been observed throughout our studies. The

exact cause is unknown but it is strongly influenced by atmospheric humidity, temperature,

speed of transfer from spin coater to VPP chamber etc.

Analysis of the rough films showed a peak current of 75µA cm−2 at 120 min and was on par

with previous rough films made using the humidity chamber. However, they did not vary much

between themselves and no trend between humidity exposure and catalytic performance could

be inferred. This suggests at a saturation of the iron crystallite formation and its subsequent

roughness effect. In hindsight, it would have been more apt to investigate films with exposure

times between 0 and 4 min. At the time, it was thought that the lower atmospheric humidity –

47% vs 75% of the humidity chamber – would require a longer exposure times to compensate.

This was reinforced by visual inspection where the originally planned exposure times of 1, 2

and 4 min failed to show the texture previously observed for a rough film. As a result, the

exposure times were extended to >4 min.

The failure of the (rough) air exposed films to generate improved catalytic performance was in

direct conflict with earlier results and demanded further studies. Furthermore, no information

was gained regarding the trend between roughness and catalytic activity as a result of the long

exposure times. Quantification of the roughness/porosity was also not undertaken which made
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Figure 5.3: The performance of smooth PBTh and glassy carbon electrodes compared to rough
PBTh samples made by exposure to atmospheric humidity (47% at 21 ◦C). Conducted in the
2nd generation metal cell in 0.1 molL−1 PB (pH 7) with bubbled Ar.

analysis of the samples difficult. In an attempt to address these points, a final investigation

using FeCl3 was conducted.

5.4.2 Modification of Morphology using FeCl3

A key contributing factor to the difficulties of producing rough films was the use of Fe(III)PTS

which was originally selected for the VPP process due to its resistance to crystallite formation.2

However, in order to produce a rough film, the formation of iron crystallites is desired and thus,

FeCl3 was chosen as a replacement oxidant. FeCl3 has been described in literature both for its

ability to perform VPP on polythiophenes3 and formation of crystallites.4

A 40% FeCl3 oxidant solution in butanol was made up, spin coated onto glassy carbon substrates

and exposed to air (Humidity 40±2 %, 22±0.5 ◦C) for 0, 1, 2 and 4 min before undergoing VPP.

The resulting films were washed in ethanol and appeared much rougher with the presence

of pockmarks, high surface texture, and dull (non-reflective) films which indicate scattering

and increased surface roughness. This increase in roughness is particularly apparent when

compared with films prepared using Fe(III)PTS, see Figure 5.4. Unfortunately, due to the

ease in which crystallites were formed with FeCl3, even the 0 min film exhibited some surface

roughness (Figure 5.4C). The films were characterised for their catalytic performance via CA

and GC, as well as roughness and morphology using profilometry and SEM respectively.
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Figure 5.4: Photographs of various smooth and rough films made by exposure to atmospheric
humidity. These were prepared using Fe(III)PTS (A: 0 min, B: 4 min) and FeCl3 (C: 0 min, D:
4 min). In general, rougher films have more diffuse surfaces and pockmarks.

The CA and GC results are presented in Figure 5.5 and confirm the benefits of rougher films,

where an exposure time of 0 min resulted in the lowest photo-response and H2 signal. The peak

CA current occurs with the 2 min film (blue trace) but it is interesting to note that the photo-

current trend of the 0 and 4 min film remains growing whilst the other films have plateaued.

The result is significant as the films were prepared on two different days, the 0 and 4 min film

on one (38%, 22 ◦C) and the 1 and 2 min film on the other (41%, 22 ◦C). This reveals that even

small variations in atmospheric conditions can have a significant impact on the resulting film

and emphasises the importance of humidity/temperature control.

The different CA behaviour makes it difficult to directly compare the films but it is not surprising

that the 4 min sample shows a slightly decreased catalytic behaviour (when compared to that

of 2 min). The formation of too many crystallites would likely hinder the VPP process and lead

to poor cohesion and electrical contact between the polymer chains. It is likely that a balance

is required between the use of crystallites to increase roughness/surface area and maintaining

good electrical properties within the bulk film.
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Figure 5.5: Photo-electrocatalytic performance of the films in 0.1 molL−1 PB, pH 7 with
bubbled Ar (1 mLmin−1). A: CA at −0.5 V vs Ag/AgCl, B: GC results with injection at 120 min.

The GC results of the headspace during the CA (at t = 120 min) are shown in 5.5B, all films

show a clear hydrogen peak though there is a trace presence of air. The chromatograms reveal a

similar finding to the CA where the film with 0 min exposure shows the lowest H2 signal though

the difference between the rough films (1–4 min) are not as noticeable. Nevertheless, analysis

of the CA and GC results show that increasing roughness by the formation of crystallites is a

viable technique for improving catalytic response.

The next part of the studies involved the quantification of the film’s roughness and this was

undertaken using profilometry with a Dektak 150 Profilometer. The calculated values of

roughness are given in Table 5.1 though the values vary depending on the formulation used.

In brief Ra (Eq 5.1, where Z(x) describes the height profile) gives the arithmetic average

deviation from the mean and is a common parameter to quantify roughness; however it does

have drawbacks and tends to under-represent large peaks in an otherwise smooth surface. Rq is

a better parameter to account for these occasional spikes and represents the root-mean-square

average of the film, its formulation is described in Eq 5.2. The last measurement used to

calculate roughness was Rp which is simply the maximum peak height (Eq 5.3).

Ra =
1
L

∫ L

0

|Z(x)| d x (5.1)

Rq =

�

1
L

∫ L

0

Z(x)2 d x

�
1
2

(5.2)

Rp = max Z(x) (5.3)
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Table 5.1: Calculated roughness parameters from profilometry

Sample Ra (µm) Rq (µm) Rp (µm)
0 min 0.31 0.39 0.87
1 min 0.35 0.48 1.85
2 min 0.16 0.34 1.68
4 min 0.59 0.99 4.07

The calculated roughness parameters confirm the expected trends with longer exposure times

leading to increased roughness. One exception is the 2 min sample though this depends on the

roughness parameter used. A clearer idea of each profile can be observed in Figure 5.6 and

helps explain the major discrepancies. The 0 min film has significant texture – not surprising

considering the rapid rate at which crystallites form with FeCl3 – thus explaining its high Ra

value. The rough films also have small amounts of texture but they are interspersed with large

plateau features that correspond to polymerisation around a crystallite. As a result, Rq and

Rp values are more appropriate parameters for the rough films as they can better account for

fewer but larger surface features.
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Figure 5.6: The profilograph of the films as prepared using FeCl3 with varying exposure times
to air. The traces have been offset from each other for easier comparison.

A longer length-scale and multiple profilographs would have been preferable for a better

average roughness and the determination of a standard deviation. Unfortunately, at the time,

the profilometer was chiefly used for the measurement of film thickness and only a single

profilogram was saved. Furthermore, the films were destroyed shortly after SEM for the

preparation of new films as the glassy carbon substrate was in limited supply, and no further

data could be gathered.
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SEM was the last experiment performed on the films and presents a much clearer picture of the

film morphology (Figure 5.7). At a magnification of 100× (1st column) the 0 min sample shows

a relatively featureless film whilst the air exposed films show much more distinct features. This

is particularly obvious in the 1 and 2 min films where numerous disk like features have formed

and accounts for the large plateau regions observed in their profilogram (Figure 5.6). On the

4 min sample, more dendritic like features are observed and can explain the lower recorded

catalytic response (from CA, Figure 5.5A). Although the dendrites increase surface area, it

would be more difficult to conduct charge to and away from the dendrite tips, thus rendering

them inactive in the catalytic reaction. On the other hand, the plate like structures of the 1 and

2 min samples form a much more coherent structure which would likely aid in charge transport.

Figure 5.7: SEM micrographs (5 kV) of the FeCl3 prepared PBTh films investigating their
morphology at 100×, 1000× and 10000× in the 1st, 2nd and 3rd column respectively. A: 0 min
film, B: 1 min film, C: 2 min film and D: 4 min film.
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The 10000× magnification (3rd column) provides a more in-depth view of the films’ microstruc-

ture. Small particles can be observed on the 0 min sample and explains the film’s textured

profilograph, however overall, the film is fairly flat and homogeneous. The surface roughness

grows noticeably as the exposure time is increased, beginning from flat and slightly dendritic

textured disks at 1 min, to much larger and more textured structures at 2 min. At 4 min,

significant voids can be observed on the sample and suggests at a porous structure.

These SEM results confirm the formation of rougher surfaces with longer air exposure times

though the actual microstructure varies substantially between each sample. It is unknown

whether this is an effect of the polymerisation on different days or the natural progression

of surface morphology with increasing exposure to air. Further testing in more controlled

environments and with smaller time intervals would be required.

5.5 Conclusion

The analysis of various experimental parameters of PBTh revealed important information on the

photosystem as well as many surprising capabilities. The high faradaic efficiency and long term

stability rule out alternative reduction reactions with significant scope for further improvements

and even commercial development. Continuous operation over a 12 day period with good

chemical stability is rare and even more noteworthy given that it was arbitrarily stopped. At

the same time, the successful operation of PBTh on low-cost substrates like FTO glass help

support the case for potential commercialisation.

The low currents observed with the PBTh system is a particular concern and is perhaps the

biggest short-coming of this system. Typically, a photo-response on the order of 10–100µA cm−2

is observed for the PBTh films, compared to the mAcm−2 range commonly reported in other

HER systems. However, it has been discovered from the studies on film thickness and roughness,

that small alterations in the film’s structure can lead to significantly higher photo-responses (up

to 200µA cm−2). Future investigations with film optimisation in a more controlled synthesis

environment would no doubt lead to further improvements.

Lastly, the studies on pH and electrolyte were able to reveal important details on the nature of

the reduction mechanism. Successful photo-electrocatalysis of the HER at a pH of 11 shows

that the photo-system is not reliant on H+ as a reactant and can reduce H2O directly. This is

further supported by the operation of the photo-system in NaCl solutions, whereby the absence

of phosphate ions forces the film to obtain the proton directly from H2O (for the HER).

Taken together, these studies present a very compelling case for the use of PBTh as a HER

catalyst. However, up to this point, the operational mechanism of the film is still very much

unknown. With this in mind, we focus our attention to understanding how this unique photo-

electrocatalytic system works.
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6.1 Introduction

The realisation of an organic photo-electrocatalyst for the HER that is stable, operable at high

pH and able to achieve an onset that is below E0 is a landmark breakthrough.1 Despite the

relatively low initial reaction rate, there has been significant improvements of over an order of

magnitude by the simple variation in thickness and surface morphology. Further improvements

could no doubt be gained through the exploration of aspects such as substrate morphology,

hydrophobicity and addition of light harvesters etc. Nonetheless, in this last chapter we eschew

the logical continuation of increasing catalytic performance to tackle a more fundamentally

important question: how does this unique catalyst work? The work detailed herein is our

attempt to reveal the operating mechanisms of the PBTh catalyst and in doing so, we try to

explore details which may aid in the further development of PBTh; and potentially, a family of

PBTh-like catalysts.

6.2 Results and Discussion

6.2.1 Iron dependency

A key concern that needed to be addressed was the issue of residual Fe2+/Fe3+ oxidant after the

ethanol wash step. It has been recognised that trace amounts of metal calatyst particles have

been able to bring about a significant catalytic response despite being in the concentrations of

ppm.2 Thus it became critical to determine whether our photo-electrocatalytic activity was an

inherent property of PBTh or if it was a result of trace Fe particles (or a combination of the

two).

For the investigation, four films of PBTh were washed in different solutions after polymerisation

with the aim to discern differences in performance according to the effectiveness of Fe3+

removal. The initial wash solutions were: H2O, Ethanol, 0.1 molL−1 PTSa in H2O (pH = 0.9)

and 0.1 molL−1 PTSa in Ethanol. It was assumed that the hydrophobic nature of PBTh3 would

reduce the penetration of aqueous media, thus ethanol would be more effective at removing Fe

species than H2O. At the same time, Fe2+/Fe3+ species are more soluble in acidic media,4 hence

the acidic 0.1 molL−1 PTSa solutions should remove more Fe than their neutral counterparts.

After the initial wash, each film was tested via CA (at −0.8 V vs Ag/AgCl) in 0.1 molL−1 PB

(pH 7) to compare their photo-electrocatalytic performance (Figure 6.1A). A cursory analysis

of this result shows significantly higher photo-currents from the acidic wash solutions, however

a proper quantification of the Fe in the films was required. To this end, the four films were then

washed in 0.1 molL−1 PTSa in H2O after CA testing, and the resulting wash solution collected.

Peroxide was added to each film’s wash solution to convert Fe2+ to Fe3+, followed by KSCN

to form the FeSCN2– complex. The Fe3+ content of each of the four wash solutions was then
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determined by analysing the UV-Vis absorption peak of the resulting FeSCN2– ion at 460 nm.

This analysis is referred to as the “initial wash”; please refer to the supplementary information

at the end of this chapter for additional details.

The calculated Fe3+ concentration from each sample (of the initial wash) is presented in Figure

6.1A as the • markers and show an inverse relationship between the amount of residual iron

and catalytic performance (photocurrent). This supports our case that iron does not play a role

in the catalysis process and in fact, it seems that having more residual iron in the system is

detrimental to catalytic performance.
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Figure 6.1: Comparison of the photocurrent obtained via CA at −0.8 V vs Ag/AgCl A: after the
initial wash, and B: after the 6 acid washes to remove Fe3+. The detected Fe3+ concentration
in the wash solution (0.1 molL−1 PTSa in H2O) after each test is also shown (in black). The
Fe3+ concentration of the 0.1M PTSa H2O in the final wash was not detectable.

In an attempt to completely remove any traces of Fe, the four films were subjected to a series of

washes in 0.1 molL−1 PTSa in H2O and Ethanol. At each step, the wash solution for each film

was collected and analysed for their iron content which showed a reduction in Fe concentration

of up to three orders of magnitude from the initial wash to wash 7, Figure 6.2. Washes 5

and 6 had a higher concentration of Fe3+ though this can be explained by the use of ethanol;

where the enhanced penetration of ethanol into the bulk film enabled the release of previously

trapped Fe species. The final wash back in the aqueous 0.1 molL−1 PTSa solution revealed that

the Fe concentration had indeed further decreased.

After wash 6, the films were tested again for their photo-electrochemical performance and

showed photocurrents that were on par with that of the initial tests, despite having significantly

lower concentrations of Fe, see Figure 6.1B. There are decreases in catalytic performance for all

samples after the six wash steps, however, this is more likely to be caused by delamination of the
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Figure 6.2: The detected concentration of Fe3+ from UV-Vis spectroscopy after each successive
wash step. Wash 1 utilised the initial varying wash solutions; thereafter, wash 2-4 and wash
7 used 0.1 M PTSa in H2O and wash 5-6 used 0.1 M PTSa in EtOH. Certain data points were
unavailable due to saturation of the UV-Vis detector or difficulty in resolving the FeSCN–

2 peak.

film from the FTO substrate and mechanical damage from the successive swelling and drying

processes involved in each wash step rather than from the difference in iron concentration. This

is especially apparent when considering the PBTh sample that was initially washed with H2O.

The catalytic performance is almost completely unaffected despite the three order of magnitude

decrease in Fe concentration (from 534µmolL−1 at the initial wash to 0.7µmolL−1 at the

7th wash). This provides compelling evidence that catalytic behaviour is not dependent on

entrapped iron particles and thus, we focus our attention on elucidating a mechanism pathway

based on the PBTh film.

6.2.2 Proposed Mechanism

An initial mechanism was proposed based on our knowledge of the system at the time and

some preliminary computational modelling. It was understood that at neutral pH, the PBTh

film could catalyse the HER but only with the application of light and thus, consideration of

excited states became critical. Furthermore the photo-current had been shown to remain stable

over extended periods of time which indicates the regeneration of the catalyst site. Assuming

that the reaction proceeds via the standard Volmer, Tafel, Heyrovsky type mechanisms for the

HER,5 a protonation of the PBTh chain is required; Eq 6.1 shows the respective mechanisms

in acidic conditions where S is the catalyst surface.6 It should also be noted that since PBTh

is able to catalyse the HER in basic conditions, it is foreseeable that the alkaline forms of the
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Volmer, Tafel and Heyrovsky reactions are also valid. Nevertheless, for simplicity, Eq 6.1 and

protonation in acidic condictions remain the point of consideration.

Volmer: H+ + S+ e− −−*)−− S−H

Tafel: 2 S−H −−*)−− 2 S+H2

Heyrovsky: S−H+H+ + e− −−*)−− S+H2

(6.1)

The high electronegativity of the sulphur atom is a likely site for the initial interaction with

protons in solution and a potential site for the photo-activated protonation. Moreover, the posi-

tive and δ− charges of the proton and sulphur respectively would result in a close interatomic

distance. This would facilitate the rapid catalytic response when illuminated, as opposed to

a much more gradual build up of reacting species. This is particularly of note considering

that excitation of thiophenes can promote electron density into the sulphur lone pair orbitals,7

and a likely region in which H+ would reside. This is supported in our initial DFT modelling

using B3LYP/6-31+G* where the LUMO of PBTh – as modelled by a geometrically relaxed 7-

membered thiophene oligomer – adopts a quinoidal structure with a significant electron density

over the sulphur atom (Figure 6.3B); this is also in agreement with literature HOMO/LUMO

calculations on polythiophene.8 From these results, it is expected that protonation of the PBTh

chain would occur on the sulphur atom.

To further investigate the protonation idea via computational modelling, a proton was placed

at a distance of 1 Å from the central sulphur and the structure allowed to relax. The proton

stabilised at a distance of 1.36 Å (Figure 6.3C) without the breakup of the PBTh structure and

thus is good agreement with the known stability of the PBTh film. Interestingly, when the

LUMO state of this sulphur protonated PBTh (PBTh(S-H)+) is calculated, the electron density

becomes concentrated over the introduced proton, see Figure 6.3D. Should free protons be

in close proximity, the LUMO (photo-excited) orbital of PBTh(S-H)+ represents a particularly

desirable site for a Heyrovsky type release mechanism. It should be noted that this proposed

Heyrovsky reaction would require a second photo-excitation as the ground state of PBTh(S-

H)+ does not show orbitals that are conducive to interactions with protons (Figure 6.3C).

However, the ground state PBTh(S-H)+ may undergo a Tafel type release if there is a photo-

excited PBTh(S-H)+ nearby; the large electron density of the photo-excited state may overlap

sufficiently to form a chemical bond and release H2.

Protonation at the α- and β -carbons are alternative protonation sites though the resulting sp3

carbon would break the conjugated structure (Figure S2). Furthermore this reaction is likely

difficult to reverse and does not fit well with PBTh’s known long term stability and high turn

over numbers (as presented in Publication 3).

Utilising the gathered computation data, the resulting mechanism detailed in Figure 6.4 is

proposed. The mechanism is by no means conclusive, especially without further experimental
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A - PBTh HOMO

B - PBTh LUMO

C - PBTh(S-H)+ HOMO

D - PBTh(S-H)+ LUMO

Figure 6.3: The approximated HOMO (ground) and LUMO (photo-excited) molecular orbitals
of the PBTh and sulphur protonated PBTh (PBTh(S-H)+) species; as calculated by DFT methods
using B3LYP/6-31+G*.

data but it accounts for many of our previously observed behaviours which include rapid

photo-responses, high catalyst stability and heavy dependence on photo-excitation. As a

result, protonation at the sulphur site forms the template of our experimental mechanistic

studies. Alternative mechanisms such as reaction sites at the carbon atoms, or a hybrid

mechanism involving different protonation sites are also possible but the DFT calculations of

these intermediate species reveal less compelling scenarios, see Figure S2.
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Figure 6.4: Proposed mechanism of the HER on PBTh showing the initial Volmer-like proto-
nation, followed by a Tafel- or Heyrovsky-like mechanism to form and release H2. It should
be mentioned that at this point, these processes are speculative and that roles of photo-
excitation/applied potential/electron injection remain highly contested.

6.2.3 Extended Cyclic Voltammetry of PBTh

It was anticipated that in-situ measurements of PBTh in its active would be difficult where

the need to apply electrochemical potential and photo-illumination complicates many typical

analytical methods. Techniques such as UV-Vis, Raman and transient absorption spectroscopy

can reveal changes in conjugation, bond formation and charge lifetimes respectively but they

are all adversely affected by external light sources. In recognition of this, an attempt was made

to activate the HER catalysis via electrochemical potential alone. Up until now, the majority

of the CVs performed on the PBTh film only went to a potential of −0.8 V vs Ag/AgCl, an

overpotential of approximately 0.15 V in pH 7 and insufficient to drive the HER in dark. An

extended CV of PBTh was thus performed with a potential range up to −1.8 V vs Ag/AgCl

and is shown in Figure 6.5. The figure shows PBTh’s catalytic performance in light and dark,

in 0.1 molL−1 PB (pH 7) as well as its self oxidation and reduction reactions in anhydrous

propylene carbonate (PC).

As expected, the application of light triggered the photo-electrocatalytic response from PBTh

in the aqueous electrolyte, but a strong reduction tail is also observed on PBTh in dark with

an onset of ≈−1.5 V vs Ag/AgCl. While originally assigned as electrochemically driven HER,

comparison with the PBTh CV in PC shows that this reduction reaction overlaps exactly with

the n-doping region of PBTh. As a result, we are unable to study the HER reduction on PBTh
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Figure 6.5: An extended CV of the PBTh film showing its electrochemical behaviour in aqueous
0.1 molL−1 PB at pH 7 and in anhydrous PC (0.1 mol/LTBAPF6) whilst under N2; no discernible
differences were observed for light and dark in PC. The recorded current is presented in arbitrary
units due to the scaling for easier comparison; a per cm2 correction was not sufficient, likely
due to the vastly different interactions of PBTh in PC and in aqueous environments.

in the dark as it becomes severely obscured by the n-doping region of the polymer. This was

unfortunate as it meant the continued reliance on external light sources and it ruled out more

sensitive spectroscopy methods such as transient absorption and severely complicated other

techniques such as UV-Vis and Raman spectroscopy. However, it was hoped that interference

from the light source could be minimised with careful cell set-up and appropriate shielding of

the detectors.

Regardless, it is clear that the photo-excitation of PBTh creates substantially different thermo-

dynamic conditions that allows for the catalysis of the HER. Moreover, the catalytic conditions

cannot be easily replicated by the simple application of electrochemical potential.

6.2.4 Photo-dependency

Photo-intensity

Analysis of the photo-response of PBTh is an important early step in establishing a relationship

between photons, charge carriers and the catalysis process. In the first study, PBTh’s response

to light intensity was probed using a Xe lamp with an AM 1.5 spectra filter, the intensity was

varied from 0.03 to 2.2 suns using ND filters whilst under an applied potential of −0.5 V vs
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Figure 6.6: Photo-electrochemical current response as photo-intensity of a Xe lamp (with an
AM 1.5 spectral filter) is varied, where Ewe = -0.5 V vs Ag/AgCl in 0.1 M PB, pH 7 under N2.

Ag/AgCl, further experiment details can be found in section 2.4.6. The photo-current at each

intensity was recorded after a 1 min exposure and the results are shown in Figure 6.6.

Two distinct linear regions that transition at ≈ 0.1 sun can be observed. The low light inten-

sity region has a much higher gradient and photo-response, perhaps representing the first

protonation step (Volmer reaction). At higher intensities, this step becomes saturated as all

of the available sites have reacted, thus the second stage – likely Heyrovsky/Tafel reactions –

begin to dominate. The lower photo-response gradient indicates that the 2nd reacting step has

slower kinetics and is kinetically limiting. This is unsurprising considering that once the first

protonation occurs, sulphur’s initial electronegativity would be countered by repulsion from

introduced δ+ charge of the attached hydrogen. To complete the HER, the active site then

requires a further photo-excitation to push electron density into the attached hydrogen (see

Figure 6.3D) to form a δ− charge, thereby attracting nearby protons in solution. Given the

relatively short lifetime of excited states, the rate of this reaction would be slow as is reflected

in the lower gradient. However, this issue is likely to be mitigated somewhat by the abundance

of protons/H2O in solution as well as mechanisms that promote excited state lifetimes such as

the intersystem crossing to triplet states or charge separation.

It is also important to note that from Figure 6.6, there does not appear to be a threshold photo-

intensity for catalysis to start; the linear fit of the low intensity mode trends towards unity.

This can potentially indicate the generation of hydrogen even from very low light, however,
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Figure 6.7: Photo-response of PBTh while held at -0.2, -0.5 and -0.8 V vs Ag/AgCl as the
wavelength is varied; conducted in 0.1 M PB at pH 7. The UV-Vis absorbance spectrum of
PBTh on glass slide is also shown for comparison. The photo-intensity at each wavelength was
measured using a Si chip and the photo-response normalised to the respective intensities.

if our earlier analysis holds true, this section mainly corresponds to the first protonation of

the PBTh. Further information to be gained from the photo-intensity response shows that

the linear regions extends up to 2.2 suns without reaching a plateau. Additional data on

higher photo-intensities (and the use of better performing films) would be desirable to truly

understand the capabilities of the film. As it stands, the photo limit of PBTh has yet to be

observed and is likely to be significantly higher; the use of 10 suns would be interesting to truly

test the capabilities of PBTh.

Wavelength Dependence

The wavelength dependence of the PBTh system is another important consideration where

true photo-electrocatalysis should have a photo-response that matches closely to its absorption

spectrum. A similar experiment had been reported in our earlier paper1 but it is prudent to

further examine the wavelength dependence in detail. A Xe lamp was used as the light source

in conjunction with a monochromator to select the individual wavelengths whilst a range of

potentials (−0.2 V, −0.5 V and −0.8 V vs Ag/AgCl) were applied to the film. The corresponding

photo-response was then measured and the results are presented in Figure 6.7 along with the

UV-Vis absorbance of PBTh.



6.2. RESULTS AND DISCUSSION 153

At an applied potential of −0.8 V vs Ag/AgCl, there is a very good agreement between PBTh’s

photo-response and its π−π∗ UV-Vis absosorption peak at 490 nm (Figure 6.7). However, at

lower reduction potentials – while the catalysis still lies within the π−π∗ absorption region of

PBTh – the overall photo-response profile is different and dramatically lowered. The decrease in

magnitude is not too surprising given the lower electrochemical driving force and corresponding

decrease in reaction kinetics. On the other hand, the change in the shape of the profile was

unexpected given that the population of excited states in PBTh is still highest at 490 nm,

regardless of the applied potential.

The photo-response profile at −0.2 V is particularly different with the requirement of higher

energy photons for the same catalysis reaction. This behaviour is revealing in that the catalysis

of the HER on PBTh is very much a photo- and electro- dependent process and requires both to

generate H2. The simple absorption of photons by PBTh is not enough for catalysis, it must

also be of sufficient energy to drive the catalysis and this required energy is heavily dependent

on the applied potential.
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Figure 6.8: Energy diagram showing how an applied potential can alter the sulphur/H+

interaction and the subsequent change in activation energy and wavelength dependence.
However, it is not yet sure whether this effects the initial protonation, the charge transfer, the
H2 release or a combination of these stages. The red and blue represents excitation from low
energy (>550 nm) and high energy photons (<550 nm) respectively.
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It is possible that at more positive potentials (−0.2 V) the low energy photons (>500 nm) –

despite being absorbed by PBTh – do not have sufficient energy to overcome the reaction energy

barrier and the generated exciton is unable to proceed with the protonation/charge transfer

reaction (Figure 6.8). Higher energy photons are thus required to overcome the weaker S−H

interaction by excitation to higher energy vibrational states. Conversely, at −0.8 V, the strong

negative potential enhances the electronegativity of sulphur and creates a much stronger charge

interaction with H+ in solution. As a result, even photo-excitation with low energy photons are

able to overcome the energy barrier and initiate the charge transfer process.

This energy model is presented in Figure 6.8 and more clearly demonstrates how the H2 evolu-

tion mechanism is limited thermodynamically; either for the first protonation, or the secondary

charge transfer/H2 release, or both. Hence, it requires a combination of electrochemical poten-

tial and photo-energy to overcome the activation energy. A strong negative potential would

be beneficial in increasing the population of strong S−H interactions and charge transfer to

the point that PBTh’s photo-absorption becomes the sole limiting factor. This explains why the

photo-response at −0.8 V is much improved and why it closely follows the absorption spectra

of PBTh. It also accounts for the different photo-response profiles at each potential, something

that is not expected for a purely photo-excitation dependent process.

6.2.5 Impedance spectroscopy

Electrical impedance spectroscopy (EIS) is a powerful technique with which to study the

system’s electrical interactions such as those between the film and electrolyte, between the film

and electrode and even within the film itself. Given its inherently in-situ nature, we are able to

probe how these electrical interactions change as the PBTh film moves from a non-catalytic to

catalytic state and the effect of applied potential and light. For more information on EIS and

experimental details, please refer to section 2.3.3.

The resulting Bode plot from the EIS is shown in Figure 6.9 where several observations can

be made. Looking at the log |Z |vs log(freq) plot (Figure 6.9A), there is a dominant Warburg

diffusion type behaviour<101 Hz – as shown by the −1
2 gradient – and is particularly noticeable

at oxidative potentials (0.6 V). However, at more negative potentials, this Warburg diffusion

behaviour changes and a distinct difference appears between the light and dark impedance

plots. In dark, the straight Warburg like behaviour is still observed (particularly below 1 Hz),

but when under illumination, the Warburg tail flattens out to a more resistor like behaviour.

This trend is particularly evident in the Bode phase plot (Figure 6.9B) where the phase changes

in light and in dark (at –0.4 and −0.8 V) is particularly noticeable. This is in agreement with

the expected photo-catalytic behaviour, in the dark, the HER reaction cannot occur and the

Bode plots show a more diffusion/capacitance behaviour; where φ approaches 90◦. On the

other hand, under illumination, charge is able to flow from the film to perform the HER, thus a
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more resistor like behaviour is observed. Since the kinetics of the chemical HER reaction is

slow – as compared to the fast electron transport within the film – these changes occur in the

low frequency region (<10 Hz).

The Bode phase plot also shows a significant phase shift which suggests the presence of a

capacitance like behaviour around 105, 103 Hz and 101 Hz. while the former two is in agreement

with the |Z| results, the latter is in direct contradiction to the previously assigned Warburg

behaviour. Herein lies an issue with the Bode plot, where the complexity of the system and

the overlap of multiple components can create difficulties in ascribing elements and producing

meaningful models. As a result, the Nyquist plot is also analysed for a fuller picture of the

appropriate equivalent circuit.
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Figure 6.9: The Bode plot of the PBTh photo-system at various potentials in light (solid lines)
and in dark (dashed lines). A: The log |Z | vs log(freq) plot and B: the phase shift (φ) vs
log(freq) plot. These graphs are plotted on separate axes for better clarity.

The obtained Nyquist plots of the impedance spectra are shown in Figure 6.10 where they

correspond to in-situ studies of changes in potential under dark and light conditions. A cursory

observation of Figure 6.10 shows a decrease in resistance and a change in capacitative behaviour

as the film shifts from a non-catalytic state (dark and/or oxidative potentials) to a catalytic state.
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As conditions become favourable for the HER, the straight Warburg like diffusion behaviour

observed at 0.6 V gives way to a more semi-circular shape which suggests a parallel RC element

and the presence of an electrochemical reaction. This transition is only observed for illuminated

samples, for the dark traces, despite a high negative potential of −0.8 V, the straight lines of

the impedance spectra shows that it is still governed by a diffusion/capacitance type behaviour.
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Figure 6.10: The Nyquist plot of PBTh from 100 kHz to 200 mHz at various applied voltages
(vs Ag/AgCl) in 0.1 M PB at pH 7, when illuminated (solid lines) and when in dark (dotted
lines); the insert shows a close up of the film’s behaviour at higher frequencies.

From these observations and previous literature, an equivalent circuit was ascribed to the PBTh

system. A well fitting equivalent circuit can lead to many insights into the electrochemical

system while a poorly fitted or badly assigned model reveals very little. Initial models were

based on literature polythiophene equivalent circuits but they yielded mixed results.9–11 A

significant source of deviation is likely to have come from the non-aqueous nature of the

literature studies10,12 and their analysis of purely oxidative behaviour.9 As a result, the

literature models could typically fit non-catalytic behaviour well but as the film approached

reductive potentials and light was applied, large deviations would appear.

An effort was thus made to develop an alternative equivalent model with a higher emphasis

placed on matching the equivalent circuit model to our obtained data. Using a Randles circuit

(Figure 2.8) as the basis for the HER electrochemical reaction, two capacitor/resistor elements

in parallel were added to describe the charge transfer behaviour through the PBTh film and

between the electrode and PBTh. This model was also based on the Bode/Nyquist plots that

suggest the presence of at least 3 capacitative elements via either a phase shift or the presence

of semi-circles.
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Initial fittings did not yield an acceptable χ2 value, particularly in the transition from non-

catalytic to catalytic behaviour and was attributed to the inflexibility of components such as

capacitors and Warburg diffusion elements. While these descriptors are good analogues for

set processes, they are unable to accurately account for the substantial changes in electrical

behaviour when moving between catalytic and non-catalytic states. For example, in a non-

catalytic state, PBTh behaves like a capacitor with a build up of double layer charges, however

in a catalytic state, PBTh much more resembles a resistor where R is governed by the charge

transfer resistance. A constant phase element (CPE) is much more suited to this change in

electrical behaviour and is described by the equation:

ZC PE(ω) =
1
Q
( jω)−a (6.2)

Where j =
p
−1, 0 < a < 1 and Q is a constant with the dimensions of F · sa−1. The varying

exponent “a” can describe a spectrum of different behaviours from a pure capacitor (a = 1)

to a pure resistor (a = 0) to a Warburg diffusion (a = 0.5)13,14 and the states in-between.

The flexibility of a CPE helps to account for imperfections commonly observed with uneven,

porous or inhomogeneous films. In this particular case, the use of the flexible CPE allows for a

much better modelling of the film as it changes catalytic behaviour. CPEs were thus used for

elements that were expected to change significantly when alternating between catalytic and

non-catalytic behaviour. The resulting equivalent circuit is presented in Figure 6.11.

Figure 6.11: Equivalent circuit diagram and the approximate electrochemical interactions
corresponding to each element. Where: Ce and Re are the capacitor and resistor elements
for the transfer of electrons from the glassy carbon electrode to the PBTh film, Cf and Rf
corresponds to the film’s internal capacitance and resistance respectively, Cdl is the film’s double
layer capacitance at the film/electrolyte interface, Rct is the HER charge transfer resistance, Rs
is the solvent resistance and Zct is a CPE that describes the charge transfer interactions from
PBTh to the electrolyte; Cf and Cdl are also modelled by CPEs
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The equivalent circuit presented in Figure 6.11 was used to fit the EIS data and modelled the

transitions well with an average χ2 value of 0.015. A smaller χ2 could have been obtained

by further expansion of the model with more electrical elements, but we have been unable to

satisfactorily assign the role of these additional components to real-world electrical interactions.

Without this information, the addition of extraneous elements was deemed to be inappropriate

despite its ability to provide a better fit. Moreover, given the non-steady state, electrochemical

environment of the PBTh system where swelling, diffusion, substitution of counter-ions and

evolution of H2 gas was constantly occurring, it is unsurprising that an impedance model with

an extremely low χ2 values is difficult to achieve.

The only capacitor used in our model was incorporated in the electrode to PBTh film transference

as Ce and can be viewed as the build up of charge between the glassy carbon electrode and

the PBTh film. Its parallel element, Re represents the resistance of charge transfer from glassy

carbon to PBTh. As expected from the highly conductive glassy carbon substrate, both Ce and

Re remain small and constant throughout the EIS at ≈14 nFcm−2 and ≈ 100Ω cm2 respectively.

Similarly, due to high ionic conductivity, the resistance from the 0.1 molL−1 PB solution (Rs)

remains small, varying from 0-4Ω throughout the in-situ EIS experiments.

The parallel RC element corresponding to the PBTh film shows a more significant variation with

potential. From Figure 6.12A, a gradual increase in film resistance (Rf) is observed as PBTh

moves from a doped (oxidised) region towards an undoped state. This behaviour is expected in

a p-type semi-conductor such as PBTh but it is interesting to note that the resistance continues

to increase even after PBTh has been fully dedoped (at ≈ 0.2 V vs Ag/AgCl). The underlying

mechanism has not yet been identified though this could be due to a fitting artefact from the

equivalent circuit. The overall resistance of the film is also lower with applied light. This drop

in resistivity has been previously observed15 and is likely due to the formation of polarons

(formed from the HER) which are able to conduct charge.
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The film capacitance (Cf) was modelled by a CPE and shows for the most part, a trend towards

a capacitive behaviour with a ≈ 0.8 which is indicative of a porous/non-uniform film (Figure

6.12B). There is a significant change below 0.2 V vs Ag/AgCl where the capacitance drops from

200 nFcm−2 to ≈15 nFcm−2 (in dark). A possible cause of this is the loss of doped sites as the

PBTh film is reduced to its neutral state; this expels the no longer required counter ions and

drops the capacitance by an order of magnitude. This also helps account for the decrease in

the “a” exponent where entrapped counter ions within the film require time to diffuse out, thus

causing the trend toward a diffusion type process of 0.5 before recovering to its initial position

at 0.8 when this process has completed. These trends are much more clearly articulated in

the dark impedance fits, the overall trend also holds true whilst under illumination but it is

interspersed with substantial outliers.

The elements corresponding to the PBTh/electrolyte junction show the highest amount of

change as is expected for the components associated with the catalytically active states. Figure

6.13 highlights the variations of the three key elements, the charge transfer resistance (Rct),

the charge transfer behaviour (Zct) as modelled by a CPE , and the double layer capacitance of

the film/electrolyte interface (Cdl). Rct can be seen to decrease from ≈20 kΩ at −0.1 V to 5 kΩ

in dark and 0 kΩ in light (read at −0.3 V vs Ag/AgCl). This trend highlights the decreasing

resistance to the reduction reaction as the potential shifts towards higher overpotentials. More

importantly, it highlights the drop in charge transfer resistance to almost zero when PBTh is

illuminated.

The most significant deviation between light and dark can be observed in Zct, Figure 6.13B. At

potentials more positive than 0.2 V vs Ag/AgCl, both light and dark samples result in similar

capacitance values and behaviour where aZct= 0.5 and Zct describes a Warburg diffusion

element. In effect, this describes the diffusion of charged species to/away from the double

layer as the doping state of PBTh changes; note that at 0.6 V, aZct approaches 0 and is likely

a reflection of the charge transfer behaviour as the film is oxidized. Below 0 V however, the

behaviour of Zct in the dark trends towards a capacitive interaction and aZct approaches 1. This

is a reflection of the full dedoping of PBTh and the absence of further ionic movement in the

double layer.

Conversely, under illumination, aZct approaches 0 and becomes resistor-like; this happens in

two distinct regions. The first region – between 0 to −0.2 V – shows a mix of resistor and

diffusion-like behaviour where aZct= 0.35, suggesting that the reacting species is trending

towards resistor like charge transfer while also remaining kinetically limited by diffusion. This

could be partly due to the higher Rct which only allows charge transfer under specific catalytic

conditions such as the close interaction of H+. The second region of aZct occurs below −0.4 V

and shows a very resistor like behaviour (0.1<aZct< 0.2), effectively removing the diffusional

dependency of the charge transfer reaction. The lack of a diffusion element indicates that PBTh

no longer require the diffusion of “ideal H+” to its active sites for catalysis and that it is able

to utilise the bulk of the surrounding H+ in electrolyte. This phenomenon of how the applied
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potential heavily affects the catalytic activity (not just light) is supported by earlier observations

from the wavelength dependency tests (Figure 6.8).

At the same time, the capacitance of Zct increases substantially with light but only at the

region where both charge resistance (Rct) and diffusion dependence (aZct) is low (<−0.3 V)

and highlights the presence of a region with distinctly different electrical properties. This

behaviour helps explain why the CV of photo-catalytic PBTh shows two distinct regions: an

initial reduction with a kinetically (diffusion) limited current at an onset potential of ≈0.2 V vs

Ag/AgCl, followed by a much more rapidly increasing catalysis region from ≈ −0.3 V as the

kinetic limitation is removed (Figure 6.13D).

The element Cdl was used to model the double layer capacitance inherently present on PBTh,

mainly as a result from surface area. As such, it is unsurprising that it displays mainly capacitive

behaviours with aCdl ≈ 1, Figure 6.13C. The capacitance values are also representative of the

expected trend where slightly higher capacitance was recorded at the extremes of the applied
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potential. In dark, this is a reflection of the stronger Stern layer potential at 0.6 V (positive

charges) and below −0.5 V (negative charges). Under illumination, the value of Cdl is higher

at 0.6 V but the capacitance remains steady despite more negative potentials, probably due to

the ability for PBTh to lose charge by undergoing the catalysis reaction.

While impedance spectroscopy is unable to directly show the chemical reaction mechanism,

much valuable information was gained from the modelled circuit. The key of which includes the

identification of a two-stage step in the catalysis reaction that may reflect the traditional Volmer-

Heyrovsky/Volmer-Tafel reaction schemes for the HER. The important role of the electrochemical

potential in regards to the overall reaction kinetics is also reaffirmed. Furthermore, the electronic

elements that were assigned in the photo-system was able to demonstrate good agreement

with expected interactions and behaviours.

6.2.6 In-situ UV-Vis Spectroscopy

In-situ UV-Vis spectroscopy was used in an attempt to probe the changes in the electronic band

structure which was thought to occur by the protonation of the PBTh chain and the subsequent

change of the π-electron conjugation. This idea was supported through time-dependent density

function theory (TD-DFT) calculations. TD-DFT is a computational technique that allows

for the time-dependent relaxation of excited states and commonly used to determine their

energies.16,17 The CAM-B3LYP/6-31+G* basis set was used due to its increased accuracy at

describing charge transfer excitation which are presumed to occur for our photo-electrocatalysis

reaction.18
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From TD-DFT, it was observed that the protonation of a 7-membered thiophene oligomer to

PBTh(S-H)+ led to a substantial change in the overall absorption spectra, see Figure 6.14.

Thus it was hoped that by probing the in-situ appearance and disappearance of the predicted

PBTh(S-H)+ absorbance peaks (at ≈ 650 nm), insight into the mechanism could be gained.

For comparison, the TD-DFT predicted absorbance of a 7-membered thiophene oligomer as

well as the experimental absorption spectrum of PBTh are also provided; the good correlation

between the spectra provides support that our modelling methods are suitable.

For the in-situ measurements, a standard PBTh film was polymerised onto FTO glass and

placed in the metal cell setup. UV-Vis absorption spectroscopy was conducted whilst applying

potential in an electrolyte of 0.1 molL−1 PB, pH 7. The utmost care was taken to shield the

detector from stray light but significant background scattering caused saturation of the UV-Vis

spectrometer at all but the lower photo-intensities; examples can be seen in Figure S4. A

more recognisable spectrum was obtained at the lower intensities of 0.05 and 0.03 sun and

is shown in Figure 6.15A. While it avoids the saturation of the detector, there is negligible

photo-effect and still considerable noise. The increase in absorbance at 850 nm and 350 nm is

likely the result of scattering from the change in diffraction grating and absorption from the

FTO substrate respectively. A Logitech R800 green laser pointer 522 nm was also used in an

attempt to reduce interference but it was unable to sustain a consistent beam output.
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whilst held at −0.8 V vs Ag/AgCl. B: UV-Vis absorbance spectra of PBTh under various applied
potentials in 0.1 molL−1 PB (pH 7) (no light); the insert shows an enlarged area of the typical
polaron region in PBTh.

The absence of the expected PBTh(S-H)+ peak at ≈ 650 nm suggests that these species are

either short-lived, low in population, a combination of the two or are simply not formed. Given

the difficulties in the effective photo-activation of the PBTh film however, their absence is not

surprising and does not provide conclusive evidence without more reliable measurements.
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As a consequence of the difficulties in providing photo-excitation, another attempt was made

to use electrochemical potential to substitute the photo-effect, this time conducted in 1 molL−1

H2SO4 at pH = 0. The acid environment is not representative of the typical PBTh systems

tested thus far, but it was hoped that the use of acid would induce the electrochemical potential

driven HER before n-doping of the PBTh. The CV of PBTh in Figure S5 shows a strong reduction

tail beginning ≈−1 V vs Ag/AgCl but this is also present (and much more prominent) on the

plain FTO sample. This indicates that while a reduction reaction is occurring, it is inherent to

FTO and not attributed to the HER on PBTh.

For completeness, the purely electrochemical driven in-situ UV-Vis spectroscopy was conducted

in PB (pH 7) whilst being held at the potentials of 0.6 V, 0 V, −0.6 V and −1.2 V (in dark);

Figure 6.15B. It was hoped that at a negative potential of −1.2 V, the HER could occur on the

PBTh in dark, however this was not the case. Not surprisingly, there is negligible difference in

the π−π∗ absorption peak at each potential, though the absence of light had rendered a much

cleaner spectra. There is a slight polaron absorption when held at 0.6 V (see insert, Figure

6.15B), however this is typical for polythiophenes when oxidised19,20 and does not reflect the

changes from a catalysis mechanism.

6.2.7 In-situ Raman Spectroscopy

Following the difficulties in obtaining a relevant absorption spectra from in-situ UV-Vis spec-

troscopy, a further attempt with in-situ Raman spectroscopy was done to help provide infor-

mation on the chemical mechanism. It was hoped that the use of this technique would allow

the identification of a reaction intermediate and elucidation of the chemical bonds that would

form (and break) during the catalysis process. Initial tests were conducted in 0.1 molL−1 PB at

pH 7 with an illumination from a Leica KL 2500 lamp (≈ 0.4 sun). Two Raman systems were

utilised for the measurements, the Jobin Yvon T64000 Raman system using a 488 nm diode

laser and the Renishaw inVia Raman system using a HeNe laser, 633 nm.

Raman tests on the 488 nm Jobin Yvon system resulted in significant fluoresence above

3000 cm−1 (Figure 6.16A) and was exacerbated by the appearance of strong OH water peaks

when PB was added, Figure 6.16B (red trace). The use of an external lamp also created a

noticeable background interference despite our best efforts to minimise it and the use of a

baseline subtraction; nonetheless the key peaks of PBTh remain identifiable. Unfortunately,

analysis of the spectra at different potentials in Figure 6.16A show very little difference in

the position or intensity of the peaks and no change in the expected area for the thiol band

(generally between 2540–2600 cm−1).21 The observed peak at 2500 cm−1 was not easily as-

signed and literature studies on PBTh do not go above 2000 cm−1.22–24 However, given its

inertness to illumination, potential and electrolyte, it was assumed to be independent of the

photo-electrocatalytic process; possibly an artefact of kinks in the PBTh chains. As a result,

the only significant change was the increase in fluorescence (particularly >2750 cm−1) as Ewe



164 CHAPTER 6. INVESTIGATION INTO MECHANISM

500 1000 1500 2000 2500 3000 3500
0

2000

4000

6000

8000

500 1000 1500 2000 2500 3000 3500
0

4000

8000

12000

16000

500 1000 1500 2000 2500 3000 3500
0

20000

40000

60000

80000

100000

A
In

te
ns

ity
 (a

.u
.)  -0.8 V Dark

 -0.8 V Light
 -0.2 V Dark
 -0.2 V Light
 0.6 V Dark
 0.6 V Light

In
te

ns
ity

 (a
.u

.)

 PBTh Dry, 488 nm
 PBTh Wet, 488 nm
 PBTh Dry, 633 nm
 PBTh Wet, 633 nm

B

488 nm laser
In

te
ns

ity
 (a

.u
.)

 Raman Shift (cm-1)

 -0.8 V Dark
 -0.8 V Light
 -0.2 V Dark
 -0.2 V Light
 0.6 V Dark
 0.6 V Light

C 633 nm laser

Figure 6.16: A:In-Situ Raman of PBTh in 0.1 molL−1 PB, pH 7 using a 488 nm laser. B: Raman
of the dry and wet (0.1 molL−1 PB) comparing the two lasers, with no applied potential. C:
In-Situ Raman of PBTh using a 633 nm laser in 0.1 mol L−1 PB, pH 7.



6.2. RESULTS AND DISCUSSION 165

was moved towards negative potentials. This may be explained by the increased ground state

population as PBTh moves from a doped/oxidised state to a neutral/ground state.

There also persisted a major issue with the use of a 488 nm and that was the triggering of

the photo-electrocatalysis process from the Raman laser itself. This rendered it impossible to

have a truly dark baseline that represented the inactive film; as shown in Figure S6 where

the measurement of the “dark” spectra at −0.8 V using the 488 nm laser is enough to trigger a

substantial photo-current. In response to this, the Renishaw inVia Raman system with a red

HeNe (633 nm) laser was used.

The in-situ Raman spectra obtained using the 633 nm laser shows a much cleaner signal that is

absent of the strong OH peak and fluorescence above 2750 cm−1. However a different fluores-

cence mechanism centred around 1250 cm−1 is now present (Figure 6.16C). This fluorescence

is present regardless of electrolyte (Figure 6.16B) and is triggered by the red laser while dark

and light measurements both show this fluorescence peak. Since the main Raman peaks again

show little change, this fluorescence behaviour was analysed to provide some insight into our

comparison between the PBTh film in light and dark.

In PBTh’s oxidised state at 0.6 V, the use of light lowers the fluorescence intensity which is

unexpected as fluorescence intensity is generally directly proportional to incident light intensity.

Moreover, the relatively low overall intensity of the emission points to a spin forbidden energy

transition such as phosphorescence or excimer fluorescence. It has previously been reported in

numerous studies that phosphorescence is weak in several oligothiophenes,25–28 particularly at

ambient temperatures.29 As a result, the broad peak at 1250 cm−1 was assigned to an excimer

fluorescence, an effect that has been observed in polythiophenes at room temperature.29,30 On

this assumption, we attempt to ascertain information regarding mechanistic behaviour.

First and foremost, the excimer fluorescence (EF) peak trends toward higher intensities with

more negative potential, showing that the formation of excimers is made more facile by negative

potentials. This is unsurprising given that excimers can be thought of as short-lived charge

transfer states31 and that electrochemical potentials facilitate charge transfer. The important

question to be considered here is the identity of this excimer. As yet, we have been unable

to find direct spectroscopic evidence of its formation but given its presence even in the dry

Raman spectra (Figure 6.16B, blue trace), it is likely due to a dimerisation of two adjacent

PBTh units. This is interesting since a di-PBTh excimer can undergo singlet fission to yield two

triplet states32 which make compelling species for charge transfer due to their significantly

longer excited state lifetimes; and of interest to the HER.

We also observe from Figure 6.16C that illumination of the PBTh causes a reduced EF peak, this

can be explained if the excimer is a reaction intermediate. Assuming that the excimer is di-PBTh,

then failure of this species to proceed with the next step of the HER – for example, singlet fission

– results in its degradation and excimer fluorescence. Unfortunately, this explanation does not

account for all the observed variations, chief of which include why this EF (representing the
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failure of catalysis) grows with higher overpotentials. Another explanation is that application

of a broad spectrum light instead of the narrow 633 nm laser causes a significant increase in the

population of excited states, thus reducing the number of ground PBTh available for excimer

formation and the overall intensity of EF falls. Furthermore, the change in the light source may

affect the quantum yields, for example, increasing fluorescence when under broad spectrum

illumination at the expense of excimer formation. However, neither of these explanations can

fully explain our Raman spectra.

What is known is that as potential moves towards more negative values, the difference between

light and dark becomes negligible and the EF intensity equalises. Analysis of this trend (see

Figure 6.17) shows that the transition matches closely to that of the onset potential for the

HER; where CA shows significant photo-current starting at 0 V while ∆intensity of the EF peak

at 1250 cm−1 decreases to ≈ 0% at −0.2 V. This close correlation suggests that the formation

of excimers is closely related to the photo-catalysis of the HER, possibly by forming desirable

excimer structures for the HER, or perhaps the singlet fission of excimers to photo-active triplet

states. However without a more in-depth investigation using techniques such as transient

absorption spectroscopy, it is difficult to infer further information on the catalysis mechanism

from purely the variation in the EF peak.
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Figure 6.17: Comparison of in-situ Raman on PBTh in light and dark between the change in
phosphorescence peak at 1250 cm−1 and the obtained CA currents

Transient spectroscopy was considered but it was feared too difficult to probe a photo-electrochemical

process whilst limiting noise to a reasonable level. Past experience from CA shows significant

noise throughout the experiment, particularly with the application of light; examples of this

can be seen in Figure S6. This noise could be attributed to the heterogeneous, photo-dependent

and electrochemical nature of our setup and would become detrimental for sub-microsecond

lifetime measurements. Further investigation with transient spectroscopy could be beneficial if
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noise was sufficiently reduced, perhaps via film optimisation, increase of electrolyte strength,

reducing counter and reference electrode distance etc. but due to time constraints, these steps

are currently outside the scope of our study.

As an experiment to probe extreme reduction conditions, in-situ Raman was conducted in

1 molL−1 H2SO4 (pH 0) with the 488 nm laser. Only the applied electrochemical potential

and the blue Raman laser was used to activate the reduction reaction in an attempt to limit

background noise from external light sources. Two applied potentials were tested, 0.6 V and

−1.2 V vs Ag/AgCl, the resulting spectra is shown in Figure 6.18 along with the H2SO4, dry

PBTh and wet PBTh (Eoc) background spectra.
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At last, a significant change can be seen in the Raman signal with the evolution of a peak at

985 cm−1. However, the difference was not observed between the 0.6 V and −1.2 V spectra

as expected, but between the dry PBTh and the wet PBTh spectra (with electrolyte). This is

especially surprising given that this peak is present regardless of the applied potential; and

even in Eoc where no potential is applied. Initially, it was thought to be due to H2SO4 as its

spectra shows weak bands around 1000 cm−1 from the S−−O interactions (Figure 6.18, black

trace).21 But when earlier spectra of PBTh in PB is analysed, the same phenomenon is observed

when the PB electrolyte is added (Figure 6.16B, red trace).
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The fact that the evolution of this peak is only brought on with the addition of aqueous electrolyte

and photo-illumination (from the 488 nm laser) points to a photo-interaction between the

PBTh and H2O. Further support comes from literature studies which have shown S−H bending

modes between 800–1000 cm−1,21,33,34 thus revealing the first experimental indication of an

S−H species on PBTh. The conditions under which this S−H band forms is surprising and

brings up several readjustments to our model. The most important of which is perhaps the

recognition that this S−H species is formed even without an applied potential. This indicates

that the first protonation step is entirely photo-driven. Moreover, no current is observed at Eoc

or at 0.6 V (see Figure S7), thus this first protonation to S−H occurs via the localised oxidation

of the PBTh chain by the introduced proton. This would in turn lead to a charged intermediate

species (PBTh(S-H)+) and at the same time, suggests that electrochemical potential only plays

a role in the second protonation/H2 release stage.

It is interesting that the S−H peak is not observed with the 633 nm laser even with the external

light source. However, this is likely due to the fact that the intensity of the peaks are simply

not strong enough to be observed. This is further justified when considering the small size

of the S−H peak even with the 488 nm Raman in spite of the strength of the blue laser, its

close match to the λmax of PBTh and the direct excitation of the sampling volume. In contrast,

the external light source on the 633 nm Raman is placed further away, and faces significant

shadowing from the objective lens, thus, the actual intensity of the S−H band would be much

smaller. It is slightly harder to reconcile the lack of the S−H whilst still recording significant EF

signals. But given the presence of the EF peak in both wet and dry conditions (Figure 6.16B),

it is possible that we are observing the EF of the bulk PBTh; needless to say, further studies

would be of great benefit.

These issues are also made worse by the hydrophobic nature of PBTh which limit catalytic

activity to the thin electrolyte/PBTh interface. This is further exacerbated by the use of a

10× objective lens. The longer focal distance was required to keep the objective above the

electrolyte, but the large focal plane meant that a considerable majority of the Raman signal

originated from the bulk (inactive) PBTh.

It was unfortunate that identification of this promising band came so late in the candidature as

further studies would undoubtedly reveal new details. For example, the use of different laser

intensities would reveal photo-dependency effects while the use of different organic solvents

could help probe the properties of the S−H band. Also, the use of an external blue laser as a

light source could increase the population of the S−H bands so that it can be detected with the

633 nm Raman system; this is particularly important to establish a true dark and light Raman

comparison. Finally, a confocal set-up or a higher magnification objective would reduce the

inactive/bulk PBTh signal and help isolate the reacting surface species.

In summary, the Raman data shows the evolution of an S−H band at 985 cm−1 and the formation

of PBTh(S-H)+ when under illumination and in the presence of water. This first protonation
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process is entirely photo-driven and does not require the presence of an applied potential.

However, the intermediate alone is unable to yield H2 as shown by the lack of a recorded

current. While these observations do not confirm our overall mechanism, they reveal that the

PBTh(S-H)+ intermediate state is present and easily triggered under catalytic conditions, thus

solidifying a crucial cornerstone of our proposed mechanism.

6.2.8 Density Functional Theory Study of Reaction Mechanics

Despite the success achieved by Raman spectroscopy at revealing the S−H intermediate, com-

putational studies were conducted to help further identify and support important mechanistic

processes. This was also done with the goal to identify characteristic signals so that future

experimental studies could be more targeted. The initial computational investigation examined

the thermodynamics of the system. Typically, the free energy (G) for each reaction intermediate

was calculated with the geometrically relaxed zero-point energy and their respective vibrational

contribution. These computations were conducted by our collaborators, Sun et al. at Monash

University with a B3LYP/6-31++G** level of theory. The identification of intermediate states

via kinetic studies were not attempted at this point as they are costly and highly variable

depending on the assumptions of the system and hence, not suitable without more confident

experimental data.

The basic PBTh analogue used was a 7-membered thiophene oligomer since the model had

previously shown good accuracy in predicting the photo-absorbance properties in earlier TD-

DFT studies (Figure 6.14). To this initial state, protonation was introduced on the central

thiophene at the α-carbon (Cα) and sulphur positions, the resulting∆G for the first protonation

step is hence calculated and converted to eV via the relationship:

∆G = −nF E (6.3)

The resulting thermodynamic data show that protonation of the Cα in PBTh (PBTh(C-H)+)

is more favourable compared to protonation at the sulphur (PBTh(S-H)+) (Figure 6.19) and

is surprising given the Raman data. Nevertheless, if PBTh(C-H)+ is the dominant mode for

protonation, the change from an sp2 bonded carbon site to sp3 would result in a dramatic

shift of the π conjugated structure and an effect that could potentially be isolated for UV-Vis

or Raman analysis. Subsequent investigation via vibrational and TD-DFT modelling of the

PBTh(S-H)+ species indicate a new C-H vibrational band occurring at 3050 cm−1 and a changed

UV-Vis absorption peak to 520 nm. Unfortunately, reanalysis of the previous experimental data

revealed none of the predicted changes for PBTh(C-H)+ and give support to the S−H protonation

pathway observed via Raman spectroscopy. Additionally, the photo-absorption of PBTh (λmax

= 480 nm = 2.6 eV) is sufficient to drive protonation at both the Cα and sulphur site.
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PBTh(S-H) PBTh(C-H)

PBTh

ΔG = 0.80 eVΔG = 2.47 eV

Figure 6.19: The PBTh analogues used for the computational calculations showing the initial
sites for the first protonation (at the Cα and S) and the associated ∆G in eV.

Due to time constraints, our collaborators were unable to conduct further studies and we

continued independently with our attempts to isolate a likely reaction site. Our computational

investigations were directed towards the qualitative analysis of the reaction mechanism via the

study of ground and excited state molecular orbitals; not quantitative studies. For this purpose,

the low-cost and well established B3LYP/6-31+G* level of theory was deemed suitable.8,35–37

That being said, we are aware of its limitations and given more time and expertise, the use of

more advanced basis sets and computational techniques would no doubt bring improvements

in accuracy for quantitative calculations.38–40

The calculation of the ground and excited state orbitals using TD-DFT (B3LYP/6-31+G*) were

conducted for PBTh and its various protonated forms;presented in Figure 6.20. The excited

PBTh orbitals (Figure 6.20A) show a variety of possible protonation sites with electron density

spread across the whole chain, making it difficult to identify an obvious candidate; hence

all potential protonation sites were examined. The earlier findings (Figure 6.19) showed

PBTh(C-H)+ to possess the lowest ∆G for protonation but when analysing the calculated

ground/excited state orbitals of PBTh(C-H)+, it shows minimal electron density on the attached

proton (Figure 6.20B). This would make it difficult for PBTh(C-H)+ to proceed to the second

reduction reaction and helps explain the absence of experimental data.

Further TD-DFT analysis of the alternate PBTh protonation sites – at the sulphur (PBTh(S-H)+)

and the Cβ (PBTh(Cβ -H)+) – were conducted to find their ground and excited state orbitals,

Figure 6.20C, D. The molecular orbitals of PBTh(Cβ -H)+ reveal very unfavourable conditions for

further reduction to H2. On the other hand, PBTh(S-H)+ is in many ways ideally primed for the

evolution of H2, whereby upon photo-excitation, a large portion of the electron density is pushed

towards the attached proton, see Figure 6.20C. This would then aid further interaction with

adjacent H+/PBTh(S-H)+ chains and facilitate charge transfer to form H2. More importantly, it
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confirms that the formation of PBTh(S-H)+ is favourable to the photo-electrocatalysis of the

HER and in agreement with the Raman data.

Protonation at the sulphur atom is further supported by the calculated electrostatic potential

(ESP) charges of PBTh in its ground state (S0), see Figure 6.21A. The most significant negative

sites are at the sulphur and Cβ , and indicate likely sites for interactions with protons in solution.

Given the lack of free lone-electron pairs on the Cβ , the interaction, photo-induced charge

transfer and protonation of PBTh would much more readily occur at the sulphur atom.

Evidence from literature also points to sulphur as a key reaction site and include early studies

on polythiophene which suggested at the interaction of O2 or H2O with the sulphur atom

through its lone pairs.41 More recent investigations have shown photo-degradation/oxidation

mechanisms on the sulphur atom to sulphur oxides when polythiophenes are exposed to

oxygen.42,43 Finally, there are numerous studies which have revealed a propensity for the HER

to occur on sulphur sites and include MoS2
44 and its derivatives (WS2, [Mo3S4]

4+ etc.).45–47

These past studies, together with our computational data and the observed S−H Raman peak

firmly confirm the sulphur atom as the first protonation site in the PBTh system.

Nonetheless, there remains the question of the second protonation/reduction to form H2,

be it via a Heyrovsky or Tafel like process. To this end, further computational studies were

conducted. From Raman spectroscopy (Figure 6.16C), it was suggested that the formation of

excimers is an important consideration for the photo-electrocatalysis of the HER. Regretfully,

the direct modelling of excimer formation and their catalytic behaviour is currently outside

the range of our computational expertise and resources. However, it was also proposed that

the formation of excimers could lead to singlet fission and the creation of triplet states; states

which are within our skills to model. The triplet state is of particular interest given their

long lifetimes (18.7µs for certain polythiophenes48), enabling more flexible reaction kinetics.

Furthermore, the creation of triplet pairs on adjacent PBTh chains via singlet fission make for a

compelling site for H2 evolution via a Tafel-like reaction. Based on this idea, a study of PBTh’s

and PBTh(S-H)+’s triplet state, ESP and molecular orbitals was conducted and presented in

Figure 6.21; for comparison, their ground and excited singlet states are also shown.

Figure 6.21 shows a variety of interesting changes, the first being that the formation of triplet

states form much more favourable reaction sites. In PBTh, the ESP charge on the sulphur atom

drops to –0.22 (Figure 6.21B) and would present a stronger electrostatic attraction to H+ in

solution (and possibly even H2O). Whether the formation of a PBTh triplet site is conducive to

protonation is difficult to say, though the excited singlet state has a much more diffuse orbital

which would aid in charge transfer (Figure 6.21C). Time limitations meant that we were unable

to perform the calculation of ESP for excited states, thus we have no information on the charge

distribution of the singlet excited PBTh. Nonetheless, given the inherent electrostatic attraction

in the ground state (where ESP on S = −0.09), the presence of large, diffuse orbitals would

likely play a much larger role in the success of protonation. This is supported by the Raman
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Figure 6.21: The calculated molecular orbitals and electrostatic potential (ESP) of the atoms
in a 7-membered PBTh and PBTh(S-H)+ at their central thiophene unit. A,D shows the ground
singlet (S0) state while B,E shows the ground triplet (T1) states. C,F Show the excited singlet
states (S1) of PBTh and PBTh(S-H)+ for comparison with their triplet counterparts.

results which show formation of the S−H bond at Eoc, indicating that the PBTh system does not

require further electrostatic potential to enable the first protonation step (when illuminated).

Hence we propose that the first protonation occurs via the singlet excitation of PBTh and

subsequent localised charge transfer to H+ at the sulphur site to form PBTh(S-H)+. This is

supported by literature findings that show the formation of polarons in P3HT via illumination,49

in our case, the “polaron” is formed by “doping” with H+.

Continuing on, the subsequent PBTh(S-H)+ singlet ground state shows a significant positive

ESP on the sulphur and attached proton (Figure 6.21D). The triplet state (Figure 6.21E) shows

a more negative ESP – albeit still a positive charge – and represents a slightly more favourable

scenario for the second reduction reaction to form H2. Moreover, the molecular orbitals of the

triplet state and excited singlet state (Figures 6.21E, F) present extremely favourable reaction

sites; whereby large, diffuse electron orbitals envelop the introduced proton and form an ideal

site for the HER. The triplet state is even more compelling given its extended lifetime plus the

evidence of excimer formation and the possibility for singlet fission to produce two adjacent
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triplet states. As a result, we propose that the second reduction to form H2 begins with the

photo-excitation of the ground PBTh(S-H)+ to PBTh(S-H)+ singlet∗, followed by the excimer

formation with an adjacent ground state PBTh(S-H)+ which would then undergo singlet fission

to form two adjacent PBTh(S-H)+ triplet states and the rapid release of H2.

6.3 Conclusion

The determination of the photo-electrocatalytic HER mechanism on PBTh was attempted. Key

findings included the exclusion of iron from the overall reaction and the identification of a

two stage catalysis mechanism, supported by photo-intensity measurements and electrical

impedance spectroscopy. EIS also revealed various electronic attributes that are significantly

altered when under illumination, chiefly, the reduction in charge transfer resistance and the

trend towards resistor like behaviour. On the other hand, when in the dark, PBTh exhibited

capacitor like behaviour (no charge transfer). While this did not reveal the chemical mechanism,

it showed that the overall electrical behaviour of the PBTh film was drastically different with

light and was attributed to the catalytic response.

Building on this, wavelength dependence measurements and extended CV were able to show that

the overall process requires both photo and electrochemical stimulation for successful catalysis.

One without the other is not able to drive the PBTh system and revealed the importance of the

photo-excited state (and its associated orbitals) as well as the need for an applied potential.

Studies with in-situ Raman spectroscopy revealed excimer formation as an intermediate state

via the observation of excimer fluorescence; the singlet fission to yield two triplet states is

also proposed. Most importantly, Raman was able to show the evolution of an S−H band

at 985 cm−1 whilst under illumination and in the presence of H2O. Given these conditions,

the appearance of this peak and its intensity was independent of electrochemical potential

– present even at Eoc – and revealed that the formation of the PBTh(S-H)+ intermediate is

entirely photo-driven and rapid.

Lastly, computational studies were invaluable in revealing a variety of interactions that could

not be determined experimentally. Briefly, this included the thermodynamic justification of

the PBTh photo-system, confirmation of the first protonation at the sulphur atom via TD-DFT

and the identification of favourable singlet and triplet molecular orbitals on the PBTh(S-H)+

intermediate for the second reduction to H2.

Combining this information, we propose the following mechanism (Figure 6.22) where: photo-

excitation of PBTh in the presence of H2O triggers the first protonation at the sulphur atom.

Subsequent singlet excitation of PBTh(S-H)+ and interaction with an adjacent ground states

eventually leads to the formation of an excimer. This excimer then undergoes singlet fission to

yield two adjacent triplet states which then release H2 via a Tafel-like mechanism; the original
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PBTh is then regenerated from the external circuit. The reaction equations are presented in Eq

6.4 and deviate slightly from the standard Volmer-Tafel equations.

First protonation (photo-driven) S∗ +H+ −−→ S−H+

Singlet fission (photo-driven) (S−H+)∗ + S−H+ −−→ 2 (S−H+)∗

Hydrogen release (spontaneous) 2 (S−H+)∗ −−→ 2S+ +H2

Regeneration (applied potential) 2S+ + 2 e− −−→ S

(6.4)

It must be mentioned that this proposed mechanism remains speculative given the limited

direct experimental data and heavy reliance on computational models performed with limited

experience. Because of this, several issues remain which include addressing the charge states

of PBTh and movement of electrons, both within the PBTh/H+ system and from the external

circuit. Whether the PBTh remains charged after protonation is uncertain, for computational

simplicity, we have included the positive charge in our models and descriptions (PBTh(S-H)+).

This is somewhat backed by our Raman data which showed the formation of S−H at Eoc and

indicates that this protonation reaction does not require external electrons to neutralise PBTh

once protonated. At the same time, external electrochemical potential is critical for driving the

intermediate towards hydrogen evolution, though the role of this potential is not yet confirmed.

Several options are open, one of which – as is currently presented – is the regeneration of

the neutral PBTh ground state after the release of H2 from the two triplet states. Another is

the use of electrochemical potential to drive the second stage of the HER, in which case, the

mechanism Eq 6.4 is replaced by Eq 6.5:

First protonation (photo-driven) S∗ +H+ −−→ S−H+

Reduction (applied potential) 2 (S−H+) + 2e− −−→ 2 (S−H)

Hydrogen realease (spontaneous) 2 (S−H) −−→ 2S+H2

(6.5)

In this scenario, the PBTh(S-H)+ species would be formed with photo-excitation and quickly fol-

lowed by the electrochemical reduction to neutral PBTh(S-H). Assuming the neutral PBTh(S-H)

is long-lived, hydrogen would then be evolved when two PBTh(S-H) are in close proximity.

The formation of this neutral PBTh(S-H) also opens up the possibility for a Heyrovsky release

mechanism though further studies on this species are required.

As it can be seen, the final mechanism remains highly contested. Regardless, from the data

currently available to us, we propose the reaction mechanism as shown in Figure 6.22 which

places a heavy emphasis on a photo-driven mechanism. For completeness, other possible

pathways are also presented (greyed out) as they have not yet been conclusively ruled out. It

is even possible that all the proposed mechanisms may be occurring simultaneously.
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In closing, despite the significant body of work presented, the study of PBTh as a photo-

electrocatalyst is still in its infancy and time will no doubt bring new information on this novel

and exciting photo-system.
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6.4 Supporting Information

6.4.1 Experimental

A significant portion of the experimental details can be found in Chapter 2 under their relevant

sections. However, some more specialised procedures are listed here for completeness.

Washing of Fe +
3

The PBTh films were prepared on 3 cm by 3 cm FTO glass and polymerised as per standard

procedures: spin coated 0.5 mL of Fe(III)PTS at 1500 RPM for 30 s, then placed in preheated

PBTh VPP chamber for polymerisation at 70 ◦C for 1 h. The films were then taken out, rinsed

with 2 mL of the respective wash solution, then left to soak overnight in 30 mL of their respective

wash solution; H2O, ethanol, 0.1 molL−1 PTSa in H2O and 0.1 molL−1 PTSa in ethanol; ethanol

was obtained from Merck Emplura (96%), p-toluenesulfonic acid monohydrate (PTSa) was

obtained from Sigma Aldrich.

After the wash, the films on FTO were dried tested via CV and CA in a metal cell while the wash

solutions were analysed for their Fe content. Excess KSCN ≈ were added to each solution along

with peroxide to convert any Fe2+ species to Fe3+. The UV-Vis spectra and λmax of each wash

solution was then taken and compared with the calibration graphs (Figure S1) to determine

their iron content.

For the electrochemical tests, the cell was purged with Ar for 15 min at 8 mLmin−1 then CV was

conducted from 0.6 V to −0.8 V vs Ag/AgCl reference in 0.1 molL−1 PB (pH 7) at 20 mV s−1,

first in light for 5 cycles, then in dark for another 5 cycles; the CV was conducted to confirm

that successful photo-electrocatalysis was achieved. A CA was then run at −0.8 V first in dark

until the current (from O2 reduction) dropped below 2µA, then the the Leica KL2500 halogen

light (≈0.4 sun) was switched on, the peak current recorded at 20 min under illumination is

taken as the photocurrent of each film and presented in Figure 6.1.

After this initial test, each film was then washed in 30 ml of 0.1 molL−1 PTSa in H2O and left

to soak overnight. The individual wash solutions were then collected, made back up to 30 mL

(if evaporation occurred) and 100µL of 30%peroxide (from Merck) was added to convert all

Fe2+ to Fe3+. Approximately 100 mg of KSCN was then added to form the FeSCN2– complex

and the resulting blood red solution was analysed with UV-Vis spectroscopy to determine the

iron content. 0.1 molL−1 PTSa in ethanol was also used instead of the aqueous solution during

washes 5 and 6 to further remove residual Fe.

The electrochemical tests were repeated on the PBTh films after the 6th wash to investigate the

effects on the photocurrent after iron removal.
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Figure S1: Fe3+ concentration calibration for the four different wash solutions, A H2O,
λmax = 470nm, B Ethanol, λmax = 504nm, C 0.1 molL−1 PTSa in H2O, λmax = 472nm
and D 0.1 molL−1 PTSa in Ethanol, λmax = 508nm. The standard solution was made of FeCl3
with excess KSCN dissolved in the respective solution

Extended CV of PBTh

The extended CV of PBTh was conducted on two separate PBTh films, one for aqueous

0.1 molL−1 PB (pH 7) and one in anhydrous propylene carbonate; PC from Sigma Aldrich

and used as is. Both were polymerised on glassy carbon as per standard procedures and CV

was conducted under N2. The CV was extended gradually from the initial −0.8 V vs Ag/AgCl

towards more electronegative potentials until a significant current was detected. Illumination

was provided by the Leica KL 2500 lamp (≈0.4 sun).
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6.4.2 Miscellaneous Supporting Data

A - PBTh(C-H)+ HOMO PBTh(C-H)+ LUMO

B - PBTh(βC-H)+ HOMO PBTh(βC-H)+ LUMO

Figure S2: HOMO (ground) and LUMO (photo-excited) molecular orbitals of the PBTh and
PBTh-H+ with protonation at alternative sites (Cα and Cβ); as calculated by DFT methods using
B3LYP/6-31+G(d)
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Conclusions

Much has been achieved throughout the past three and a half years, and the original aims for

“the development of a photo-electrocatalyst for the hydrogen evolution reaction utilising blends

of conducting polymers and organic dyes.” was more than realised. In the end, the envisioned

light harvesting role of the dye was not required but the successful evolution of hydrogen from

the PBTh film revealed a completely novel method in which to use polythiophene; generally

considered as a fairly “uninteresting” material. This discovery is significant in the field of

conducting polymers and HER catalysis, particularly given PBTh’s longterm stability, onset

below E0 and successful operation up to pH 11. Moreover, the studies presented thus far

represent only the beginning of the investigations with regards to PBTh and photo-catalysis

and the full impact of this finding remains to be seen.

Literature Comparisons

In comparison to literature, our current findings fall short in terms of the typical catalytic

activity of other electrocatalysis systems, where current densities in the order of mA cm-2 are

commonly observed. However, the advantage of PBTh is the harnessing of light to photo-

enhance the reduction reaction, allowing an onset potential below that of E0; that is a claim

that no electrocatalyst can make. In addition, our PBTh system does not require the synthesis

of metal complexes (many of which are not trivial), or the use of unstable biological enzymes

or bio-mimics. The simplicity of the system is particularly desirable and provides a versatile

platform with which to make further improvements; often via very simple adjustments such

as thickness. This is of particular benefit in terms of commercial development as it provides a

large degree of flexibility and greatly aids scalability.

In comparison to traditional photo-catalysts, our system cannot achieve the photo-driven

production of H2. However, it is critical to note that photo-catalysts are often unstable with

limited operational lifetimes and require the constant addition of sacrificial additives for their

successful operation. Furthermore, many literature photo-systems – particularly the higher

performing catalysts – are only operable with the use of rare-earth metals and/or under certain

organic solvents which limits their viability for commercial applications. These issues in and

of itself do not rule out the idea of photo-driven H2 production, but it does create numerous

issues that electrocatalysts do not face. Being a photo- and an electro-catalyst, PBTh is able to

avoid many of these issues whilst still harnessing the advantages of photo-catalysis.

The unique property of the PBTh system is that it is able to bridge these two main classes

of catalysts for the HER. Its inherent photo-activity allows it to produce H2 at much lower

potentials while the electrochemical set-up maintains charge balance and longevity of the

film. Though the use of conducting polymers for electrochemical applications is not new, the

photo-catalytic activity shown by PBTh was initially hard to reconcile. However, given the
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expansive use of polythiophenes in organic photovoltaics, the photo-activity of PBTh is perhaps

not so surprising; though it remains to be seen if others in the polythiophene family are capable

of this behaviour.

There are certainly more catalytically active, better photo-enhanced and cheaper catalysts

for the HER than PBTh. However, the strength of the PBTh catalyst lies in its ability to

combine all of these aspects into a very simple and elegant system. That being said, PBTh

remains severely hindered by its low catalytic activity and low overall efficiency; especially

when considering the total photo energy and electrochemical potential input vs hydrogen

produced. Further modification may help alleviate this but it is not guaranteed. Reproducibility

is also an issue, where films produced via the same method can have widely varying photo-

electrocatalytic performances. A large degree of this is due to PBTh’s sensitivity to ambient

conditions (temperature/humidity) during production. Without a more controlled environment,

it becomes difficult to compare films made on different days. Fortunately, solutions are readily

available for these issues though it may take time to implement. Moreover, it should be

remembered that the investigations thus far are only just the beginning and there remains

enormous potential for optimisation, modification, growth and further discoveries.

Initial Conducting Polymer and Dye Blends

The initial investigation on PEDOT and dye blends was for the most part unsuccessful though it

took careful study to finally reveal the true catalytic nature of the system and its dependency

on gold. Subsequent electrochemical, optical and computational analysis of a wide range of

triarylmethane dyes helped to further reveal the limitations of the PEDOT:dye system. The

wealth of data generated is also invaluable as a resource for the commercially important

triarylmethane dye family.

Through the characterisation process, much information was gained by the comparison of

common literature analytical techniques and their relationships to one another. An important

realisation is that the computational modelling of organic molecules, even if relatively simple,

is not straight forward and thorough considerations are needed when designing the appropriate

model/computation experiment. Because of these issues, we were unable to fully realise our

aims of developing computational models to streamline the selection process.

Limitations in experimental techniques were also encountered and included the lack of purity

for various dye species. However, it was more difficult to reconcile the absence of clear redox

couples with which to easily assign band energies. Though unfortunate, it revealed short-

comings in the electrochemical techniques, particularly with regards to species with poor

redox performance. Further adjustments using alternate electrodes, electrolytes, supporting

electrolyte, scan rates as well as proper purification of the dyes could help improve the CV data.

However, for our initial aims of focusing on the characterisation of commercially available dyes
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for the purpose of inclusion in electrochemical systems, the data was an accurate reflection of

the dye’s expected behaviour.

Finally, comparison of the band gap determined using optical spectroscopy revealed that they

do not always agree with electrochemical band positions. A number of reasons were used to

account for this, the most important of which being that optical spectroscopy probes vertical,

singlet transitions, whereas the longer timescale of electrochemistry allows the possibility for

different interactions (charge transfer, conformational changes, protonation etc.). Although this

finding is not new, it bares reminding as the practise remains common throughout literature.

Critically for the project, the characterisation of such a wide variety of dyes and conducting

polymers helped to reveal a new direction of study, namely, that of PBTh and Cresol Red.

Realisation of H2 Evolution and Cell Set-up

The initial studies on PBTh:Cresol Red revealed the first indications of photo-catalysis and was

helpful in establishing the viability of the original concept. Indeed, there were indications that

PBTh:Cresol Red films were able to initiate the HER earlier than that of pure PBTh, however the

impressive photo-activity of PBTh alone meant that studies on dye blends were placed on hold.

Though this proved to be a significant deviation away from our starting aims, it was deemed

necessary to establish the role of PBTh as a catalytically active material, without interference

from dye species.

It was presumed early in the discovery that the evolution of hydrogen was the only possible

explanation to account for the observed photo-currents. However, the eventual confirmation

of H2 evolution was not trivial and included significant efforts into testing, modifying and

designing in-situ electrochemical/gas chromatography cells. While time consuming, it forced

an improved understanding of the overall set-up and allowed the tailoring of a custom cell to

our samples; something which would not have been possible with a commercially obtained

product.

The ability to optimise the cell to our sample – instead of the other way around – played a large

part in the eventual detection of hydrogen. This was particularly important in our initial films

where catalytic performance was not yet optimised and the generated photo-currents were

painfully small. More often than not, the hydrogen evolved was below the detection limit of

our GC system. However, with the use of our custom cell and care in ensuring proper sealing

of the entire system, the decisive H2 peak was realised.

Our custom cell is by no means perfect and continued improvements are still required. Key

of which, is the effective separation of the counter and working electrodes so that cross-over

reactions can be prevented. Also, the use of more impermeable materials would help to further

counter the high diffusivity of H2. Nonetheless, irrespective of its limitations, the custom

cell played a major role in the success of our discovery and serves as a reminder that proper
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experimental design is an important factor in the success of an investigation. Moreover, the

convenience of commercially available products should not be the only contributing factor

when selecting/designing experimental set-ups.

Exploration of the PBTh system

What initially began as a simple modification of the PBTh system expanded into a much broader

investigation into its catalytic capabilities. These experiments and the obtained results were by

far the most exciting and cemented the notion of PBTh as a serious photo-electrocatalyst with

potential for future applications. The success observed for the wide array of parameters was

truly surprising at first but consideration of the inherent stability and band positions of PBTh

can account for much of the phenomena.

For the most part, our investigations continued along the path that is normally taken when an

electrocatalyst is first discovered. This included the determination of the faradaic efficiency,

the long-term stability and operational pH range. In all these aspects, the PBTh system proved

to be remarkably stable with a catalytic activity over a wide range of experimental parameters;

albeit at a low rate of H2 evolution. However, this is in many ways ideal as increasing the

catalytic activity of a flat film is relatively trivial when compared to the difficulties in prolonging

the lifetime of an unstable catalyst or changing the operation pH range. The ease of this

improvement is perhaps best demonstrated by the substantial rise in catalytic activity with the

simple thinning of the PBTh film and modifications to morphology.

The investigations on the substrate materials also revealed the possibility of catalytic activity on

the alternate, cheap and transparent FTO glass which proved of immense value in subsequent

in-situ UV-Vis studies. Moreover, it demonstrated that the success of the PBTh system is not

tied to the expensive glassy carbon substrate. The similar finding which showed catalytic

activity in NaCl solutions further supported the versatility of PBTh in alternate electrochemical

environments.

For the wider implications of the PBTh system, it is this customisation and flexibility to opera-

tional parameters that make PBTh such a promising catalyst. Together with the stability and

simplicity of PBTh, we have an ideal base for which further modifications and improvements

can be made. Some of these ideas include:

• The inclusion of dyes and other photo-active components for further photo-enhancement

• The use of rough/porous/3D-mesh substrates to enhance surface area

• Continued study and use of templating techniques to achieve porous structures

• Synthesis of nano-structured PBTh for catalysis

• Incorporation of hydrophilic components such as PEG to enhance electrolyte penetration

• The inclusion of alternate HER catalysts (MoS2, metal complexes etc.) to enhance

catalysis performance
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• Expansion of the studies to other members in the polythiophene family

• Inclusion of reducing agents to promote the release of H2

Examination of the Catalytic Mechanism

The comprehensive mechanistic studies of the PBTh was a particular challenge, mostly brought

about by the multiple excitation processes required to trigger the reaction. Early attempts to

use only electrochemical potential to substitute photo-excitation was unsuccessful and rendered

subsequent spectroscopic techniques much more difficult.

Prior to the probing of the PBTh film, it was important to remove iron as a potential catalyst

site in the overall scheme. The eventual inverse relationship between iron content and catalytic

performance showed that Fe was detrimental to the overall process. The direct detection of Fe

inside the film would have been more ideal but given the extremely low concentrations, we

were unable to find a non-destructive technique for this type of analysis. In any case, the clear

inverse relationship clearly points to PBTh as the active site for catalysis.

The close correlation of photo-electrocatalytic performance to the absorbance spectra of PBTh

also supported its crucial role in the overall catalysis mechanism. At the same time, the photo-

intensity tests were able to show a remarkable linear photo-response that has thus far, not yet

been fully saturated. We note that we have not calculated a total efficiency for the system (total

photo- and electro-energy in vs H2 out), this was because the efficiency is highly variable and

dependent on the chosen potential, operational parameters and film quality. A high efficiency

could be obtained in 1 molL−1 H2SO4 with an ideal film thickness and good porosity, even

with only modest potentials. On the other hand, alkaline conditions with the standard flat film

would yield much lower numbers. Furthermore the proper elucidation of the overall system

efficiency would have to take into account the potential on the counter electrode, which we

had not optimised or adjusted. While it was certainly possible to determine an efficiency of the

film for each individual instance, whether or not that result is meaningful is debatable. For

now, we feel that it is much more prudent to focus on first understanding, maximising and

reliably reproduce the performance of the film prior to reporting the efficiency; particularly in

this early stage of development.

Another important step was the determination of an EIS equivalent circuit for the PBTh system.

This was not perhaps critical in the elucidation of the chemical mechanism, but it revealed

many key electronic interactions. Amongst which was the presence of a two step catalytic

process as more negative potentials were applied. Originally this was suggested as being from

the initial protonation and subsequent reduction to release H2. However, with the realisation

that the initial protonation is entirely photo-driven, it is possible that these are two different

H2 release mechanisms; perhaps a Heyrovky-like interaction followed by a Tafel-like reaction

as potential is decreased. Further confirmation would have to be decided via alternate analysis
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techniques. More importantly, the future application of the equivalent circuit to modified

PBTh films would reveal exactly how each modification affects the electronic properties; be

it decreasing film/charge transfer resistance, enhancing diffusion, increasing the number of

charged states etc. The model is by no means perfect and in comparison to typical equivalent

circuits, it has a relatively large error value though allowances must also be made for the film’s

catalytic activity and in-situ electrochemical set-up.

As indicated earlier, the need for photo-excitation meant that background and interference from

the external light source would adversely affect all spectroscopic techniques. This was made

more frustrating by the lack of a narrow spectral light source (laser), and the use of a broad

spectrum light removed any chance of obtaining a meaningful in-situ UV-Vis spectra. Fortunately

the Raman systems proved to be more resilient, though not immune and the technique was

not without its own issues. In spite of this, two critical pieces of information were gained, the

first being that fluorescence of an excimer species was strongly tied to that of catalytic activity.

The second and most important of which was the observation of the predicted S−H band of

the PBTh(S-H)+ intermediate. This not only provided experimental evidence confirming our

proposed mechanism but gave a much stronger basis for our subsequent computational studies.

The computational investigation of the PBTh system began initially out of curiosity as a small

side project. However, as more progress was made, the usefulness of the results and the

computational methods were made clear. The thermodynamic justification of the system was

an important step in establishing both the relevancy of the computational techniques and the

catalytic activity of PBTh. Subsequent TD-DFT models were also able to accurately point to

the formation of a PBTh(S-H)+ intermediate and support our Raman findings. Moreover, the

visualisation of the gound, excited and triplet state molecular orbitals were able to give much

more insight into how the subsequent reduction and H2 release process could be achieved.

These initial studies have revealed much about the overall mechanism of PBTh and they

importantly give justification for this surprising photo-system. That being said, the results

are far from definitive and provide only a small part of the overall picture, crucially, solid

experimental evidence (beyond the formation of S−H) is still required. Given more time,

equipment and expertise, it is highly possible to yield much more definitive answers with

regards to fully understanding this system. Ideas for future studies are numerous and include:

• The use of transient spectroscopy to reveal photo-kinetics

• Use of a laser light source for Raman/UV-Vis spectra to significantly reduce adverse

background interference

• Design of a tailored in-situ Raman spectroscopy cell to reduce O2 contamination and

noise introduced from bubbling

• Optimise a Raman system via objective lens/excitation laser/substrate selection to max-

imise the Raman signal from the catalytically active surface
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• Use of more advanced computational techniques and accurate basis sets for quantitative

analysis of the ground, excited, singlet and triplet states as well as the protonation and

hydrogen release mechanisms

• Applying molecular dynamics to study system kinetics

• Use of spin resonance spectroscopy to experimentally determine the presence of sin-

glet/triplet states

• The use of photo-quenching/enhancing moieties or additives to probe its effects on

the catalytic performance and infer information on the overall mechanism; i.e. triplet

promoting species, electron withdrawing groups, use of polyselenophene etc..

Summary and Concluding Remarks

The discoveries made herein are significant in the field of hydrogen evolution catalysis, both in

the success of the PBTh system and in the justification of the overall mechanism. Despite the low

catalytic activity, the inherent properties of PBTh such as light-harvesting capabilities, stability

under applied potential and light and operation in a wide range of pH gives it an advantage

over alternate systems. PBTh does not yet represent an ideal catalyst but when coupled with

the ease of customisability and promising results obtained thus far, there is substantial scope

for improvements.

In a broader context, it is possible that these results may lead to a new field of photo-

electrocatalytic applications for conducting polymers. However, a much more thorough un-

derstanding of the operating mechanism and development of the idea is first required. While

much of our mechanistic findings remain preliminary, significant strides have been made in

establishing the crucial building blocks for identifying the catalytic process. This is especially

noteworthy considering the complex interactions and interferences from the in-situ studies

of the photo-electrocatalytic system. An abundance of improvements and future studies have

been discussed and proposed. Moreover, the overarching conclusions showing the photo-

electrocatalytic abilities of PBTh towards the HER are indisputable.

It is hoped that these findings would contribute significantly to solving the long standing issue

of sustainable hydrogen production. Much potential remains in the development of this novel

photo-active organic system.
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Cyclic Voltammograms 

 
All electrochemical cells and electrodes were cleaned via sonication in a 1:1 solution of water and 

ethanol for 30 minutes, followed by rinsing with DI water then acetone.  They were then dried in an 

oven at 70°C for 30 minutes before being dried in vacuo at room temperature before introduction into 

the glove box.   

The dye and TBA PF6 salt were weighed and dried at a temperature of 50°C before being sealed and 

transferred to a nitrogen glove box.  Anhydrous acetonitrile solvent (Sigma Aldrich) was extracted onto 

freshly activated molecular sieves and transferred into the glove box where they were stored for the 

duration of the experimentation.   The analyte solutions were made up in-situ to prevent contamination 

from air or water. 

Cyclic voltammetry was conducted by a variable multichannel potentiostat (Princeton Applied Research) 

and analysed using EC Lab v10.19.  An initial CV without ferrocene was performed to determine the 

redox behaviours of the neat dye solution; this has been included in the following voltammograms and 

corrected vs Fc/Fc
+
 using redox peaks common to the dye.  The internal reference of Fc/Fc

+
 was then 

added to provide an accurate calibration.   In accordance with convention, the first clearly identifiable 

redox couple (E1/2) on the oxidation (Eox) and reduction (Ered) sides were assigned as the HOMO and 

LUMO energy levels, respectively.  These energy levels were then converted to absolute energies by 

referencing against Fc/Fc
+ 

where E1/2 of Fc/Fc
+ 

is -4.988 eV.  In cases where E1/2 was unable to be 

determined, Epeak was utilised instead with an empirically determined correction factor of ≈ 0.3 V 

compared with E1/2, this has been presented as the error bars in figure 4C of the main article. 

 

  

Figure S1: Crystal Violet (0.5 mM) voltammogram, in acetonitrile with 0.1 M [TBA][PF6] as background salt, 

and with added Fc/Fc
+ 

as an internal standard.  Eox and Ered were determined using E1/2. 
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Figure S2: Ethyl Violet (0.5 mM) voltammogram, in acetonitrile with 0.1 M [TBA][PF6] as background salt, and 

with added Fc/Fc
+ 

as an internal standard.  Eox and Ered were determined using E1/2.
 

 

Figure S3: Malachite Green (0.5 mM) voltammogram, in acetonitrile with 0.1 M [TBA][PF6] as background salt, 

and with added Fc/Fc
+ 

as an internal standard.  Eox and Ered were determined using E1/2.
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Figure S4: Brilliant Green (0.5 mM) voltammogram, in acetonitrile with 0.1 M [TBA][PF6] as background salt, 

and with added Fc/Fc+ as an internal standard.  Eox and Ered were determined using E1/2. 

 

Figure S5: Rosolic Acid (0.5 mM) voltammogram, in acetonitrile with 0.1 M [TBA][PF6] as background salt, and 

with added Fc/Fc
+ 

as an internal standard.  Eox was calculated using Epeak, Ered was determined using E1/2.
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Figure S6: Phenol Red (0.5 mM) voltammogram, in acetonitrile with 0.1 M [TBA][PF6] as background salt, and 

with added Fc/Fc
+ 

as an internal standard.  Eox and Ered was calculated using Epeak.
 

 

Figure S7: Cresol Red (0.5 mM) voltammogram, in acetonitrile with 0.1 M [TBA][PF6] as background salt, and 

with added Fc/Fc
+ 

as an internal standard.  Eox was determined using Epeak, Ered was calculated using E1/2.
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Figure S8: m-Cresol Purple (0.5 mM) voltammogram, in acetonitrile with 0.1 M [TBA][PF6] as background salt, 

and with added Fc/Fc
+ 

as an internal standard.  Eox was determined using Epeak, Ered was calculated using E1/2.
 

 

Figure S9: Catechol Violet (0.5 mM) voltammogram, in acetonitrile with 0.1 M [TBA][PF6] as background salt, 

and with added Fc/Fc
+ 

as an internal standard.  Eox was determined using E1/2, Ered was calculated using Epeak.
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Optical Spectroscopy (UV-Vis and Fluorescence) 

 
UV-Vis spectra were acquired using a Jasco V 670 Spectrophotometer.  Fluorescence spectra were 

obtained on a Horiba Fluoromax 4 spectrofluorometer.  The experiments were conducted in acetonitrile. 

Deconvolution of peaks was occasionally required due to the presence of the oxidized/reduced species.  

In these cases, the fitted Gaussian peak is displayed and the corresponding intercept labelled. 

UV-vis spectroscopy was also conducted on the dyes in a 1:1 H2O:EtOH solution for confirmation of 

the dye’s purity.  Comparison between the experimental and literature λmax for each dye species is 

presented in Table S1.   One drop of 0.1 M NaOH was added to the dyes 4a-c for consistency with 

literature values (alkaline conditions). 

 

 

Figure S10: Crystal Violet in acetonitrile.  For UV-Vis spectroscopy, 0.03 mM dye was used.  For fluorescence 

spectroscopy, 0.01 mM dye was used. 
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Figure S11: Ethyl Violet in acetonitrile.  For UV-Vis spectroscopy, 0.03 mM dye was used.  For fluorescence 

spectroscopy, 0.01 mM dye was used. 

 

Figure S12: Malachite Green in acetonitrile.  For UV-Vis spectroscopy, 0.03 mM dye was used.  For fluorescence 

spectroscopy, 0.01 mM dye was used. 
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Figure S13: Brilliant Green in acetonitrile.  For UV-Vis spectroscopy, 0.03 mM dye was used.  For fluorescence 

spectroscopy, 0.01 mM dye was used. 

 

Figure S14: p-Rosolic Acid in acetonitrile.  For UV-Vis spectroscopy, 0.03 mM dye was used.  For fluorescence 

spectroscopy, 1.69 mM dye was used. 
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Figure S15: Phenol Red in acetonitrile.  For UV-Vis spectroscopy, 0.03 mM dye was used.  For fluorescence 

spectroscopy, 0.31 mM dye was used. 

 

Figure S16: Cresol Red in acetonitrile.  For UV-Vis spectroscopy, 0.03 mM dye was used.  For fluorescence 

spectroscopy, 1.28 mM dye was used.  The peaks were deconvoluted with the central peak (corresponding to the 

main fluorescence) was normalised for the determination of the intersection. 
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Figure S17: m-Cresol Purple in acetonitrile.  For UV-Vis spectroscopy, 0.03 mM dye was used.  For fluorescence 

spectroscopy, 0.54 mM dye was used. 

.  

Figure S18: Catechol Violet in acetonitrile.  For UV-Vis spectroscopy, 0.03 mM dye was used.  For fluorescence 

spectroscopy, 0.30 mM dye was used. 
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Table S1: Comparison of the experimental and literature λ max for each dye species. 

Dye Experimental λmax (nm) Literature λmax (nm)
1
 

1a – Crystal Violet 592 588 

1b – Ethyl Violet 596 595 

2a – Malachite Green 622 612-622 

2b – Brilliant Green 628 628-632 

3 – Rosolic Acid 466 482 

4a – Phenol Red 564, 364 555-561, 357-363 

4b – Cresol Red 576, 366 570, 367 

4c – m-Cresol Purple 586, 376 579, 371 

4d – Catechol Violet 444 450 

                                                 
1 Literature λmax were taken from Sigma Aldrich. 
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Computational Definitions and Conversions 

 
The standard definition of the 6-31+G* basis set was used.

1–4
 

The exchange correlation function of B3LYP as implemented in NWChem was used for all calculations 

and is defined as: 

………... (1) 

Where 

 

The correlation exchange functional (EXC) in equation (1) consists of the Hartree Fock, Slater
5
 and 

Becke88
6
 exchange functionals (Ex) as well as the VWN_1_RPA

7
 and LYP

8
 correlation functionals.  

Non-local contributions are indicated by δ. 

The free energy (G) of each species was calculated via three separate calculations, namely, an initial 
geometry optimisation and the corresponding ground state energy (ε0), followed by a single point energy 
calculation with the COnductor-like Screening Model

9,10
 for an implicit solvation energy (Gsolv) and a 

vibrational calculation for enthalpy (Hcorr) and entropy (S) correction.  These results are compiled 
together to give the free energy (G) of single species via  equation 2: 

……………………………………………………………  (2) 

Where T = 298 K   

The ΔG of each redox reaction (oxidation and reduction) was determined by the difference between the 

ground state and corresponding redox state.  The oxidised and reduced states are defined as the removal 

and addition of an electron from the ground state respectively.  No protonation/deprotonation from the 

ground state was applied to any of the oxidised/reduced species.  

Each ΔG value was then converted to an absolute potential using: 

 …………………………………………………………………………………………... (3) 

The absolute potential (eV) was converted to potential vs Fc/Fc
+ 
and vice versa via the relationship: 

…………………………………………………… (4) 
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Mass spectroscopy 
 

Electrospray-ionisation mass spectroscopy (ESI-MS) was conducted on a Waters micromass ZQ QMS 

connected to an Agilent 1200 series HPLC system for determination of purity.  Flow rate used was 300 

uL/min (MeOH) with a cone voltage of 35 V.   

The mass spectrum for each dye is presented below.   Some peaks are due to the loss of a methyl (Δm/z 

= 14) or ethyl (Δm/z = 28) group from the main dye that maybe due to collision induced dissociation.  

Other peaks are likely due to trace amounts of contaminating species but have been deemed acceptable 

as our primary goal of the study is to investigate commercially available dyes.  We aim to analyse dyes 

for their electrochemical and optical properties, in their commercial form, and determine whether or 

not they have potential applications in photo-electrochemical systems.  The danger of purification is that 

those findings on chemically pure dyes may lead to conclusions that are not applicable to their 

commercially available analogues. 

It should be further mentioned that the percentage of contaminants is minimal; though we have included 

Rosolic Acid for completeness of results despite it having a technical purity of 85% and contains more 

contaminants than other species.  Nevertheless, we do not believe that our overall conclusions from the 

findings will differ.  Redox active and reversible dyes such as ethyl violet will remain so while dyes 

with poor electrochemical properties will not suddenly switch to a redox active state with purification.   

 

Figure S19: Mass spectrum of 1a Crystal Violet, m/z = 372.2 
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Figure S20: Mass spectrum of 1b Ethyl Violet, m/z = 456.3  

 

 

Figure S21: Mass spectrum of 2a Malachite Green, m/z = 329.2 

 

 

Figure S22: Mass spectrum of 2b Brilliant Green, m/z = 385.2 
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Figure S23: Mass spectrum of 3 Rosolic Acid, m/z = 289.0 

 

 

Figure S24: Mass spectrum of 4a Phenol Red, m/z = 353.0 

 

 

Figure S25: Mass spectrum of 4b Cresol Red, m/z = 381.1 
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Figure S26: Mass spectrum of 4c m-Cresol Purple, m/z = 381.1 

 

 

Figure S27: Mass spectrum of 4d Catechol Violet, m/z = 385.0 
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Supporting Information for: 

Photoelectro-catalytic H2 evolution on poly(2,2-bithiophene) at neutral pH 

Chun Hin Ng, Orawan Winther-Jensen, Bartlomiej Kolodziejczyk, C. André Ohlin and Bjørn 

Winther-Jensen 

 

To be published in International Journal of Hydrogen Energy 

Last updated 12th May, 2014 

 

Polymerisation Process 

The glassy carbon substrate was prepared by polishing with a 1 μm diamond suspension to a 

mirror finish.  Following ultrasonication for 15 minutes in a 2:1 mixture of H2O:EtOH, the 

substrate was being rinsed in acetone and left to dry.  The oxidant for the polymerisation 

process was deposited by spin coating 40% w/v Fe(III) p-toluene sulphonate in n-butanol 

(used as is from Yacoo Chemical Reagent Co. Ltd.) onto the glassy carbon substrate (1500 

RPM, 30 seconds).  The glassy carbon with the Fe(III) oxidant is then placed in a PBTh 

vapour phase polymerisation (VPP) chamber and left to polymerise for one hour at 70 °C; the 

VPP chamber consists of a sealed glass jar containing 2,2’-bithiophene monomer, used as is 

from Sigma Aldrich (CAS No. 492-97-7).  The resulting thin film is then rinsed and left to 

soak in 1 mmol L-1  p-toluenesulphonic acid for approximately 15 hours to remove residual 

iron before being left to dry.  This acid wash step has been shown to effectively remove 

Fe(II) and Fe(III) from the polymer film and is described in an upcoming paper ("The 

Reduction of Oxygen on Iron(II) Oxide/PEDOT Composite Thin Film Electrodes" by Robert 

Kerr, Cristina Pozo-Gonzalo, Maria Forsyth and Bjorn Winther-Jensen, under review), the 

removal of iron is further confirmed by EDX measurements (figure S7). 

 

Characterisation 

The resulting films were characterised via UV-Vis and Raman spectroscopy using a Jasco V 

670 Spectrophotometer and Jobin Yvon T64000 Raman system, respectively.  UV-Vis 

spectra were taken on PBTh films polymerised on glass slides while Raman spectra of PBTh 

films were obtained on glassy carbon substrates.  The polymerisation process was conducted 

in the same manner as previously mentioned (save for the different substrate). 
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The mismatch in absorption of the film and the emission of the lamp results in a lower 

photoefficiency that may be improved by the use of an alternate photo-absorber or light 

source. 

 

Figure S1: UV-Vis absorption spectrum of PBTh as compared to the spectral emission of the 

halogen lamp; the spectra has been normalised. 

 

Figure S2: Raman spectrum of VPP PBTh film on glassy carbon showing the characteristic 

peaks of PBTh, i.e. conjugated coordinate mode at 1505 cm-1, C=C symmetric stretching at 

1463 cm-1, in-plane C–C stretch at 1225 cm-1 and in-plane C–H bending at 1052 cm-1.  

Obtained using a 488 nm diode laser at 0.3 mW. 
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Electrochemistry, gas chromatography and setup 

Electrochemical tests were conducting using two setups.  For preliminary analysis via cyclic 

voltammetry, a plastic cell was used with a standard calomel reference electrode (SCE, E0 = 

0.241 V vs SHE) reference electrode and was purged using N2. For subsequent gas 

chromatography and electrochemistry measurements, a custom designed metal cell with a 

Ag/AgCl reference electrode (E0 = 0.222 V vs SHE) was utilised (figure 1 of main article) 

with bubbled Ar.  This set-up was specifically designed to reduce the escape of gaseous H2 

and allow for better GC detection limits.  In general a scan rate of 5 mV s-1 between -1.1 V 

and 0.6 V vs Ag/AgCl was used in the metal cell.  For ease of reference, all voltages 

presented are given vs SCE unless otherwise stated.  In both cells, a 0.1 mol L-1 phosphate 

buffer of pH 6.9 was used as the electrolyte.   

     

Figure S3: Experimental setup of the plastic cell. 

 

Prior to the experiment, the solution was first purged with Ar to remove  oxygen which is a 

major contaminant and is evident by the presence of a large reduction tail occurring at -0.4 V 

and 0.2 V vs SCE for dark and illuminated films respectively, fig S3.  This effect presents 

interesting applications for fuel cells, but in this case, the reaction presents an unwanted side-

reaction.   Once oxygen free (observed from a clean background), the dark CV trace was 

recorded followed by the application of light and the recording of the illuminated CV trace.  

If GC was required, a CA experiment holding at -0.5 V vs Ag/AgCl was then performed.  
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Figure S4: CV of PBTh showing the prominent oxygen reduction tail in both light and dark 

traces prior to purging with Ar. 

 

  

GC spectra were acquired by purging the cell by bubbling with argon (0.15 mL min-1) and 

then sampling the gas stream by injecting a fixed volume into the GC.  The dark GC injection 

was first conducted after holding the -0.5 V vs Ag/AgCl potential for 90 minutes, after which 

the light was switched on.  The light GC injection was then done 90 minutes after the initial 

illumination of light (whilst holding at -0.5 V vs Ag/AgCl).  The resulting GC trace was 

analysed using Micromath Origin 7.  Typically, an automatic baseline correction utilising the 

“entire data w/smooth” function was undertaken followed by the recording of the H2 peak 

height.  The H2:Ar % was determined using this peak height and comparison to a calibration 

curve (R2 = 0.998). 
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Roughness measurements 

Roughness measurements were obtained using a Veeco Dektak 150 profilometer and 

associated software (Dektak Version 9.3).  Ra is used as a measurment of roughness that 

describes the arithmetic mean deviation away from the mean line and is calculated using 

 

where L = evaluation length and |y(x)| = the absolute vertical distance away from the mean 

line.  Larger Ra values correspond to a rougher surface.  SEM images utilising a FEI Nova 

NanoSEM 450 were also acquired for a visual comparison on surface morphology (figure S5).   

 

 

Figure S5: SEM image of a smooth (top) and a rough (bottom) film and their associated 

profilogrammes that were used to calculated Ra. 
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Contamination investigations 

Long term electrochemical testing showed no decrease in reduction current over a period of 8 

hours. 

 

Figure S6: Long term chronoamperometry test (held at -0.7 V vs SCE) on PBTh in 0.1 mol 

L-1 phosphate buffer, pH 6.9; with bubbled N2. 

 

EDX (using a Bruker X-Flash Silicon Drift type EDS detector) was then performed on the 

smooth PBTh sample to further confirm the absence of contaminants (figure S7). 
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Figure S7: (Top) Point EDX spectrum with chemical structure of PBTh; insert: SEM 

micrograph of the smooth PBTh film used for EDX measurements.  (Bottom) False-colour 

SEM micrographs of the smooth PBTh film showing the surface morphology and absence of 

contaminating species. 

 

Point EDX 
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Appendix C: Miscellaneous

Supporting Information for the Thesis,

Calibration and Background Data

227



228 APPENDIX C: MISCELLANEOUS SUPPORTING INFORMATION

Supplementary Cyclic Voltammetry

Alternative Redox Species

The photo-catalytic effect of PEDOT and PEDOT:Brilliant Blue films on alternative redox species

were also trialled in the initial investigations of Chapter 3. It was hoped that with the application

of light, a shift in the onset potential would be obtained. However, this was not observed, nor

did it reveal promising leads for the pursuit for further studies.
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Figure S1: The CV of PEDOT and PEDOT:Brilliant Blue films in 0.17 mmolL−1 FcPF6 in
0.1 molL−1 NaPTS at 5 mV s−1 under N2. The redox peak of FcPF6 can be seen ≈ 0.2 V vs SCE
but not photo-effect was observed.
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Figure S2: The CV of PEDOT and PEDOT:Brilliant Blue films in aqueous 0.25 mmolL−1 CuCl2
(pH 4) at 5 mV s−1 under N2. The reduction and deposition of Cu meant that only the first cycle
showed meaningful data. There was a small increase in current with light, but the important
shift in Eonset was absent.
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Characterisation of Conducting Polymers

In order to determine the band energies of conducting polymers, CV of PTTh, PBTh and PEDOT

was performed in propylene carbonate. These experiments were conducted by Mr David

Mayevski and utilised for analysing conducting polyer/dye blend compatibilities, Chapter 3.
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Figure S3: The CV of PTTh, PBTh and PEDOT in propylene carbonate (0.1 molL−1 TBA PF6)
at 25 mV s−1 under N2 showing their oxidation (p-doping) and reduction (n-doping) regions.
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Substrate Backgrounds

The substrate backgrounds have been presented throughout the thesis though perhaps not

obviously so. For clarity, a selection of CVs and CAs are presented showing the background

signal from our substrates. Among the most important is glassy carbon which is presented

in Figure S4 and shows inertness under the standard operating conditions. Furthermore, the

application of light shows no photo-response (Figure S4B); the small reduction current can be

attributed to residual O2 present in the system.
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Figure S4: Electrochemical experiments showing the inertness of the glassy carbon substrate
in the metal cell, conducted in 0.1 molL−1 PB (pH 7) and under N2. A: The CV results of glassy
carbon at a scan rate of 20 mV s−1, covering the potential range of 0.6–−1.1 V vs Ag/AgCl; a
sample PBTh CV is also presented for comparison. B: CA results on glassy carbon whilst held
at −0.8 V vs Ag/AgCl, light was turned on a t = 20 min.
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The background CV of FTO glass is also shown and shows a relatively clean voltammogram. A

small redox couple is observed at −0.5 V and this is attributed to the reduction of phosphate

ions in the electrolyte. This was occasionally seen in the films though it is unclear what brings

this on. It should be noted that these tests were conducted in slightly alkaline conditions (pH

8.5), nevertheless the results remain applicable in showing the inertness of FTO glass.
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Figure S5: CV on the FTO substrate in the metal cell showing inertness when compared to
PBTh films on FTO. The CV was conducted in 0.1 molL−1 PB (pH 8.5) and under N2 at a scan
rate of 20 mV s−1.
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Calibration of the Leica KL2500 Halogen Lamp

The calibration of the Leica Lamp was initially conducted using a small Si chip by Dr Bartlomiej

Kolodziejczyk and presented in Figure S6; where a photocurrent of 760 mA was equivalent to 1

sun. For our purposes, a light level of “lvl4” (equivalent to a setting of 4E) at a distance of ≈
2 cm was used and is highlighted.

Figure S6: The photo-intensity calibration results of the Leica KL2500 halogen lamp using a Si
chip.

The highlighted value of 1.6 suns was commonly reported and used throughout the earlier

sections of the studies. However, later on, the actual lamp intensity was found to be heavily

dependent on each individual bulb’s spectral output, the age of the bulb, the brand and the

even the lamp used. Furthermore, the small size of the Si chip (≈0.1 cm2) used for the initial

calibration meant it was highly susceptible to directionality, where even a small tilt of a few

degrees would dramatically alter the perceived intensity. In response to this, a much larger

GaAs chip (1 cm2) with a broader spectra response was used to recalibrate the Leica KL2500

halogen lamp intensities. These results are shown in Table S1 and the latter experiments report

the photo-intensity from the Leica KL2500 lamp as 0.4 sun (when at the standard setting of

4E).

Table S1: Recalibration of the Leica KL2500 photo-intensity using a GaAs chip where 12.6 mA
= 1 sun. The measurements were made across three different lamps.

Lamp setting
Average

Photocurrent (mA)
Standard Deviation of

Photocurrent (mA)
Photo-intensity (sun)

1E 1.7 0.2 0.13 ± 0.02
2E 2.3 0.4 0.18 ± 0.03
3E 3.3 0.9 0.26 ± 0.07
4E 4.6 1.5 0.37 ± 0.12
5E 7.9 3.0 0.63 ± 0.24
6E 10.1 4.0 0.80 ± 0.32
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H2 Calibration for Gas Chromatography

The calibration of the GC was conducted by injection of a known H2:Ar ratio and comparison

of the height of the resulting GC peak at 2 min. The resulting calibration curve is presented in

Figure S7. It should be noted that peak area is typically used for quantitative measurements

but a slight oversight led to the use of the peak height. Moreover, the well fitting and linear

calibration curve indicates that – while perhaps not ideal – the peak height can provide an

accurate quantitative measurement.

0.0 0.2 0.4 0.6 0.8 1.0
0

200

400

600

800

1000

 Peak
 Calibration Curve

D
et

ec
to

r P
ea

k 
H

ei
gh

t (
V)

% H2

y = 844x - 1.86
R2 = 0.9983

Figure S7: The calibration data of the GC with known percentages of H2 in Ar.

The GC peak of H2 (0.15% in Ar) with an elution time of 2 min is shown in Figure S8. The gas

chromatogram of injected air show the peaks of O2 and N2 at 3.5 min and 6.5 min respectively.
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Figure S8: The gas chromatogram with the injection of 0.15% H2 (solid trace) and air (dashed
trace)




