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Abstract
Bagnall, A. 2022. Novel electrode and photoelectrode materials for hydrogen production
based on molecular catalysts. Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 2207. 104 pp. Uppsala: Acta Universitatis
Upsaliensis. ISBN 978-91-513-1639-0.

The PhD project focussed on the application of a cobalt tetraazamacrocyclic complex, in the
literature commonly referred to as [Co(CR)Cl2]+ as a molecular catalyst for the hydrogen
evolution reaction (HER). This was within the broader scope of the EU MSCA H2020 ITN
‘eSCALED’ project, which primarily aimed to create artificial leaf devices for the storage of
solar energy in chemical fuels and, as part of this, sought the development of novel bio-inspired
and scalable materials. This included researching molecular catalysts without platinum group
metals (PGMs) currently relied upon in commercial technology.

Three main projects were pursued: firstly, studies of the mechanism of the catalyst itself
under organic electrocatalytic conditions. Catalytic intermediates were generated and identified
using spectroscopy (UV#vis, NMR, EPR) and the catalytic behaviour was followed with
electrochemical techniques. An ECEC mechanism with a rate-determining second protonation
step associated with the release of H2 was identified, noting in particular an initial protonation
step on the macrocycle at the Co(II) state that was hypothesised to involve the macrocycle amine
group acting as a proton relay under the investigated conditions.

Secondly, a new synthetic strategy towards novel derivatives of [Co(CR)Cl2]+ was developed
to prepare a derivative for anchoring onto sp2-carbon surfaces by p-stacking interactions.
The immobilised catalyst was studied by electrochemical methods and compared with another
derivative from collaborators at ICIQ, showing that both derivatives work as heterogenised
electrocatalysts for the HER with high faradaic efficiencies and good stability over one hour
at pH 2 and especially pH 7, but one derivative displays higher current densities and stability,
invoking some consideration of rational design principles for modifying molecular catalysts.

Thirdly, studies of a photocatalytic system made up of copper indium sulfide quantum dots
(CuInS2 QDs) as a photosensitiser with either [Co(CR)Cl2]+ or its benzoic acid-functionalised
derivative were carried out in ascorbate buffer, focussing on the photocatalytic performance
and electron transfer (ET) processes between the CuInS2 QDs and the catalyst to explain the
remarkable activity and robustness reported for closely related systems. CuInS2 QDs modified
to have a ‘hybrid-passivation’ ligand system for compatibility with NiO films were used. Rapid
QD-catalyst ET processes were noted for both catalysts. A static binding model with a strong
binding equilibrium was adapted for the system,  applying a Poisson distribution. This prompts a
reconsideration of the importance of anchoring groups for QD-catalyst ET efficiency in solution.
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“To achieve great things, two things are needed;
a plan, and not quite enough time.”

Leonard Bernstein
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1 Introduction 

“Everything in life is somewhere else, and you get there in a car.” 

– E. B. White 

Modern civilisation has largely been built on the basis of fossil fuel consump-
tion, and remains heavily dependent to the present day. 

However, in the face of society’s ever increasing demand for energy, the en-
vironmental impacts resulting from the emissions given off by the combustion 
of hydrocarbons – including both toxic air pollutants1 and greenhouse gasses2 
– and the inherently finite nature of fossil fuel reserves – which take millions 
of years to form – are issues with which we shall have to reckon sooner rather 
than later. 

“The 21st century will be largely defined by the way  
we face and resolve the energy crisis.” 

– Armaroli and Balzani3 

Decarbonisation (more specifically, defossilisation) of the of the economy – 
i.e. reaching carbon neutrality and closing the carbon cycle (Figure 1.1) – is 
therefore a major global priority.3 

Renewable sources of electricity have seen rapid growth in recent years, es-
pecially solar and wind energy (wind in fact being an indirect form of solar 
energy), but the intermittent nature of these weather-dependent sources and 
the impracticality of connecting all vehicles and remote settlements to the 
electrical grid will necessitate the development of medium- to long-term en-
ergy storage solutions.4 
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Figure 1.1: Illustration of strategies towards achieving a circular economy and closing 
the carbon cycle, evaluated by Daggash et al., showing the roles which renewable 
energy sources (represented by wind and solar) and hydrogen generated from them 
would play. Reproduced from Ref. 5 with permission from the Royal Society of 
Chemistry. 

Solar fuels represent one of the most promising strategies in this regard, effi-
ciently storing captured solar energy in chemical bonds, which represent the 
most versatile and highest energy density storage mechanism that is techno-
logically accessible to society (Figure 1.2).4*  

 
Figure 1.2: Ragone plot of specific power density versus energy density of various 
storage methods assessed by Cook et al. Chemical fuels sit on the far right side, having 
the highest energy densities of practical storage methods.4 Reprinted with permission 
from Chem. Rev. 2010, 110, 11, 6474–6502. Copyright 2010 American Chemical So-
ciety.  

                               
*Nuclear or antimatter-based energy storage is unlikely to be practical in the foreseeable future.6 
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1.1 Hydrogen & the Green Energy Transition 

Among potential solar fuels, hydrogen shows a lot of promise because it has 
the highest energy density per mass, is relatively simple to produce, and reacts 
efficiently with oxygen in fuel cells, giving off only non-toxic water as a by-
product,7 and is indeed already used as a motor fuel in some limited areas. 

Although, pending further advances to enable a widespread infrastructure for 
hydrogen transport and storage, other solar fuels based on reduced carbon di-
oxide are likely to predominate, due to their easier storage and greater com-
patibility with current systems,8 hydrogen nonetheless remains a critical 
chemical feedstock for the Haber–Bosch, Fischer–Tropsch and chemical hy-
drogenation processes, among others, ensuring its high demand (Figure 1.3).4 

 
Figure 1.3: The potential role of hydrogen in the energy sectors of today and tomor-
row envisaged by Yan and coworkers.9 Reprinted from Current Opinion in Chemical 
Engineering, Volume 33, Oliveira et al., A green hydrogen economy for a renewable 
energy society, 100701, Copyright (2021), with permission from Elsevier. 
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However, most hydrogen (around 96%) is currently produced from fossil fuel 
sources, such as via the water-gas shift reaction, which consumes carbon mon-
oxide and releases carbon dioxide.9,10 The carbon monoxide is generally pro-
duced from steam reforming, for example from methane in natural gas. This 
hydrogen is classified as ‘grey’ and is not compatible with the end goal of total 
decarbonisation:9,11  

Water-gas shift reaction:   CO + HଶO ⇌ COଶ + Hଶ  
Steam reforming of methane:  CHସ + HଶO ⇌ CO + 3 Hଶ 

The majority of the remaining hydrogen (around 4%) is produced by water-
splitting in electrolysers powered from the electrical grid. If (and only if) the 
electrical power is renewably sourced, this hydrogen may be classified as 
‘green’.9,11,12 However, the economic viability of this strategy is restricted by 
current technology: current commercial electrolysers are generally based on 
either Alkaline Water Electrolysis (AWE) or Proton Exchange Membrane 
(PEM, a.k.a. Polymer Electrolyte Membrane) electrolysis.13–15 

AWE is the most mature technology, but suffers from issues of corrosion and 
complicated maintenance and construction. PEM electrolysis is a newer tech-
nology, relying on milder (normally acidic) conditions and a proton-conduct-
ing membrane which shows a lot of promise to pave the way towards a green 
hydrogen economy, but is held back by high manufacturing costs, in part due 
to the per-area cost of the membranes and in part due to dependence on rare 
Platinum Group Metals (PGMs). In particular, iridium oxide is usually em-
ployed as the catalyst for the water-oxidising anode and platinum as the cata-
lyst for the hydrogen-evolving cathode. As such, these have been identified as 
a potential barriers to current PEM electrolysers becoming economically com-
petitive and upscalable.4,13 

Note that other, less mature systems also exist which may become commer-
cially relevant in the near future, such as: (i) Anion Exchange Membrane 
(AEM) electrolysis, which is similar to AWE with improved efficiency, but 
still requires corrosive alkaline conditions which can destabilise the mem-
brane, and also typically has lower current densities than PEM,14 (ii) Solid 
Oxide Electrolysis (SOE) technology, which uses a solid oxide electrolyte and 
requires high operating temperatures,14,15 (iii) Bipolar Membrane (BPM) elec-
trolysis, which combines the advantages of PEM and AEM, but is still a rela-
tively new and under-explored approach,16,17 and (iv) Capillary-Fed Electrol-
ysis (CFE), which is a very recent advance in PEM technology, where the 
electrolyte is supplied to the electrodes by capillary action and gasses are 
evolved directly into the collection chambers.18 
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1.2 Natural and Artificial Photosynthesis 

Clearly, in order to realise decarbonisation, a revolutionary approach is called 
for to sustainably produce and store the energy, fuels and chemical feedstocks 
demanded by society. 

The ideal strategy would be to directly harness the energy that is continuously 
provided (and expected to continue reliably for billions of years) as a result of 
nuclear fusion occurring in the sun’s core, arriving at Earth in the form of 
electromagnetic radiation, mainly as light, ultraviolet, and infrared radiation. 
It is oft-mentioned that the amount of solar energy that reaches the Earth per 
hour and a half exceeds the amount consumed by society per year.19,20 

Harvesting solar energy directly into solar fuels with devices or systems that 
are composed of optimised, highly-effective and stable materials, made up of 
only abundant elements, would represent a huge leap forwards towards sus-
tainability in the energy and chemical industries. The key sought-after prop-
erties can be expressed as a trifecta of efficiency, robustness and scalability 
(Figure 1.4). However, it is not enough for each material employed to indi-
vidually meet these demands under different, incompatible conditions – the 
ultimate challenge is to develop and combine compatible materials which 
function simultaneously under the same conditions to complete the device or 
system.20–22  

 
Figure 1.4: The trifecta of requirements for an artificial photosynthetic system to be-
come economically viable, discussed by Gray and coworkers.21 They point out that 
current multijunction PV/PEM electrolyser technology may be considered both robust 
and efficient, but ultimately not currently scalable due to membrane and component 
repair costs (zone i), while wide-bandgap oxides may be considered robust and scala-
ble, but not sufficiently efficient (zone ii). The ultimate aim – Holy Grail – of artificial 
photosynthesis research is to develop complete systems that meet all requirements 
(zone iv). With further development, nascent molecular catalyst-based systems might 
be considered efficient and in principle scalable, but with poor robustness as their 
current major weakness, they would sit in zone iii. 
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Of course, in nature, autotrophic biological organisms (aside from extremo-
philes relying on geothermal vents) have long met their energy needs by con-
verting sunlight, carbon dioxide and water into organic molecules through nat-
ural photosynthesis (illustrated in Figure 1.5). Millions of years of evolution 
have resulted in optimisation of many of the photosynthetic steps using only 
abundant elements available to biology, but organisms have the aim of pro-
ducing biomass for their own survival, not economically desired fuels. As a 
consequence, generally their overall efficiency of solar energy conversion 
does not exceed 1%.23 

 
Figure 1.5: Illustration of natural photosynthesis, as carried out in plants, to convert 
carbon dioxide and water into carbohydrates (represented here by glucose) and oxy-
gen using solar energy. (Weather not necessarily an accurate depiction of Sweden.) 

This means that, although biomimicry – copying natural systems directly – can 
lead to rapid progress in some facets of light-harvesting and water-splitting 
technology, fundamental optimisations with non-biological materials based 
on bioinspiration – understanding the principles behind natural systems and 
improving on them – can be exploited in designing artificial light-harvesting 
and water-splitting devices in order to cater far more efficiently to society’s 
needs than traditional agriculture or biofuel production, which rely on the nat-
ural photosynthesis in leaves. Indeed, there exists a spectrum of strategies be-
tween purely biological and purely artificial systems that can be created to try 
to reach the best of both worlds, but it is likely that purely biological systems 
will be incapable of reaching the efficiencies ultimately necessary.20  

On this basis, artificial photosynthesis has been described as one of the Holy 
Grails of Chemistry.8,24 The final aim would be the construction of an eco-
nomically-viable artificial leaf25 – a device which would produce hydrogen 
directly from water-splitting using captured sunlight: 

Water-splitting: 2 HଶO ⇌ 2 Hଶ + Oଶ       𝛥𝐺° =  237.2 𝑘𝐽/𝑚𝑜𝑙 
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More complex reactions to produce hydrocarbons or carbohydrates by the car-
bon dioxide reduction reaction (CO2RR) are also possible. This may simulta-
neously help in capturing CO2 to close the carbon cycle, but technology is not 
advanced enough yet to do this directly with atmospheric CO2 concentrations. 

For natural photosystems H2O is used as the electron donor and the oxidative 
side of water-splitting is carried out by photosystem II and the reductive side 
by photosystem I,26 but in artificial photosynthetic systems the half-reactions 
can be studied separately so they can be decoupled and each half optimised 
separately. This can be expressed as two half-reactions, for the water oxidation 
reaction (WOR) and the hydrogen evolution reaction (HER): 
 2 HଶO → Oଶ + 4 Hା + 4 eି       − Eୟ୬୭ୢ୧ୡ =  − 1.23 V +  0.059 V × pH (vs. NHE) 2 Hା + 2 eି → Hଶ                        Eୡୟ୲୦୭ୢ୧ୡ =  0 V −  0.059 V × pH (vs. NHE) 

Alongside thermally-driven pathways,27 the photon-based strategies to drive 
these half reactions with energy from absorbed sunlight can be classified by a 
few fundamental approaches (Figure 1.6):21,28–31  
 

(i) Photovoltaic-electrochemical (PV-EC),32 connecting an electro-
lytic cell electrically to a solar cell. This has the advantages of 
exploiting a lot of already-existing technology and being compat-
ible with the electrical grid, but suffers from the weaknesses of 
electrolysis cells discussed previously and, for a complete inte-
grated device, may represent a relatively complex system, due to 
the many different components. 
 

(ii) Photoelectrochemical (PEC),32 an intermediate approach, consist-
ing of an electrolysis cell where one or both of the electrodes is a 
photoelectrode based on a semiconductor capable of absorbing 
light both to generate photo-excited charge carriers to carry out 
one of the half-reactions, while also generating an electrical po-
tential across the cell to enable the other electrode to perform the 
other half-reaction, which can eliminate the need for the external 
photovoltaic unit, or complement it in a PEC-PV tandem cell 
setup. 

 
(iii) Photocatalytic (PC),33 involving only photosensitisers, typically 

connected directly to co-catalysts for one or both of the half-reac-
tions, and dissolved directly in solution. This is therefore the sim-
plest approach, but at the cost of lower efficiencies and there be-
ing no way to apply a bias or directly separate produced gasses by 
compartmentalisation of each half-reaction.  
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Figure 1.6: Overview of reported efficiencies for systems from each of the fundamen-
tal approaches, compared by Kim et al. Reproduced from Ref. 28 with permission 
from the Royal Society of Chemistry.  

The larger eSCALED project (funded by the European Union's Horizon 2020 
research and innovation programme under the Marie Skłodowska-Curie grant 
agreement No. 765376), of which this PhD project was a part, aimed to elab-
orate artificial leaf deigns and focused on advancing the technological readi-
ness and understanding of PV-EC designs, in particular of PEM electrolysers, 
and developing scalable materials for the components of such a device, fol-
lowing the principles of bio-inspiration and bio-mimicry (Figure 1.7). 

 
Figure 1.7: Schematic illustration of the eSCALED project artificial leaf design, with 
the cathode component for the electrocatalytic HER highlighted. Copyright (2018) 
ESCALED. 
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However, for performing each half-reaction a specific catalyst is typically em-
ployed in most strategies.34 This is necessary to lower the reaction barriers and 
maximise efficiency and selectivity for the desired processes. Within this con-
text, this work focuses on studying molecular catalysts for the HER, where 
the catalyst combines two protons and two electrons to release hydrogen. 

These catalysts can be applied in cathodic materials for the reductive half re-
action of water-splitting and integrated into electrolyser cells as part of a PV-
EC approach, but also be used directly with photosensitisers in solution as part 
of a direct PC approach, from which a PEC approach can also be developed 
by immobilising the photosensitiser and catalyst together onto an appropriate 
semiconductor electrode. 

1.3 Hydrogen-Evolving Catalysts 

1.3.1 Solid-state Material Catalysts 

In terms of HER catalysts, aside from rare noble metals such as platinum, 
many of the more widely known and commonly studied catalysts are solid-
state compound materials, MoS2-based catalysts being prime examples.34,35 

Typically, the best solid-state material catalysts have good stability and can 
be nanostructured for high surface area. However, they also have a number of 
common issues: their active sites are often ill-defined and difficult to quantify, 
surface restructuration often occurs during catalytic turnover, selectivity for a 
specific reaction can be limited. Additionally, as is the case at all electrode 
surfaces, interface charge issues from double layer capacitance may hinder 
performance. The difficulty in understanding a specific process or mechanism 
responsible for catalysis in particular can make rational optimisation difficult. 
Furthermore, the large number of metal sites which are inactive or under the 
surface undermines the metal-atom economy.36 

Therefore, there are advantages to moving towards catalysts that have well-
defined active sites, in order to be able to apply rational design principles to 
improve the performance in multiple ways and achieve an efficient use of the 
metal, especially vital when scarce metals are employed. In this regard, single-
atom catalysts (SACs) are one step towards improving the metal-atom econ-
omy, but still lack well-defined active sites.36,37 
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1.3.2 Bioinspiration from Enzymes 

Nature provides a great example for optimising and controlling the catalytic 
activity of abundant metals in the form of enzymes. Through specifically 
evolved protein scaffolds, enzymes generally possess extremely well-defined 
active sites, resulting in very high selectivities and turnover frequencies 
(TOFs) of up to 104 s−1 with high energetic efficiency, demonstrated by low 
required overpotentials in electrocatalysis. For the HER, the prime examples 
are the [FeFe] and [NiFe]-hydrogenases (Figure 1.8).38 In fact, in biology 
many of these enzymes are bidirectional, but the [NiFe]-hydrogenases are 
more active for the hydrogen oxidation reaction (HOR), whereas the [FeFe]-
hydrogenases are more active for the HER. Thanks to their highly optimised 
mechanism, many operate electrochemically reversibly.39 

 
Figure 1.8: Above: Example structures of a [NiFe] and an [FeFe] hydrogenase with 
electron transfer chains and proton transfer pathways illustrated. Below: Cofactors 
with arrows indicating the open metal coordination sites.38 Reprinted with permission 
from Chem. Rev. 2014, 114, 8, 4081–4148. Copyright 2014 American Chemical So-
ciety. 

However, as touched on previously, using natural systems outside of their nat-
ural environment may render them ineffective and they are difficult to adapt 
without extensive biological or chemical engineering, which represent issues 
for scaling.40 Hence, enzymatic catalysts typically display limited tunability, 
limited stability outside natural conditions, and prove difficult to connect to 
other materials due to their bulky size. Therefore, with inspiration from biol-
ogy, developing catalysts on the molecular level – molecular catalysts – that 
can function outside of a tightly-controlled protein scaffold and have a much 
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smaller footprint has emerged as an exciting and promising strategy (Fig-
ure 1.9).41,42 

1.3.3 Molecular Catalysts and the State of the Art 

Molecular catalysts for the HER typically consist of a metal centre or centres 
within a specific coordination sphere, normally exploiting the chelate and/or 
macrocycle effect to bind the metal tightly, although metal-free organic mo-
lecular catalysts for the HER are also known.43 

 
Figure 1.9: Rough illustration of the relative position of molecular catalysts compared 
to other catalytic materials, and the general advantages of molecular catalysts. A Du-
Bois-type nickel bisdiphosphine HER catalyst is shown here as a representative mo-
lecular catalyst.44,45 

For a well-designed molecular catalyst, the well-defined active site and coor-
dination environment imparts a high selectivity, high catalytic activity high 
efficiency in terms of TOF and a low required overpotential, respectively. Fur-
thermore, through tuning the critical steric and electronic effects from the in-
ner and outer coordination spheres, it can be possible to optimise these prop-
erties. Elucidating key parts of the catalytic mechanism is imperative for ra-
tional tuning, but this is also typically possible thanks to the well-defined ac-
tive site. Critically, such optimisations are the key to making Earth-abundant 
first-row transitions metals sufficiently active and efficient for economically 
competitive catalysis to replace non-scalable rare metals like platinum. For 
this reason, there is significant interest in researching molecular catalysts for 
the future production of solar fuels.31,36,46 

It has been deduced from studying natural and artificial systems that good 
molecular HER catalysts typically include certain features:42,46 a metal centre 
which has its redox couples at moderate potentials, a clear coordination posi-
tion on the metal for binding a hydride ligand (either vacant or with a labile 
ligand) and one or more basic sites which can receive and transfer protons to 
the active site and may facilitate highly-efficient proton-coupled electron 
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transfer (PCET) steps (see Figure 1.10).47,48 These groups are often termed 
proton relays.49 
 

 
 

Figure 1.10: Scheme of possible proton-coupled electron transfer (PCET) mecha-
nisms for the proton transfer (PT) from acid H-A and electron transfer (ET) to a spe-
cies M. Top: Electron transfer followed by proton transfer (ETPT). Bottom: Proton 
transfer followed by electron transfer (PTET). Middle: Concerted electron-proton 
transfer (CEPT), where both the proton and electron are transferred in a single kinetic 
step, both passing through the same transition state via quantum tunnelling.47,48 

There are numerous examples of such catalysts which are well-studied in the 
literature, most prominently the DuBois nickel bisdiphosphine catalysts,44,45 
[FeFe]-hydrogenase mimics,50 cobaloximes,51,52 and cobalt diimine-dioximes 
(Figure 1.11),53,54 as well as phthalocyanines,55 corroles,56 porphyrins,57 
polypyridines58,59 and bisthiosemicarbazones.60  

  
Figure 1.11: Scheme of the structures of the most prominent HER molecular cata-
lysts,46 from left to right: the DuBois nickel bisdiphosphine catalysts [Ni(PR

2NR'
2)2]n+, 

where R and R’ can be alkyl or aryl groups; the active cofactor of [FeFe]-hydrogen-
ases, on which their mimics are based; cobaloximes [Co(dmgH)2LL']n+; and cobalt 
diimine-dioximes [Co(DO)(DOH)pnLL']n+. L and L’ can be solvent molecules, hal-
ides, a hydride or other ligands. Overall charges depend on metal oxidation state and 
ligands. 

Nonetheless, the perceived major weakness of molecular catalysts is their lim-
ited stability.36,46 This is an issue that cannot be overlooked: thinking back to 
the trifecta of efficiency, robustness and scalability, it is necessary to meet all 
three of these demands for commercial viability.21,42 Thus developing and uti-
lising ever more stable molecular catalysts is a priority for the field. In 
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biological systems, enzymes overcome this issue by being constantly regen-
erated, but for molecular catalysts this is not yet possible, although a reserve 
of excess catalyst may be included in some systems to replace that which de-
grades.61 

1.3.4 Immobilisation Strategies 

Beyond this, for incorporation into PV-EC or PEC devices, it is critical to 
stably heterogenise the catalyst onto the electrode or photoelectrode. Unless 
the unmodified catalyst naturally adsorbs strongly on the surface, appropriate 
modification of the catalyst’s molecular structure is required to add ‘anchor-
ing’ functional groups, which immobilise the active site on the specified ma-
terial through covalent bonds or intermolecular forces. Which anchoring 
groups will be effective depends on the material in question and what reaction 
the catalyst is carrying out. For the HER in water, the anchoring group must 
be water-tolerant under the reducing conditions applied.29,31,46 

In the research setting, electrolyser cathodes for PV-EC are commonly built 
from sp2 carbon materials, such as glassy carbon, carbon fibre-based gas dif-
fusion layers, multi-walled carbon nanotubes (MWCNTs) and graphite-based 
carbon pastes. To bind onto these materials, on the one hand covalent binding 
can be achieved by modifying the carbon surface through diazonium reduction 
reactions (Figure 1.12).62 On the other hand, intermolecular forces such as π–
π interactions can be exploited by incorporating a polyaromatic group on the 
catalyst, such as pyrene (Figure 1.13).63  

For photoelectrodes based on semiconductors for PEC, typical anchoring 
groups for ionic binding include carboxylic acids, phosphonic acid, hydrox-
amic acids and silatranes (Figure 1.14).64,65 An additional strategy for either 
case is to entrap the catalyst in a polymeric layer at the electrode or photoe-
lectrode surface.66 
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Figure 1.12: Example scheme of covalent immobilisation of a catalyst on carbon 
nanotubes by first modifying the surface through a diazonium reduction reaction, then 
performing an amide coupling reaction.46 

 

 

 
Figure 1.13: Example scheme of non-covalent immobilisation of a catalyst on carbon 
nanotubes by π–π interactions with a pyrene anchoring group.46 

 

 

 
Figure 1.14: Example scheme of anchoring groups for semiconductor materials and 
their normally most favoured binding modes are shown. From left to right: carboxylic 
acid, phosphonic acid, silatrane and hydroxamic acid.64,65  
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1.4 The Molecular Catalyst ‘CAT1’ 

The cobalt complex commonly referred to in the literature either as 
[CoIII(N4H)Cl2]+ or [CoIII(CR)Cl2]+ (where CR = 2,12-dimethyl-3,7,11,17-
tetra-azabicyclo[11.3.1]-heptadeca-1(17),2,11,13,15-pentaene), was first syn-
thesised half a century ago by Long and Busch.67,68 In this thesis and the ap-
pended papers, it is abbreviated as ‘CAT1’ or ‘1’. 

Like other related cobalt tetraazamacrocyclic complexes, such as cobaloximes 
and diimine-dioximes, it bares some structural resemblance to vitamin B12,69–

71 which is a vital redox-active cofactor for certain isomerases, methyltrans-
ferases and dehalogenases (Figure 1.15).72 

 
Figure 1.15: Illustration of vitamin B12 (for which R = Me−, H2O, CN−, adenosyl, 
etc. in nature) and natural hydrogenases as the key sources of bioinspiration for cobalt 
tetraazamacrocycle molecular catalysts, including CAT1 on the right. L and L’ can be 
solvent molecules, halides, a hydride or other ligands. Overall charges depend on 
metal oxidation state and ligands. Chelating nitrogen atoms and associated extended 
conjugated systems coloured red to highlight structural similarity. Metal centres and 
nearby basic groups which may act as proton relays coloured blue.71 

One decade ago, CAT1 was discovered by Leung et al. to be an effective mo-
lecular catalyst for the HER in organic and aqueous conditions.73 Subsequent 
studies into its mechanism and performance have shown that it has excellent 
properties for the HER under various conditions.74–79 Under homogeneous 
electrocatalytic conditions, it displays a high maximal turnover frequency (in-
dicating a high catalytic activity) retains a low overpotential requirement 
(meaning a high energy efficiency for catalysis) and achieves faradaic yield 
of H2 of over 90% (meaning efficient transfer of the electrons to the protons 
without loss of electrons to other undesired processes).  
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The structure of the macrocyclic ligand is believed to stabilise the complex 
against decomposition by tightly binding the cobalt centre and also by the ex-
tended conjugation of the diiminopyridine core playing a role in resisting hy-
drolysis and stabilising the various oxidation states while modulating the re-
dox potentials, possibly involving non-innocent behaviour.78 The axial ligands 
become labile in the Co(I) to provide the site for binding a hydride, while the 
amine group has been identified as a probable proton relay.75 Incidentally, 
probably for similar reasons, CAT1 is also a significantly active catalyst for 
the CO2RR.80,81 

Paper I covers our studies into the HER catalytic mechanism in organic con-
ditions, using electrochemical and spectroscopic techniques to elucidate the 
structures of intermediates, the mechanistic steps, and the rates of those steps. 
Such studies serve to evaluate and explain the reasons behind the catalyst’s 
effectiveness and also to inform us as to which parts of the molecular structure 
are critical for catalytic function – such as proton relays. These points are im-
portant in the rational design of novel derivatives, either for the sake of im-
proving the catalytic properties or of introducing anchoring groups for device 
compatibility. 

Additionally, CAT1 is known for its tolerance to O2 and stability.76,77,82 This 
robustness makes it an interesting candidate for testing integration onto elec-
trolyser cathodes for PV-EC water-splitting, since the typically poor robust-
ness of molecular catalysts is normally the limiting factor in the efficiency and 
longevity of systems that rely upon them. Paper II covers our work into de-
veloping novel derivatives of CAT1 which can be immobilised on electrodes 
and then studying the performance of the heterogenised catalyst under these 
conditions for the electrocatalytic HER, paying particular attention to the ef-
fects of the modification with an anchoring group at different positions to 
highlight rational design principles. 

Meanwhile, under PC water-splitting conditions, relatively high turnover 
numbers (TONs) are reported at both high and low concentrations of catalyst 
with a variety of photosensitisers,75,76,83–85 most notably reaching TONs of up 
to 7700 per catalyst with CuInS/ZnS core-shell quantum dots (QDs),86,87 illus-
trating the versatility of the catalyst. Paper III covers our studies into the 
causes for the remarkable photocatalytic performances of CAT1 with CuInS 
QDs, but using shell-less ‘hybrid passivated’88 CuInS QDs which were 
adapted for compatibility with mesoporous NiO thin films. This paves the way 
for the future incorporation of this system onto photoelectrodes for PEC wa-
ter-splitting. Comparing the electron transfer rates and quenching efficiency 
of CAT1 and a derivative with an intended anchoring group, a binding model 
for static quenching was developed to account for the reliably ultrafast elec-
tron transfer.  
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2 Key Experimental Techniques 

In order to analyse the processes, species and products related to catalysis, a 
number of analytical techniques are extremely useful. Among others, these 
include: 

Nuclear Magnetic Resonance Spectroscopy 

In brief, nuclear magnetic resonance spectroscopy (NMR) is a technique 
which uses radio frequency electromagnetic pulses to probe samples within a 
strong magnetic field. This excites the spin states of a specific isotope of 
atomic nuclei in the sample for which the pulse frequency corresponds to the 
energy gap between the nuclear spin states of the nucleus. The resulting sig-
nals are used for determining the number of different chemical environments 
that nucleus exists in within the sample (from how many separate peaks ap-
pear), as well as certain details about these environments, such as the number 
and identity of certain neighbouring nuclei (based on peak-splitting from J-
coupling effects), and the probable surrounding functional groups (based on 
the chemical shift, δ, affected by ‘shielding’ and ‘deshielding’ inductive ef-
fects, as well as anisotropic effects in e.g. aromatic systems).  

Altogether, the information provided by NMR make it an extremely powerful 
technique for identifying chemical structures – both of synthesised species and 
isolated catalytic intermediates. However, NMR can only provide information 
for nuclear isotopes with a non-zero spin quantum number, I. Some of the 
most commonly studied nuclei are 1H, 13C, 19F and 31P, for all of which I = ½. 
For isotopes where I > ½, termed quadrupolar nuclei, additional effects make 
interpretation more complicated. Additionally, the presence of paramagnetic 
species (species with unpaired electrons) similarly can make interpretation 
difficult. 

Electron Paramagnetic Resonance Spectroscopy 

On the other hand, electron paramagnetic resonance spectroscopy (EPR) is an 
analogous technique that probes paramagnetic samples by exciting the spin 
states of unpaired electrons to determine details about their environment. The 
main details are the g-factor (roughly equivalent to the chemical shift in 
NMR), the zero field splitting and exchange coupling effects in systems with 
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multiple unpaired electrons, the hyperfine and superhyperfine coupling (anal-
ogous to NMR J-coupling) effects arising from the interaction with the nuclei 
on which the electrons are localised and nearby ones, and the line shape of the 
spectrum. From these details, a lot of information can be extracted about the 
parts of the structure of the sample species that affect the unpaired electrons. 

Mass Spectrometry 

Mass spectrometry (MS) is another analytical technique which is useful for 
determining the structure of chemical species. In chemical synthesis, MS help-
fully complements NMR because it generally identifies which species are pre-
sent more directly, while NMR excels at revealing the structure of those spe-
cies. 

Typically, samples are first ionised – this can be either by a ‘hard’ ionisation 
method, such as electron ionisation (EI), or a ‘soft’ ionisation method, such as 
electrospray ionisation (ESI). The generated ions are then separated by their 
mass-to-charge (m/z) ratio before reaching the detector. Once ionised, frag-
mentation processes can occur, which can indicate which groups are present 
in the structure after interpretation of the differences in m/z between the prod-
uct peaks of charged fragment ions and the parent peak, corresponding to the 
unfragmented species. Hard ionisation methods result in a lot of fragmenta-
tion, whereas soft ionisation methods discourage fragmentation and often al-
low the observation of the parent peak. 

Electrochemical Techniques 

Most analytical electrochemical techniques involve either recording the cur-
rent (flow of electrons) that passes through a solution when a fixed electric 
potential is applied (potentiostatic conditions) or, vice versa, recording the 
potential across a sample when a fixed current is maintained (galvanostatic 
conditions).89 

To do this, a device known as a potentiostat is typically connected to a three-
electrode setup, including (i) a working electrode, at which the electrochemi-
cal event of interest occurs, (ii) a reference electrode, which should have a 
reliable and known electrode potential, against which the potential applied by 
the potentiostat is controlled, but through which no current should flow, and 
(iii) a counter electrode, through which current flows to complete the electri-
cal circuit, but which should be inert and highly conductive to not interfere 
with measurements at the working electrode. 

The electrochemical cell is filled with an electrolyte solution, usually contain-
ing an inert ionic species, known as supporting electrolyte, to make it highly 
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conductive. Soluble chemical species can be studied by being dissolved di-
rectly in this solution (homogeneous conditions), while materials can be stud-
ied by being used directly as the working electrode, or by being immobilised 
on the surface of a standard working electrode. 

Most electrochemical cells (electrolysers, fuel cells, batteries etc.) operate 
with just two electrodes – a designated anode and cathode, since the current is 
expected to flow in only one direction. The current response to an applied 
potential across the entire device can still be recorded to measure the perfor-
mance, but without the third electrode, it is not possible to accurately control 
the precise conditions (such as potential) at the electrode surfaces, which is 
important for analytical studies. 

Two of the most commonly used electrochemical analytical techniques are 
chronoamperometry (CA) and cyclic voltammetry (CV).89–91 In chronoam-
perometry, a constant potential is applied across the cell (controlled potential 
electrolysis, CPE) and the current response over time is measured. This can 
be used to measure e.g. the rate of redox catalysis at the working electrode, as 
well as stability over time.  

In cyclic voltammetry, the applied potential starts at an initial potential and is 
first swept at a constant scan rate, v, in one direction (either to more negative, 
reducing potentials, or to more positive, oxidising potentials) up to a certain 
bound, then swept back in the opposite direction to another bound and back, 
cycling for one or more scans. The current response is measured over the 
course of this potential cycling.  

The constant change in applied potential combined with sweeping back in the 
reverse direction means that cyclic voltammetry, performed under appropriate 
conditions, can confer a remarkable about of information for redox processes 
and chemical reactions that are connected to them, including: chemical revers-
ibility (if the product of an electrochemical reaction can be converted back 
into the starting reactant), electrochemical reversibility (related to the rate of 
electron transfer), reaction rates for connected reactions, and whether the re-
dox active species adsorbs on the electrode surface or diffuses freely, as well 
as the rate of that diffusion. 

Gas Chromatography 

Gas chromatography (GC) is a chromatographic method for separating and 
analysing gaseous or volatile substances. The sample is injected into a carrier 
gas as the mobile phase and passes through a stationary phase column (often 
based on a polysiloxane). When fitted with a thermal conductivity detector 
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(TCD), H2 gas can be quantified from injected samples taken from the head-
space of an electrochemical cell or photocatalysis reaction vial.92 

Steady-State Absorption and Fluorescence Spectroscopy 

Absorption spectroscopy measures the absorbance of radiation by a sample 
across a frequency range of electromagnetic radiation. Aside from NMR and 
EPR discussed above, which cover the radio wave range, two of the most com-
mon ranges for absorption spectroscopy are the ultraviolet-visible (UV-vis) 
and infrared (IR) ranges. 

UV-Vis spectroscopy is commonly used to determine the concentration of a 
species in solution using its known molar extinction coefficient at a specific 
wavelength using the Beer-Lambert law, which relates the absorbance, A, to 
the pathlength of the sample holder, l, and the molar extinction coefficient, ε, 
and concentration of the absorbing species, c: 𝐴 = 𝜀𝑙𝑐  
More fundamentally, the wavelengths and intensities of absorption can give 
information about the electronic excitations that occur in the molecular or ma-
terial, since the wavelength, λ, is the inverse of the frequency, v, and related 
to the energy of the absorbed photon by the Planck relation (below) and there-
fore to the difference between the ground and excited state energy levels of 
the electron. The absorption intensity indicates the ‘allowedness’ of that tran-
sition, based on quantum mechanical selection rules. 

𝐸 = ℎ𝑣 = ℎ𝑐𝜆  

Fluorescence spectroscopy is a complementary technique which records the 
emission of light by a sample. If the sample is initially excited by absorbing 
photons provided through irradiation with a beam of ultraviolet or visible 
light, this emission is referred to as photoluminescence. Once electrons are in 
an excited state, they may fall back to the ground state over time, emitting 
photons of the corresponding energy difference, if the decay is radiative. The 
relative intensity of the emitted light over a range of wavelengths is recorded. 
For an emissive species, there are many factors involved in the intensity of 
emission, relating to the rate of emission versus the rates of other decay path-
ways available for the excited state (determining its lifetime), as well as the 
Stokes shift – the difference between the emission maximum and the corre-
sponding absorption maximum. Fluorescence spectroscopy can be used to de-
duce the nature of excited state energy or electron transfer (EnT or ET) pro-
cesses and their rates and efficiencies.93 
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Time-Resolved Spectroscopy 

Beyond the steady-state spectroscopy techniques discussed above, time-re-
solved spectroscopy techniques measure the change in absorbance or fluores-
cence of a sample over time, to follow dynamic processes. Typically, the pro-
cess is initiated by illumination of the sample by a light source. For following 
processes on very short time scales, the photons of light need to be sent in 
ultrafast pulses: for this purpose, ultrafast laser spectroscopy techniques are 
used. 

Time-correlated single photon counting (TCSPC) is a technique which records 
a decay profile for the emission of a species over time after its excitation by 
photons. This is achieved by exciting the sample with a mode-locked pulsed 
laser with a high repetition rate (number of pulses sent per second) and record-
ing the emission of single photons from the sample, correlating their time of 
arrival after the time of the laser pulse, Δt. This is measured by the detection 
signal being sent to a series of electronics components: a constant function 
discriminator (CFD) receives the signal, transfers it to a time-to-amplitude 
converter (TAC), which generates a voltage ramp – a voltage that increases 
linearly with time on the nanosecond timescale – so that the voltage is propor-
tional to Δt. The voltage is amplified by a programmable gain amplifier (PGA) 
and converted into a numerical value by an analogue-to-digital converter 
(ADC). This setup allows the minimisation of false readings by accepting only 
signals within a certain range of voltages. The recorded signals are used to 
plot a histogram for the decay profile. From interpreting this plot and fitting it 
as a multi-exponential decay, lifetimes and relative contributions of multiple 
different decay processes can be extracted, something which is not possible in 
steady-state spectroscopy techniques. This is also especially useful in distin-
guishing between static and dynamic quenching processes where the excited 
state transfers its energy or an electron (or hole) to a ‘quencher’ species, since 
excited state lifetimes are reduced in dynamic quenching scenarios, but not in 
static quenching ones.93 

Femtosecond transient absorption spectroscopy (fs-TAS) is a pump-probe 
technique. The sample is excited using a short pulse laser (the pump), while 
the changes in absorption at certain time points after this excitation are meas-
ured using another, less intense pulse (the probe). There are multiple processes 
which contribute to the observed signal: the loss of the absorption by the initial 
ground state species (ground state bleach), the growth of new absorption by 
the excited state species and products of the resulting photo-induced reactions 
(induced absorption), and also emission processes from the excited state 
which are stimulated by the photons of the probe pulse (stimulated emission). 
From this, a lot of information can be gleaned regarding the dynamics of the 
excited state and the rates of the various induced chemical processes.94 
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3 Mechanistic Studies on CAT1 for the 
Hydrogen Evolution Reaction (Paper I) 

3.1 Motivations and Background 

As discussed in Section 1.4, CAT1 displays a number of favourable properties 
for the catalysis of the HER, most notably its high robustness and resistance 
to oxygen, combined with its high efficiency in terms of TOFmax. Thus, alt-
hough relatively under-explored compared to the more prominent HER mo-
lecular catalysts (DuBois, hydrogenase mimics, cobaloximes etc.), CAT1 was 
evaluated favourably, often in comparison to selected competing catalysts, in 
many previous publications that either studied its catalytic processes77,95 or 
applied it directly in PEC dyad or PC systems,81,84,86,87,96,97 or did both.75,76,78,85 

In particular, compared against a series of other catalysts, it was noted by Roy 
et al. to stand out in terms of its total TON for hydrogen evolution when mixed 
with a few different standard chemical/photochemical reducing agents, and, 
interestingly, to retain HER activity under a range of acidic to neutral condi-
tions and with most of the reducing agents tested at pH 7.79 As discussed be-
fore, these are interesting key properties for PEM applications. 

However, before our studies, precise metrics to benchmark the performance 
of CAT1 for comparison with other state-of-the-art HER catalysts were lim-
ited and not all of the specifics of the mechanism were firmly established. 
Understanding, for example, which parts of the macrocycle could be acting as 
a beneficial proton relay49 would be important for informing rational design 
of derivatives of CAT1, which would pave the way for device integration or 
optimisation. Such a behaviour of the ligand system was previously postulated 
because of the reported pH dependence of the Co(III/II) redox couple.77 This 
indicates the binding of a proton to the complex at the Co(II) oxidation state, 
even though formation of a cobalt-hydride from the Co(II) state is very im-
probable. 

In terms of modifying the structure for whatever purpose, two sites emerge as 
the first choices in terms of simplifying the synthesis and maintaining maxi-
mal symmetry of the complex (which typically reduces complications that can 
arise from structural alterations). These are the pyridine’s para-position and 
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the amine on the macrocycle (Figure 3.1). If the amine, however, is critically 
involved as a proton relay in the HER catalytic mechanism, then it might be 
less appealing as a position for modification of the structure for catalytic op-
timisation, unless an alternative proton relay can be provided.  

 
Figure 3.1: CAT1 in its air-stable Co(III) state with two chloride axial ligand. The 
most obvious positions for simpler structural modification are indicated by arrows. 

The effects of substituting a methyl or hydroxymethyl group on the amine 
were recently studied in detail by Grau et al.75 and, indeed, there were signif-
icant differences in the cyclic voltammetry profile of the Co(II/I) reduction 
and associated HER catalytic wave, which indicated a slower formation of 
Co(III)-hydride from the Co(I) state for both amine-modified derivatives, at-
tributed by the authors to changes in geometry and electronic density at the 
cobalt centre. Nevertheless, the activation energies in both catalytic pathways 
were reported not to significantly differ between the derivatives and CAT1, 
and, in fact, faster initial catalysis under photocatalytic conditions was re-
ported. Altogether, this may imply that there is a negative effect on the kinetics 
of the step that is rate-limiting under electrocatalytic conditions, but this is not 
rate-limiting under those photocatalytic conditions. Therefore, the authors be-
fittingly describe the role of the macrocycle ligand in the HER catalysis as 
‘intricate’ – warranting further studies. 

3.2 Previous Mechanistic Understanding 

A heterolytic (i.e., relying on only a single catalyst site by itself to turnover, 
as opposed to homolytic, where two need to come into contact),98 and most 
likely ECEC mechanism (E = single-electron reduction ‘electrochemical’ 
step; C = protonation ‘chemical’ step) had previously been proposed and sup-
ported by X-ray absorption spectroscopy,95 and DFT calculations.75 However, 
these previous studies focused mostly on photocatalytic conditions. Addition-
ally, multiple groups had already noted that the protonation of the Co(I) state 
is unambiguously the rate-determining step for the overall HER under all elec-
trocatalytic and photocatalytic conditions tested.75–77 
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3.3 New Studies in Paper I 

To explore beyond previous work, new electrochemical investigations were 
carried out within the Artero group in organic conditions, using acetonitrile as 
the main solvent, since CAT1 is noted to display especially complicated be-
haviour in water, particularly regarding the relation of the onset of the HER 
catalytic wave to the Co(II/I) redox couple.77 These investigations were sup-
ported by NMR and EPR spectroscopy to elucidate details about the structure 
and interaction or non-interaction with acid, as well as to identify possible 
ligands at the cobalt for each step. 

The perchlorate salt of a Co(III) sample of CAT1 was used as the starting 
materials in the studies (the air-stable form, with an inert counter-anion). 

Electrochemical Characterisation 

For homogeneous redox catalysis of electrochemical reactions, the waveform 
(shape of the response) from a CV experiment is determined by a number of 
conditions of the system (i.e. the concentrations of catalyst, CP

0 and substrate, 
CA

0, the scan rate, v, and the homogeneous electron transfer rate constant, ke), 
analysed as the kinetic (λ) and excess (γ) dimensionless parameters.99 

For identifying the nature of the waveform for an obtained cyclic voltammo-
gram, kinetic zone diagrams are used. The kinetic zone diagram for a simple 
one-electron, one-substrate electrocatalytic is shown in Figure 3.2. The appli-
cation of zone diagrams has however been extended to multi-electron, multi-
substrate process by Dempsey and coworkers.100 It is important to identify to 
which zone an obtained voltammogram belongs, so that the system can be 
adjusted to the desired behaviour by changing the conditions listed above. This 
is necessary because practical equations for accurately extracting the electron 
transfer rate, ke, only exist for certain zones. Generally, KT2, KS and KD 
zones are the desired zones for this purpose. 
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Figure 3.2: Example illustrated kinetic zone diagram for the one-electron, one-sub-
strate electrocatalytic (EC’) mechanism. Reproduced from Ref. 100 with permission 
from the Royal Society of Chemistry. 

For CAT1 dissolved in acetonitrile with an inert electrolyte salt (tetrabu-
tylammonium tetrafluoroborate, TBABF4) under typical electrochemical con-
ditions (catalyst concentration of 0.5 mM, standard three-electrode cell setup, 
glassy carbon working electrode, scan rate of 100 mV s−1), with gradual addi-
tion of the acid para-cyanoanilinium tetrafluoroborate (pCNAH.BF4) the volt-
ammograms displayed in Figure 3.3 were obtained. Of note are the usual re-
dox responses of CAT1: the Co(III/II) redox couple at E1/2 = −0.47 V (ΔEp = 
92 mV) and the Co(II/I) redox couple at E1/2 = −0.96 V (ΔEp = 86 mV) vs. 
Fc+/Fc. Both are quasi-reversible under these conditions. As the concentration 
of pCNAH.BF4 was increased, clear changes occurred: a dramatic shift of the 
Co(III/II) couple to more positive potentials and a milder shift of the Co(II/I) 
couple, matching previous observations by McCrory et al. in aqueous condi-
tions.77 Associated with the Co(II/I) couple was a growing catalytic wave, 
reaching a plateau at around 30 equivalents of acid. 

Note that pCNAH.BF4 was chosen as the main acid because of its relatively 
moderate acidity (pKa = 7.0 in MeCN),101 sufficient to elicit a good catalytic 
response  but not destabilise the complex, and its previous use by Lau and 
coworkers.73 It was additionally noted that the presence of its conjugate base, 
para-cyanoaniline (pCNA) did not produce any change in the CV of CAT1 in 
the absence of acid (Paper I, SI). 



 

 36 

 
Figure 3.3: Cyclic voltammogram of CAT1 (0.5 mM) in MeCN (0.1 M TBABF4) 
with increasing concentration of pCNAH.BF4 acid. Scan rate: 100 mV s−1. Working 
electrode: Polished glassy carbon, diameter: 1.6 mm. Reference electrode: Ag/AgCl 
(KCl, 3 M). Counter electrode: Pt wire. Acid-only control was 15 mM pCNAH.BF4 
without catalyst. Reproduced from Paper I with permission from the Royal Society 
of Chemistry. 

To extract information about rates, further CV experiments were carried out, 
modifying the conditions to adjust the behaviour according to the zone dia-
grams discussed above. Firstly, the position of the Co(II/I) redox couple E1/2 
under conditions of high acid concentration was determined to be −0.89 V vs. 
Fc+/Fc by running CV with a high scan rate of 10 V s−1, at which the catalytic 
processes were outrun and did not obscure the redox peaks (Figure 3.4). 

 
Figure 3.4: Cyclic voltammogram of CAT1 (0.5 mM) in MeCN (0.1 M TBABF4) 
without acid (black) or with 5.0 mM pCNAH.BF4 (red). Scan rate: 0.1 V s−1 (solid 
line) or 10 V s−1 (dashed line). Working electrode: Polished glassy carbon, diameter: 
1.6 mm. Reference electrode: Ag/AgCl (KCl, 3 M). Counter electrode: Pt wire. Re-
produced from Paper I with permission from the Royal Society of Chemistry. 
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Determining k2 for the Second Protonation Step 

It was determined that there was a consistent plateau of the catalytic wave for 
1.6 mM CAT1 with 60 mM of pCNAH.BF4, independent of scan rate across 
a range of v = 200 mV s−1 to 500 mV s−1 (pure kinetic conditions), with a mid-
wave potential of −0.87 V vs. Fc+/Fc. Furthermore, a linear dependence of the 
catalytic plateau current to the concentration of catalyst (0.8 – 2.0 mM) was 
observed for a fixed concentration of acid (60 mM) when adjusting the scan 
rate to stay within a pure kinetic regime (Figure 3.5 Left), and a linear de-
pendence of the plateau current on the square root of acid concentration (40 – 
60 mM) was observed for a fixed concentration of catalyst (1 mM) and scan 
rate (Figure 3.5 Right).  

These observations are consistent with an ECEC mechanism with a thermo-
dynamically easier second reduction step, starting from the Co(II) state (elab-
orated in mechanism section). Since the second protonation step is also known 
to be the rate-determining one from previous studies (supported by FOWA for 
k1, discussed next), assuming the overall catalytic cycle requires two electrons, 
the equation for the relating the plateau current to the second protonation step, 
k2, is the following:102 

𝑖୮୪ = 2𝐹𝑆𝐶ୡୟ୲଴ ට𝑘ଶ𝐷ୡୟ୲𝐶୅ୌ଴  

where ipl is plateau current, F is the Faraday constant, S is the electrode surface 
area, Ccat

0 is the catalyst concentration, Dcat is its diffusion coefficient, and 
CAH

0 is the concentration of acid. Dcat was obtained as 10−5 cm2 s−1 from ap-
plying the Randles-Ševčík equation90 to CVs of the catalyst without acid at 
different scan rates, and plotting the peak currents of the redox couples against 
the square root of the scan rate. Through this method, the second-order rate 
constant for the rate-determining second protonation step, k2, was determined 
to be 5.3 ± 0.1 × 103 M−1 s−1. 

The fact that this rate constant for the second protonation step (or overall 
chemical step) is first-order with respect to the concentration of acid implies 
the H2 formation and release is coupled with immediate reprotonation of the 
amine, considering that there are no more positions available for another pro-
tonation to occur until the H-H bond is formed. Otherwise, the reprotonation 
and H2 formation and release rates of these steps may be expected to be inde-
pendent of the proton concentration, i.e. if the H2 formation and release steps 
were uncoupled and rate-determining.100 This coupling may be either in a con-
certed manner or through kinetic coupling. 
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Figure 3.5: CVs for calculating the second protonation rate constant, k2. Left: CVs 
varying catalyst concentration (top) and linear fit of plateau current to catalyst con-
centration (bottom). Right: CVs varying acid concentration (top) and linear fit of plat-
eau current to the square root of acid concentration (below). Reproduced from Paper I 
with permission from the Royal Society of Chemistry. 

Determining k1 for the First Protonation Step 

To determine k1, foot-of-the-wave analysis (FOWA)102–104 was used as the pri-
mary method. Applying scan rates of 100, 400 and 1000 mV s−1 for samples 
with 5 and 25 mM pCNAH.BF4. In brief, FOWA extracts kinetic information 
from the onset of a catalytic wave (i.e. the ‘foot’). This region is suitable for 
the analysis because the current-potential response is largely ‘idealised’ due 
to the general lack of side phenomena (catalyst degradation, substrate con-
sumption, etc.) at that point impacting the waveform. 

For the first protonation step in this ECEC mechanism, k1 is derived by plot-
ting the ratio of the catalytic current over the peak current in the absence of 
acid against a linearizing expression derived from the difference between the 
applied potential (E) for each datapoint at the foot of the wave and the standard 
potential of the protonated Co(II/I) couple, which was already obtained from 
the high scan rate voltammograms in Figure 3.4. The linear region of these 
plots was fitted (Paper I, SI)74 and used to derive a value for the second order 
rate constant for the first protonation, k1, of 2.5 ± 0.4 × 104 M−1 s−1. 

This was backed up by (i) analysis of the shift of the catalytic mid-wave po-
tential shifting to more positive potentials with increasing acid concentration 
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to yield the same value but with greater uncertainty, and (ii) by using a method 
proposed by Dempsey and coworkers for the analysis of the variation of the 
catalytic peak potential in voltammograms in the total catalysis (KT2) zone, 
reached by having low acid concentration.104 Although the condition that both 
rate constants (k1 and k2) be greater than 107 M−1 s−1, which is required for the 
empirical basis of their method, was not met, this still yielded a value of 
2.1 ± 0.3 × 104 M−1 s−1, which is very close to the FOWA-derived value. 

From determining the protonation rate constants and behaviour consistent 
with the proposed ECEC mechanism, the catalytic cycle could be put together. 
However, electrochemical data requires careful analysis because many factors 
can be at play and assumptions have to be rigorous, otherwise the conclusions 
that are drawn may be incorrect. Additional evidence was required to support 
the idea that a Co(II) state with protonation on the macrocycle could be gen-
erated by the second protonation step (coupled with H2 release), and to con-
firm that this protonation did not occur at Co(III) state, to explain the strong 
shift of the Co(III/II) redox couple with addition of only low concentrations 
acid. 

Spectroscopic Characterisation 

Firstly, 1H NMR spectroscopy was employed to verify that the Co(III) state of 
CAT1 is not protonated in the presence of the acid pCNAH.BF4, which sup-
ports that the shift of the Co(III/II) couple with the addition of acid is due to 
protonation of the Co(II) state. However, for revealing information about the 
paramagnetic d7 low-spin Co(II) state (overall spin = ½), NMR is not an ef-
fective technique. Isolating the square-planar Co(I) intermediates that are rel-
evant in the catalytic cycle is also impractical, since in the presence of acid 
the Co(I) state will simply turnover and regenerate Co(III) or (II). 

Therefore, EPR spectroscopy was employed to study the effect of the intro-
duction of acid or conjugate base on the Co(II) state (Paper I, SI). To prepare 
the Co(II) samples, 0.5 mM CAT1 dissolved in MeCN was reduced in inert 
atmosphere conditions, before adding a fraction of THF as a glassing cosol-
vent to facilitate amorphous freezing of the samples. To control for the possi-
ble effects of the electrolyte salt which has to be present in electrochemical 
reduction via controlled potential electrolysis, samples were also prepared by 
chemical reduction with one equivalent of cobaltocene and compared with and 
without the salts. UV-Vis spectroscopy was used to monitor the reduction of 
CAT1 based on reported spectra.76 

The EPR studies corroborated the voltammograms that showed addition of 
only the conjugate base pCNA did not affect the catalyst (Paper I, SI). 
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However, significant disruption of the Co(II) coordination system in the pres-
ence of acids is indicated by major changes in the profile of the spectra. In 
fact, the addition of acid resulted in much better resolved spectra which could 
clearly be identified as fitting d7 low-spin cobalt, showing a clear hyperfine 
octet splitting from the 59Co nuclei (caused by its nuclear spin, I = 7/2−). The 
lone unpaired electron should localise in the dz

2 orbital, interacting with the 
axial ligands. Moreover, when the added acid was pCNAH.BF4, a super-hy-
perfine splitting of those peaks into five each was observed with a 1:2:3:2:1 
intensity ratio, corresponding to two identical overlapping 1:1:1 triplet split-
tings, with a coupling constant of 45 Hz. This fits to the coordination of two 
axial nitrogen ligands (14N, I = 1+). On the other hand, when the added acid 
was tetrafluoroboric acid etherate (HBF4·OEt2), very similar spectra were seen 
except with only splitting into three 1:1:1 peaks each with a coupling constant 
of 40 Hz, implying the coordination of only one axial nitrogen (Figure 3.6). 
Both electrochemical and chemical reduction methods resulted in the same 
responses. 

 
Figure 3.6: EPR spectra of electrochemically reduced CAT1 (CW X-band, 9.65 GHz. 
30 K, 1 mW microwave power, 1600 G field sweep). Top: With no other added spe-
cies. Middle: With 5 eq. of the acid pCNAH.BF4. Bottom: With 5 eq. of the acid 
HBF4. Recorded spectra in black versus simulations in red. Reproduced from Paper I 
with permission from the Royal Society of Chemistry. To the right: illustration of 
CAT1 and the orientation of the singly-occupied dz

2 orbital into the axial ligands. 

From this EPR data, it is concluded that with addition of pCNAH.BF4, Co(II) 
takes two axial ligands binding via nitrogen. It is not possible to distinguish 
whether these are the conjugate base, pCNA, or solvent, MeCN, binding 
through their respective nitrile groups, since they would be indistinguishable 
by EPR. However, the fact that only one nitrogen ligand binds when HBF4 is 
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the acid (which must be acetonitrile), implies that the nature of the acid and 
the binding ability of nucleophiles in solution can affect the coordination sys-
tem the Co(II) state takes. Furthermore, the displacement of the chloride lig-
ands shows that the axial ligands become very labile already at the Co(II) state 
when acid is present. A 19-electron six-coordinate Co(II) state being expected 
to be unfavoured, it is strongly implied that one part of the macrocycle is de-
coordinating in response to the added acid – this would support the amine 
being protonated and detaching.  

3.4 Overall Proposed Mechanism and Benchmarking 

From the experiments carried out, an overall mechanism could be proposed 
for CAT1’s catalysis of the HER in organic conditions (Figure 3.7). Relying 
on extensive electrocatalytic studies and spectroscopy characterisation of in-
termediates instead of photocatalytic experiments, it has the following prop-
erties: It is heterolytic, ECEC-type, and has a rate-determining second proto-
nation step. 

This disagrees partially with that proposed by Grau et al.,75 due to the assertion 
in Paper I of a protonation of the Co(II) state. However, electrochemically, 
in acetonitrile, some kind of rapid protonation event upon reduction to Co(II) 
is clearly evidenced by the observed Co(III/II) shift. Additionally, in the 
mechanisms proposed by Grau et al. they considered the possibility of proto-
nation and de-coordination of the amine for the Co(II)-hydride state, after both 
the formation of the Co(III)-hydride and its subsequent reduction. Although 
the energy barrier to H2 formation from a close intramolecular interaction be-
tween the hydride and the ammonium – which may operate as a proton relay 
– was calculated by DFT to be low (ΔG‡ = 5 kcal/mol, assuming a penta-
coordinated intermediate), the formation of the ammonium itself was calcu-
lated to be significantly endergonic, due to the required de-coordination of the 
amine (ΔG = 27 kcal/mol, implying ΔG‡ must be even greater). On the other 
hand, the kinetic barrier for direct protonation of the hydride from solution 
was reported to be below that value (ΔG‡ = 19 kcal/mol), and thus expected 
to be the favoured route.  

This contrasts with the proposed mechanism of Paper I, where the amine has 
already been protonated and de-coordinated from the start of the cycle at the 
Co(II) state. In fact, the protonated amine is expected to remain protonated 
and de-coordinated over the course of the mechanistic cycle, assuming a suf-
ficient acid concentration, since the release of H2 is apparently coupled with 
immediate reprotonation of this amine. The labilisation of macrocycle amine 
groups is not unknown for related complexes, such as the penta-coordinate 
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analogues of CAT1 with two amines, where a de-coordinated amine is thought 
to function as a proton relay,82,83 so it may well be possible that CAT1 shares 
similar behaviour. Software simulations (DigiElch) reproduced the potential 
shifts shown in Figure 3.4 for an equilibrium constant of protonation above 
104 and a bimolecular protonation rate of 107 M−1 s−1. Altogether with the DFT 
modelling by Grau et al., this would imply that the amine group has the capa-
bility of act as a proton relay during catalysis, to form the H-H bond with the 
metal hydride, as it holds a proton close to the reactive centre – otherwise the 
alternative possibility is that protonated Co(II) hydride has to find and react 
directly with a free proton in solution to turn over, in which case the proto-
nated amine only serves to modulate the potentials, but does not shuttle pro-
tons. An alternative pathway for the surmised relay mechanism, where the 
ammonium provides the proton to form the hydride with the Co(I) centre, and 
is then reprotonated to facilitate the H-H bond formation, was considered less 
likely, because of the probably insufficient, weaker acidity of the ammonium 
group than of the pCNAH.BF4 species used. 

In any case, there were some critical differences in the conditions used to ar-
rive at the different proposed mechanisms, and there remain some ambiguities 
in a number of regards: The effectiveness of the amine group as a proton relay, 
the effect of different methods of reduction of the catalyst, the effect of solvent 
on the mechanism, and the exact relationship between the HER reduction 
wave and the Co(II/I) redox couple in water. Therefore, further work towards 
resolving the remaining questions is still immensely interesting. 

For finalising the mechanism proposed in Paper I, the additional assumption 
was made that the protonated Co(III)-hydride state does not evolve hydrogen 
due to the low polarity of the Co-H bond in that state (hydricity considera-
tions). Reduction first to Co(II) would be expected to expedite the release of 
H2 and associated immediate protonation of the resulting Co(II) state complex. 
This is also supported by DFT.75 Additionally, the hydrogen-evolution step is 
first-order with respect to acid concentration and occurs alongside rapid repro-
tonation, so it is considered that these two processes are coupled in the mech-
anism under typical conditions. The reduction of the Co(III)-hydride to Co(II)-
hydride, followed by spontaneous release of H2 and rapid reprotonation may 
be considered to belong within the proton-coupled electron transfer classifi-
cation. 
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Figure 3.7: Proposed ECEC catalytic mechanism and protonation rate constants for 
HER catalysis by CAT1 in MeCN. L and L’ are MeCN or pCNA in this case. 

As a final point, the fact that the proposed rate determining step is still rela-
tively fast in terms of its rate constant, and has been calculated as thermoneu-
tral by previous DFT calculations,75 goes some way to explaining the effec-
tiveness of CAT1 as a catalyst for the HER. From CV with 1 M pCNAH.BF4, 
a TOFmax value of 5.3 × 103 s−1 was reported and, with additional considera-
tions (Paper I), was used to plot a catalytic Tafel plot105 to evaluate CAT1’s 
intrinsic catalytic activity (Figure 3.8). CAT1’s high TOFmax value sets it in a 
position between the highly-active, but generally unstable, cobaloximes and 
the slightly less active, but often extremely efficient, DuBois catalysts. Of 
note, regarding considerations for use in devices, CAT1 has an overpotential 
requirement of about 400 mV for approaching its maximum rate in organic 
homogeneous conditions, although it does display some activity at low over-
potentials. 
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Figure 3.8: Catalytic Tafel plots of CAT1 (i.e. [CoIII(CR)Cl2]+) in MeCN with 
pCNAH.BF4 (red) against other competitor molecular catalysts: Iron tetraphenylpor-
phyrin, FeIITPP in DMF with Et3NH+ (black), pyridine-cobaloxime, CoII(dmgH)2py 
in DMF with Et3NH+ (blue), phenylphosphine DuBois catalyst with phosphonate ester 
groups, [NiII(PPh

2NR
2)2]2+, R = p-C6H4-CH2P(O)(OEt)2 in MeCN with DMFH+ 

(green), a cobalt bisthiosemicarbazone in DMF with Et3NH+ (orange), and a cobalt 
polypyridine complex, [CoII(bapbpy)Cl]+ in DMF with Et3NH+ (purple). η = applied 
overpotential for the HER. Reproduced from Paper I with permission from the Royal 
Society of Chemistry. Note the position of the red line for CAT1 with TOFmax between 
the green (DuBois) and blue (cobaloxime). 

It is concluded from the studies in Paper I that CAT1 is a promising molecular 
catalyst for further applications, not least because of its versatility in a variety 
of conditions and robustness observed in previous reports, but also its intrinsic 
activity for the HER is competitive with other state-of-the-art molecular cata-
lysts. The reasons for this seem to be linked to the high rates of each protona-
tion step in its ECEC mechanism, which is also conclusively demonstrated to 
be heterolytic rather than homolytic, another positive factor for the suitability 
of CAT1 for immobilisation in device applications. Finally, a supportive pro-
ton relay action of the amine group is surmised from the investigated organic 
conditions, which may inform and underline the importance of the rational 
design principles for future molecular modification, as discussed in the intro-
duction, which may open many possibilities for optimisations or applications 
through ‘molecular-engineering’. 
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4 Electrocatalytic Hydrogen Evolution from 
Novel Anchorable Derivatives of CAT1 
(Paper II) 

4.1 Motivations and Background 

On the basis of the encouraging conclusions in Paper I and other literature 
regarding CAT1’s catalytic properties for the HER,75–78,85,95 CAT1 was se-
lected as an interesting molecular catalyst to investigate for structural modifi-
cation for solar fuel production applications, in particular towards immobilis-
ing it on conductive carbon surfaces for the cathodes of PV-driven electrolys-
ers. Like for studies into its catalytic mechanism, studies into synthesising de-
rivatives of CAT1 and analysing their catalytic behaviours were relatively few 
at the time of investigation, especially when compared with other prominent 
HER catalysts, highlighted in the introduction (Figures 1.11 and 1.15). 

Out of these catalysts, the DuBois catalysts are well known for their versatility 
in terms of derivativisation44,46 and have been successfully incorporated as the 
immobilised catalysts on hydrogen-evolving cathodes with increasing effec-
tiveness as new innovations in immobilisation strategy are made.63,106–109 
However, due to the vulnerability of the reduced form of the catalyst’ phos-
phine groups to oxidation by O2, which leads to the deactivation of the cata-
lyst, it would be necessary to develop ways of either making an O2 tolerant 
derivative of the catalyst which still retains sufficient activity for the HER or 
to exclude O2 by encapsulation under an O2-impermeable polymer or coat-
ing.110,111 

On the other hand, for cobaloximes, reasonable O2-tolerance is reported110,111 
and substitution of the neutral axial ligand provides an effective way of opti-
mising the catalytic performance in solution.51,112 However, using this strategy 
for anchoring the catalyst is not practical because the axial positions become 
labile over the catalytic cycle.64,112 Alternative anchoring strategies using the 
macrocycle are synthetically difficult.113 Cobalt diimine-dioximes share the 
O2-tolerance reported for cobaloximes, but can be conveniently be modified 
with anchoring groups via the propylene bridge for immobilisation on elec-
trodes, and operate effectively for the HER at around pH 4.5.62,114 However, 



 

 46 

under strongly acidic conditions or neural conditions they are known to de-
grade into metastable nanoparticles115,116 and under neutral conditions are no-
tably less active than cobaloximes.79 

In this context, applying anchorable derivatives of CAT1 on hydrogen-evolv-
ing cathodes appears as an exciting next step, particularly because of its supe-
rior robustness and activity versus cobalt diimine-dioximes,79 while still re-
taining good O2-tolerance: CAT1’s faradaic efficiency decreases from about 
100% to about 70% in presence of atmosphere O2 concentration but it is not 
deactivated.82 

However, at the start of the project, structural modification of CAT1, either 
for the sake of catalytic optimisation or for adding anchoring groups was still 
relatively under-explored. Pioneering work by Lee et al. in 2013 produced a 
derivative functionalised with a 2,4-bis(trifluoromethyl)phenyl substituent at 
the para-position of the pyridine (see Figure 3.1) and then pacman and hang-
man derivatives by the same method.117 Since then, other para-position func-
tionalised derivatives have been reported only recently: Wang and coworkers 
reported a (2,6-dicarboxypyridin-4-yl) derivative designed for immobilisation 
onto semiconductor quantum dots87 and photocathodes,118 and Bold et al. at-
tached the active site as part of a molecular dyad system onto dye-sensitized 
photocathodes,96,97 while McCrory and coworkers reported a series of deriva-
tives with stepwise optimisation for the homogeneous CO2RR.81  

On the other hand, Grau et al. recently prepared the CAT1 derivatives func-
tionalised with either a methyl or hydroxymethyl group at the macrocycle 
amine position in order to investigate the effect of such substitutions on the 
homogeneous HER. As discussed in the previous section, the effects of mod-
ifications at the amine position are complicated, which is tentatively attributed 
to the mechanistic importance of the amine, acting either as a proton relay or 
otherwise modifying the redox potentials of the cobalt centre in a beneficial 
way for HER catalysis. 

Therefore, at the start of this project, although CAT1 derivatives were begin-
ning to receive significant interest, no anchorable direct derivatives of CAT1 
for heterogeneous electrocatalysis of the HER were reported in literature. 
Only for the penta-coordinate analogue of CAT1 was a para-position deriva-
tive functionalised with a pyrene moiety for π–π and CH–π interactions re-
ported recently.119,120 Hence, it was decided to prepare novel derivatives of 
CAT1 which could be anchored to sp2 carbon materials through the macrocy-
cle pyridine, since in the literature similar modifications were not reported to 
interfere with the catalytic activity, while the possible effects of modification 
at the amine seemed more unpredictable based on the work by Grau et al. and 
in Paper I. Anchoring via π–π interactions was the prioritised strategy, since 
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it does not require chemical modification of the carbon surface, which should 
make the application to device scale electrodes for PV-EC simpler and more 
readily scalable compared with covalent anchoring strategies. 

4.2 Synthesis of a Pyrene-Containing Derivative 

Based on a synthetic strategy previously developed in the Artero group to pro-
duce a derivative of CAT1 with a benzoic acid moiety (abbreviated as CAT1-
CO2H) added at the para-position of the pyridine, a couple of pathways 
(shown in Figure 4.1) were devised to produce a novel derivative with a py-
rene moiety for π–π interactions (shown in Figure 4.2, abbreviated as CAT2, 
or 2 in Paper II). The first pathway involved preparing the modified diace-
tylpyridine ligand precursor first, and then performing the templated macro-
cyclisation with the triamine and the cobalt salt in an appropriate solvent sys-
tem. This was the default strategy for synthesis of derivatives of CAT1, and 
the only one that had been successfully carried out previously in literature. 

The major challenge with this strategy is that the solvent system has to be 
adjusted to deal with the modifications made either to the modified diace-
tylpyridine or the triamine. The solvent system needs to dissolve all of the 
three reagents well for the macrocyclisation to occur. This is an issue, as the 
cobalt salt is typically very hydrophilic and requires a polar solvent to dis-
solve, while the triamine typically needs an alcohol to dissolve it (for norsper-
midine, ethanol or methanol work) and the modified diacetylpyridine’s solu-
bility will depend on any extra moieties attached to it. It is possible to replace 
the default cobalt(II) halide salts with alternatives that dissolve better in or-
ganic solvents, e.g. cobalt(II) nitrate75 or trifluoromethanesulfonate.119 This 
was used by Grau et al. in order to use methanol as the sole solvent for mac-
rocyclisation with their substituted triamines.  

However, if the modifications made cause one of the ligand precursors to be 
insoluble in all solvent mixtures that can dissolve the cobalt salts, then this 
strategy may not work. For example, adding polyaromatic groups such as py-
rene can greatly increase the hydrophobicity of a species. In the case of the 
first devised pathway for CAT2, the insolubility of pyrene-functionalised di-
acetylpyridine (i.e. 4-(2,6-diacetyl-pyridin-4-yl)-N-(pyren-1-ylmethyl)ben-
zamide) either in a mixture of water, ethanol and 1,4-dioxane or in anhydrous 
methanol with 1,4-dioxane meant that this pathway was not successfully ap-
plied.  
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Figure 4.1: Overview of the two synthetic pathways towards CAT2: a pyrene-func-
tionalised CAT1 at the para-pyridine position. Left: Amide coupling to attach the 
anchoring group first, then macrocyclisation. Right: Macrocyclisation first to form 
CAT1-CO2H, then amide coupling to attach the anchoring group. 
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Therefore, a new pathway was developed to prepare CAT2 by attaching the 
pyrene anchoring group with an amide coupling reaction after the macrocy-
clisation. This route goes via the synthesis of CAT1-CO2H itself, whose syn-
thesis was first optimised by modifying the solvent system for macrocyclisa-
tion with 1,4-dioxane to improve the solubility of the reagents. 

To couple CAT1-CO2H with 1-pyrenemethylamine, several amide coupling 
reagents were tested, however the reaction was only found to work under these 
conditions with the especially effective coupling reagents HATU and BOP. 
Use of DMF as solvent dissolved all the reagents effectively, and allowed the 
product CAT2 to be precipitated by addition of Et2O. CAT2 was purified ef-
fectively and simply by redissolution in MeOH and reprecipitation by addition 
of ethyl acetate. This method opens up the path to the synthesis of other de-
rivatives of CAT1, with different anchoring groups or linker lengths, which 
may be used in the future to tune the performance of immobilised active site. 

As an additional note, CAT1-CO2H has the possibility to be used itself as an 
anchorable derivative onto polar surfaces, such as semiconductors (in Pa-
per III), via its carboxylic acid group. Moreover, the carboxylic acid group 
may also be used in future work to covalently anchor the active site onto e.g. 
amine-functionalised carbon surfaces via similar coupling reactions. 

4.3 Surface Immobilisation of Derivatives 

An analogous novel derivative of CAT1, modified with a pyrene attached by 
a methylene linker at the macrocycle’s amine position, abbreviated here to 
CAT3, or 3 in Paper II (see Figure 4.2), was also prepared and provided by 
collaborators at ICIQ for comparison with CAT2. 

To immobilise these catalysts onto electrode surfaces, it is first necessary to 
choose an appropriate sp2 carbon material to attach them onto. Multi-walled 
carbon nanotubes (MWCNTs) represent an auspicious material for position-
ing the catalytic sites to be both electrically connected and accessible to the 
substrate. MWCNTs are highly conductive and have large, generally well-de-
fined surface areas, allowing high areal loading densities of molecular cata-
lysts, while also being amenable to either covalent or non-covalent anchoring 
strategies, such as π–π interactions.46 

In order to investigate the electrocatalytic behaviour and performance of the 
immobilised catalysts, analytical-scale electrodes were prepared by dropcast-
ing a standard 3 mg/mL dispersion of MWCNTs in EtOH onto a 1.6 mm di-
ameter glassy carbon (GC) disc and immersing it in 10 mM DMF solutions of 
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the catalysts, before rinsing in DMF, then H2O (Figure 4.3). Both pyrene-
functionalised derivatives CAT2 and CAT3 were demonstrated to bind to the 
MWCNTs on the electrode in aqueous solutions by cyclic voltammetry, show-
ing a linear dependence of redox peak heights to scan rate in acidic conditions 
(pH 2) and neutral conditions (pH 7) (Figure 4.4).  

 
Figure 4.2: Chemical structures of CAT1 and its pyrene-functionalised derivatives, 
CAT2 and CAT3, in their air-stable oxidation states when isolated as solids. CAT2 
was prepared as its chloride salt, CAT3 as its diperchlorate salt. Adapted from Pa-
per II. 

 
Figure 4.3: Diagram of the method for dropcasting MWCNTs onto a glassy carbon 
electrode and immobilising pyrene-functionalised molecular catalysts. Here, for illus-
tration, CAT2/MWCNTs is shown. Adapted from Paper II. 

4.4 Electrochemical Behaviour 

First, the CV responses of the derivatives CAT2 and CAT3 were recorded 
under homogeneous conditions in DMF to compare with CAT1 (in Paper II). 
The expected Co(II/I) and formally Co(I/0) (attributed to a reduction on the 
ligand system) redox couples were observed for both, however the Co(III/II) 
couple was only observed clearly for CAT2. For CAT3 at the same concen-
tration, the redox signals appear universally weaker. Additionally, for CAT3 
the substitution at the macrocycle amine can cause the Co(III/II) couple to 
become highly irreversible and hard to observe under certain conditions. This 
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is explained by Grau et al. for the related complexes with a square mechanism, 
considering the de-/re-coordination of a ligand associated with this redox cou-
ple.75 However, it was observed that, overall, the addition of the anchoring 
group had only a moderate impact on the electrocatalytic behaviour, as similar 
redox couple potentials and plateau currents were recorded in the presence of 
strong acid. 

Next, the CV responses of the immobilised derivatives were investigated for 
the catalyst/MWCNTs/GC electrodes to determine the conditions under which 
they act as effective electrocatalysts for the HER (Figure 4.4, Table 4.1). 
Some significant differences were observed compared with homogeneous 
conditions. For both derivatives, a clear redox couple attributed to Co(III/II) 
was now observed, with interpeak separations in the ranges of 100–200 mV 
for CAT2 and 50–100 mV for CAT3. This means that the Co(III/II) redox 
couple loses reversibility for CAT2, but, contrariwise, becomes more reversi-
ble and distinct for CAT3 with immobilisation, although CAT3’s current sig-
nals are still much smaller, despite immobilisation via the same conditions. 

The amount of electrochemically active complex immobilised on the electrode 
surfaces could be quantified through integration of the Co(III/II) redox peaks: 𝛤େ୭ = 𝑞𝑛𝐹𝑆 

where 𝛤Co is the surface concentration of immobilised catalyst (cobalt cen-
tres), q is the charge passed over the redox process, n is the number of elec-
trons for the process, F is the Faraday constant and S is the electrode’s geo-
metric surface area. 
Table 4.1: Summary of electrochemical potentials extracted from the voltammograms 
at 100 mV s−1 in Figure 4.4 for the CAT2/MWCNTs/GC and CAT3/MWCNTs/GC 
electrodes. (Potentials in V vs. NHE) 

Electrode Solution Redox Event Epc Epa E1/2 ΔE 
CAT2/ 

MWCNTs 
pH 2 Co(III/II) 0.39 0.52 0.46 0.12 

 Co(II/I) - −0.29* - - 
CAT2/ 

MWCNTs 
pH 7 Co(III/II) 0.31 0.47 0.39 0.16 

 Co(II/I) −0.42 −0.28 −0.35 0.14 
CAT3/ 

MWCNTs 
pH 2 Co(III/II) 0.65 0.69 0.67 0.04 

 Co(II/I) - −0.31* - - 
CAT3/ 

MWCNTs 
pH 7 Co(III/II) 0.34 0.43 0.38 0.09 

 Co(II/I) −0.46 −0.38 −0.42 0.07 

*Co(II/I) couple not observed clearly under high [H+] conditions due to the HER cat-
alytic response. The nature of the return oxidation signal is complicated by the cata-
lytic wave. 
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Figure 4.4: Cyclic voltammograms for the scan rate dependence of peak currents of 
CAT2 and CAT3 immobilised onto MWCNTs on a glassy carbon working electrode. 
Linear correlations of peak currents to scan rates up to 100 mV s−1 are shown on the 
right with R2 values: (a) CAT2 on MWCNTs in pH 2 buffer (0.1 M chloride), (b) 
CAT2 on MWCNTs in pH 7 buffer (0.1 M phosphate), (c) CAT3 on MWCNTs in pH 
2 buffer (0.1 M chloride), (d) CAT3 on MWCNTs in pH 7 buffer (0.1 M phosphate). 
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Further CV experiments (Paper II) gave values for typical surface concentra-
tions of CAT2 and CAT3 on MWCNTs of 17 ± 1 nmol cm–2 and 1.2 ± 
0.4 nmol cm–2, respectively. These values are within the expected range for 
immobilised molecular catalysts.31,108 However, assuming that the peak inte-
grals directly give the surface concentrations of catalyst these values are ac-
curate, this means that CAT3 loads less densely on the MWCNTs surface by 
an order of magnitude. It is possible that the behaviour of the Co(III/II) couple 
of CAT3 is still somewhat complicated once heterogenised, with its reversi-
bility depending on the situation, like seen in solution for itself and related 
complexes. 

However, another possible factor is that the assumption relating surface con-
centration to peak integrals (the above equation) relies on electron transfer to 
the catalyst occurring through an outer-sphere electron transfer (OSET) mech-
anism, for which a current peak is recorded in CV at the appropriate potentials. 
If the active site has the ability to bind close enough to the electrode surface, 
within the electronic double layer (EDL), so that it becomes electronically 
coupled to the electrode, it may be only receiving electrons through an inner-
sphere electron transfer (ISET) mechanism, for which it is possible that no 
peak is observed in CV, unless the process is coupled to the reversible binding 
of an ion from solution.121–123 ICP experiments are planned to investigate fur-
ther. In any case, for interpreting the behaviours, it should be important to 
consider the effects of local chemical environment at the nanotubes-solvent 
interface on the effective pH and local ion concentrations that the catalysts 
experience.124 

To briefly look at the pH-dependence of the two redox processes for immobi-
lised CAT2 and CAT3, the peak and half-wave potentials of the redox couples 
for each are plotted against pH in Figure 4.5,125 extracted from 100 mV volt-
ammograms once stabilised (5th cycles, from Figure 4.7). The shifts in E1/2 for 
the Co(III/II) couple for CAT2/MWCNTs and CAT3/MWCNTs give gradi-
ents of −49 mV per pH unit and −58 mV per pH unit, respectively, close to 
the theoretical −59 mV per pH unit that indicates an equilibrium protonation, 
reported previously for dissolved CAT1.74,77 As discussed in Paper I, this in-
dicates that the Co(II) state is protonated after a one-electron reduction from 
the Co(III) state. 

However, the shift in E1/2 for the Co(II/I) couple for both systems gives much 
smaller gradients of −12 mV and −3 mV per pH unit respectively. For CAT2, 
this is notably less than the −24 mV per pH unit previously reported for 
CAT1.77 For CAT3, this behaviour appears similar to that reported for other 
amine-functionalised derivatives of CAT1, for which the Co(II/I) couple also 
does not change noticeably with pH.75 This may mean that for both immobi-
lised catalysts, the Co(II/I) redox couple is effectively pH-independent and 
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does not involve a major change in the coordination sphere, as proposed in 
Paper I. 

Plotted against the HER thermodynamic equilibrium line, the stronger associ-
ation of the catalytic current responses to the Co(II/I) reduction in acidic con-
ditions compared with neutral conditions can be rationalised: it is apparent 
that the Co(I) state is sufficiently reducing to catalyse the HER at low pHs, 
but may be expected to struggle at pH 7, unless there is some beneficial effect 
from the electrode’s electronic or polarising effects, or the formal Co(0) state 
becomes involved. 

 
Figure 4.5: Outline Pourbaix diagram of the redox behaviour of CAT2/MWCNTs and 
CAT3/MWCNTs from the CV data recorded at pH 2 and pH 7 (0.1 M chloride and 
0.1 M phosphate respectively). Redox potentials plotted from CV 5th cycles (after sta-
bilisation) at 100 mV s−1 with lower scan bound of −0.99 V vs. NHE. Bottom bars: 
Epc, central points: E1/2, top bars: Epa. 

The performance and behaviour of the catalyst/MWCNT electrodes under 
controlled potential electrolysis (CPE) in a nitrogen-purged gas-tight two-
compartment cell was followed by chronoamperometry (CA) in order to study 
the magnitude and stability of the catalytic currents for the HER, while the 
evolved H2 was measured by gas chromatography of headspace samples (Fig-
ure 4.6). 

For simplicity, in calculated current densities, the MWCNT layer is always 
assumed to be circular with a diameter of 0.60 cm, for an estimated geometric 
area of 0.28 cm2 (the maximum size possible on the top of the glassy carbon 
electrodes). The modification with either catalyst results in a marked increase 
in catalytic current densities over those of the MWCNT control, which had a 
current density of 0.17 mA cm−2 after 1 hour at pH 2. The CAT2/MWCNTs 
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system exhibits the higher catalytic current densities of the two derivatives: 
after 1 hour of CPE at pH 2 the current density remained above 1 mA cm−2 
and 23.9 ± 5.3 µmol cm‒2 of H2 had been produced with a faradaic efficiency 
(FE) of 97.7 ± 2.1%. The CAT3/MWCNTs system exhibited lower HER cat-
alytic current densities which decayed more rapidly: after 1 hour of CPE, the 
current density was just above 0.17 mA cm−2 and 5.3 ± 1.0 µmol cm‒2 of H2 
had been produced with FE of 90.4 ± 3.3%. The more rapid drop-off of cur-
rent density, even within limited time periods at catalytic conditions, implies 
that the CAT3/MWCNTs system begins to lose HER catalytic activity already 
after few turnovers in acid. In pH 7, higher current densities for the same over-
potential vs. RHE were observed and both systems had largely stabilised after 
one hour of electrolysis: CAT2/MWCNTs at 1.6 mA cm‒2 after producing 
35.0 ± 5.0 µmol cm‒2 H2; CAT3/MWCNTs at 0.9 mA cm‒2 after producing 
23.2 ± 0.9 µmol cm‒2 of H2. Remarkably, in neutral conditions, both systems 
operated with faradaic efficiencies of about 100% over one hour.  

 
Figure 4.6: Chronoamperometry traces (Left) and hydrogen measurements (Right) 
with error bars from triplicate experiments for the modified electrodes: 
CAT2/MWCNT (black traces), CAT3/MWCNT (red traces) and MWCNT-only con-
trols (dotted traces/blue points). Applied potentials: ‒0.60 V vs. NHE in pH 2 0.1 M 
chloride buffer and ‒0.90 V vs. NHE in pH 7 0.1 M phosphate buffer, so that both 
conditions have the same applied overpotential (‒0.48 V vs. RHE). Reprinted from 
Paper II. 
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CV over many cycles was carried out on the catalyst-modified electrodes to 
gauge preliminarily what kind of processes might occur to the catalysts from 
the applied potentials and continuous cycling at the electrode interface (Fig-
ure 4.7). It is noteworthy that the catalytic enhancement provided by the im-
mobilised catalysts versus unmodified MWCNTs, seen in CA and H2 meas-
urements to be more significant and more stable at pH 7 than at pH 2, is less 
obvious in CV measurements, even at a lower scan rate, since the catalytic 
wave currents do not appear to grow much, so CV may not be a clear indicator 
of catalyst effectiveness for this system. 

Furthermore, it is noted that under practically all conditions and for both 
CAT2 and CAT3, after only a few cycles the separate Co(II/I) reduction peak 
(which normally is less than stoichiometric to the Co(III/II) couple) disappears 
to leave only the HER catalytic wave. The Co(III/II) couple however remains 
visible for longer and is especially stable for CAT2. However, for CAT2 the 
Co(III/II) couple always shifts slightly to more negative potentials, broadens 
and then stabilises over the first few cycles. This potential shift does not seem 
to be explainable by the expected effect of displacing the chloride axial ligands 
with water upon turnover, and the preservation of the clear apparent Co(III/II) 
couple would imply that the molecular structure of the catalyst is maintained.  

Moreover, for CAT3, the redox couples’ peaks can shrink entirely, yet still a 
mild HER catalytic enhancement is observed, although the speed of the peak 
shrinking may also corroborate CAT3’s quicker diminishing currents in CA. 
Thus, it appears that upon initiating cycling to catalytically active potentials, 
some changes happen that affect the catalysts’ responses, and the surface rap-
idly re-equilibrates and stabilises, before slower degradation processes over 
long-term cycling. The cause for the disappearance of redox peaks is not clear, 
but it might be postulated that after being reduced during the catalytic cycle 
to states where the axial ligands are labilised, it may be possible for the metal 
centres' surroundings to be changed such that they can become trapped closer 
to the surface and begin to engage in ISET processes for the HER instead of 
the initial OSET processes, if the active sites penetrate the EDL.121–123 The 
relative rigidity and length of the anchor’s linker in CAT2 compared to in 
CAT3 could hypothetically play a role in this kind of effect. 
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Figure 4.7: Cyclic voltammograms of CAT2/MWCNTs and CAT3/MWCNTs on a 
glassy carbon working electrode, against a MWCNT-only control. First, fifth and fif-
tieth scans are shown. (a) 100 mV s−1, at pH 2, lower scan bound: −0.59 V vs. NHE. 
(b) 100 mV s−1, at pH 2, lower scan bound: −0.99 V vs. NHE. (c) 5 mV s−1, at pH 2, 
lower scan bound: −0.59 V vs. NHE. (d) 100 mV s−1, at pH 7, lower scan bound: 
−0.99 V vs. NHE. (e) 5 mV s−1, at pH 7, lower scan bound: −0.99 V vs. NHE. pH 2 
buffer: 0.1 M chloride. pH 7 buffer: 0.1 M phosphate. 
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4.5 Outlook and Perspective for Device Integration 

On the basis of the chronoamperometry and hydrogen gas measurements un-
der CPE at sufficient overpotentials, both derivatives of CAT1 function as ef-
fective heterogenised electrocatalysts for the HER, with especially notable far-
adaic efficiencies in neutral conditions. In terms of applications for hydrogen-
evolving cathodes for a PEM cell, these materials are therefore promising and 
testing on larger electrodes is warranted. 

CAT2 operates with the higher current densities and stability, and was suc-
cessfully immobilised in initial tests onto small printed graphite-based elec-
trodes, both with and without MWCNTs as a support. It was therefore selected 
as one of the molecular catalysts to be tested in small PV-EC device-scale 
electrodes in further studies, in collaboration with other groups within the 
eSCALED project. To incorporate the molecular catalyst with or without sup-
porting MWCNTs, an appropriate base material for the underlying electrode 
is also important. For PV-EC device engineering, the end criteria would be 
scalability and mass production. Two options are the often-used carbon fibre-
based gas diffusion layers, which have been industrially developed for PEM 
technologies,46 and printed electrodes typically made from graphite-based car-
bon pastes, which are a particular focus of the eSCALED project because they 
can be produced using printing techniques which can be adapted for upscaling, 
eventually maybe even with roll-to-roll processing, etc.126 Samples of CAT2 
have been supplied to collaborating groups for testing with these materials. 

Of note, although the two derivatives share the same core CAT1 active site, 
CAT2 performed better than CAT3 under all conditions tested, in terms of 
current densities, stabilities and faradaic efficiency. Hence there is a clear ef-
fect from the different modification strategies. For informing rational design 
principles it would be useful to understand the reasons behind this, however a 
more systematic and extensive study would be needed for this purpose for the 
specifics of this system. 

It might be hypothesised that the modification at the macrocycle amine could 
be interrupting a proton relay or otherwise mechanistically important part of 
the active site. However, CAT3 still operates comparably effectively under 
neutral conditions for many cycles. An alternative explanation could arise 
from the difference in the rigidity, nature and length of the linkers to the an-
choring groups on each derivative. Compared to the long, conjugated and rigid 
benzamide linker in CAT2, the shorter and more flexible methylene linker in 
CAT3 may reduce the distance to the electrode surface to potentially facilitate 
the ET processes, but may also leave it vulnerable to deactivation processes if 
the anchoring group blocks or interacts with the active site.  
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Ideally, when appending anchoring groups, any negative impact on the active 
site’s efficiency or ability to access substrate and turn over should be avoided 
or minimised, and surface conductivity must be maintained or ET from the 
electrode otherwise facilitated.31 Therefore, there may ultimately be multiple 
factors and principles determining the optimum linker design and anchoring 
strategy for the system, which would require further investigation to under-
stand and take advantage of for developing future derivatives and improving 
the CAT1-based system, as has occurred over the past decade for the DuBois 
catalyst.63,106–109 
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5 Ultrafast Electron Transfer from CuInS2 
Quantum Dots to CAT1 and CAT1-CO2H 
for Hydrogen Production: Rethinking the 
Binding Models (Paper III) 

5.1 Motivations and Background 

 

On the opposite side of the spectrum for photon-based strategies for solar-
driven water-splitting, direct photocatalysis is also an interesting approach. 
When done directly in a solution (ideally water, for hydrogen evolution), the 
system for study can be constructed as simply as by just dissolving a photo-
sensitiser and a catalyst in water. When not studying a complete system with 
a complementary water oxidation catalyst, it is necessary to also provide a 
buffer to maintain the proton concentration and a sacrificial electron donor to 
regenerate the ground state of the photosensitiser to study the catalytic perfor-
mance over time.  

Furthermore, effective photosensitiser-catalyst combinations studied under 
(typically homogeneous) PC conditions can often be adapted to PEC setups 
by heterogenising the species through immobilisation onto a suitable solid 
semiconductor material to construct catalytically active photoelectrodes. The 
PEC approach would generally be considered more readily applicable to de-
vice construction than PC. PEC has certain advantages: the spatial organisa-
tion of the PEC components as separated (photo)electrodes enables the auto-
matic separation of the production gases and prevents certain recombination 
pathways that can arise from the proximity of components in PC water-split-
ting. Additionally, the (photo)electrodes are electronically connectable, giving 
the possibility to apply a potential bias to increase efficiency versus a pure PC 
system. This bias can often be substantially smaller than the required applied 
potential across an electrolyser cell without any photosensitisers.28,29 

CAT1 has previously proven effective for the photocatalytic HER with a fairly 
diverse range of photosensitisers. These include [RuII(bpy)3]2+,75,78,83,95 
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triazatriangulenium organic dyes,84,127 and CdTe quantum dots,85 as well as 
within dye-catalyst ‘dyad’ assemblies.96,97 Again, this showcases the versatil-
ity of CAT1. Of particular note was the performance of CAT1 with copper 
indium sulfide-zinc sulfide core-shell quantum dots (CIS/ZnS QDs), reported 
by the Wang and Collomb groups.86,87,118 Impressive per-catalyst turnover 
numbers (TON) of up to 7700 were reported in mildly acidic conditions, while 
ET rates on the nanosecond scale or below were claimed. The derivative of 
CAT1 functionalised with a 2,6-dicarboxypyridin-4-yl anchoring group, men-
tioned in the previous section, was compared to the unmodified CAT1. Some 
substantial, though not immense, improvements in terms of photocatalytic H2 
production (of about 3.5-times) and quantum dot-to-catalyst ET rates (approx-
imately double) were reported for the anchorable derivative.87 

However, the reasons for the very high reported TONs and ultrafast electron 
transfer rates – with or without designated anchoring group – are still under-
explored, and the unexpectedly small improvements achieved by incorporat-
ing a sophisticated anchoring group seemed somewhat mysterious. The aim 
of this project was to investigate and explain these observations by clarifying 
the mechanism of quantum dot-to-catalyst electron transfer and the effects on 
the photocatalytic behaviour from varying certain system parameters. 

 
Quantum Dots 

Quantum dots (QDs) are nanocrystals (approximately spherical, crystalline 
structures on the nanometer-scale in all three dimensions) made up of a semi-
conductor material. QDs can be prepared through a bottom-up wet chemical 
synthesis procedure and are often referred to as ‘colloidal’ when dispersed in 
a solution. When they absorb light radiation of an appropriate energy, an ex-
citon (a bound excited electron-hole pair) is generated. 

The specific defining characteristic of QDs is that they exhibit a strong quan-
tum confinement effect due to their particularly small size,128 which reaches 
the exciton Bohr radius (the characteristic delocalisation length between an 
excited electron and its associated hole for the macroscopic semiconductor) 
or below. At this point, the electronic wavefunctions become spatially con-
fined, which significantly affects the electronic energy levels. Therefore, by 
adjusting the size of the particles through controlled chemical synthesis and 
purification, it is possible to tune the energy gap of the QDs, thereby also tun-
ing the frequency of absorbed or emitted light and the valence band (VB) and 
conduction band (CB) potentials.129,130 In fact, other parameters, such as com-
position131,132 and the nature of capping ligands130,133 can also be used to tune 
the QDs’ properties. 
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When employed as photosensitisers for driving electrons to or from molecular 
catalysts, QDs have some distinct advantages when compared to molecular 
photosensitisers. Firstly, the aforementioned tunability of their photophysical 
and electronic properties. Secondly, their relatively large size compared to 
molecules gives them a relatively large surface area, since this scales to the 
square of the particle’s diameter (typically QDs have diameters of between 2 
and 10 nm, molecular catalysts will typically have diameters below about 1 
nm). This larger surface area, typically providing various different possible 
binding modes involving the surface atoms/ions of the QD,134 may help to 
encourage the attraction of species such as molecular catalysts onto the QD 
surface, allowing for faster and more efficient electron transfer.135 Thirdly, as 
a result of this surface area onto which a catalyst can connect, it can be possi-
ble to template and form a catalyst active site structure around labile metal 
ions,136 or stabilise catalysts that are vulnerable to deactivation via dimerisa-
tion,137 which is one proposed deactivation pathway of cobalt tetraazamacro-
cyclic catalysts. Finally, QDs typically are highly photostable and have long 
excited state lifetimes, and may be able to act as electron reservoirs to facilitate 
the transfer of multiple electrons over multiple steps, which is a major chal-
lenge in catalytic processes for solar fuels production.138–141 

Furthermore, it is noted that electron transfer from QDs to molecular catalysts 
is often reported to be very efficient and very rapid, perhaps beyond even what 
would be expected with the known advantages listed above.86,87,135,142,143 For 
example, Jian et al. noted two orders of magnitude improvement in terms of 
both TONs and TOFs for a pair of [FeFe]-hydrogenase mimics when com-
bined with CdSe QDs instead of [Ru(bpy)3]Cl2.144 

In recent times, the semiconductor ternary alloy, copper indium sulfide (CIS) 
has become a popular choice as a material for QDs, particularly with the push 
towards Pb- and Cd-free QDs for lower toxicity. CIS has interesting properties 
for tunability based on size,145 stoichiometry146–148 and the nature of the shell 
(typically ZnS) and ligand sphere.147 A purportedly green synthesis of 
CIS/ZnS core-shell quantum dots was reported by Chen et al. in 2013.147 Con-
veniently, the method was water-based, air-tolerant, relatively low-tempera-
ture (95 °C) and produced water-soluble quantum dots – an important factor 
for water-splitting PC. Additionally, the number of ZnS shell monolayers 
could be controlled, and glutathione and citrate were used as the default stabi-
lising agents. This method therefore proved practical and adjustable. 

Building upon this, at UU a new, similar type of CIS QDs was developed by 
Huang et al.. These CIS QDs differed from the common core-shell types in 
the literature by the substitution of the ZnS shell with a hybrid-passivating88 
ligand sphere, consisting of cysteine and iodide.149 This hybrid-passivating 
ligand system was designed to enable compatibility with meso-porous NiO 
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thin-films printed on fluorine-doped tin oxide glass plates: firstly, by shrinking 
the overall size of the QDs, since the ZnS shell greatly increased their radii, 
and, secondly, by avoiding destabilisation of the NiO layer, which some spe-
cies (such as glutathione) had been reported to do.149 This would enable future 
adaptation towards a PEC system, as discussed above, which had been previ-
ously tested for a Re-based CO2RR molecular catalyst.149 The reducing poten-
tial of the photoexcited hybrid-passivated CIS QDs was estimated to be −1.3 
V vs. NHE from their conduction band, providing ample overpotential for the 
HER, as well as the CO2RR with the efficient catalyst they employed. 

However, in order to provide a comparison with the results from the Wang 
and Collomb groups, the effects of replacing the typical ZnS shell with the 
hybrid passivation ligand system had to first be studied to verify that the QD-
to-CAT1 ET was still effective, since the removal of the ZnS shell would be 
anticipated to have significant effects on the properties of photogenerated ex-
citons, the ET processes from the QDs to any recipient species, and the re-
combination processes that the charge-separated states could undergo. Finally, 
the benzoic acid-functionalised derivative, CAT-CO2H was also employed as 
a catalyst with the CIS QDs to compare with CAT1. It was supposed that the 
para-pyridine position benzoic acid moiety on CAT1-CO2H would function 
as an anchoring group to attach onto the semiconductor QDs. This would pro-
vide some comparison of the behaviour of the system with an intended an-
choring group on the catalyst versus without. 

5.2 Photocatalysis Performance 

First, to check that the CIS QD-CAT1 photocatalytic system (illustrated in 
Figure 5.1) still functioned effectively for the HER for the new hybrid-pas-
sivated QDs without the ZnS shell, photocatalytic experiments were carried 
out, measuring evolved H2 by gas chromatography and illuminating with con-
stant visible light irradiation. Sodium ascorbate/ascorbic acid was used both 
as the buffer and the sacrificial electron donor. A total buffer concentration of 
0.5 M and pH 4.5 were set as conditions that had previously been optimised 
by Collomb and coworkers.86 A light intensity of 57 mW cm−2 from an LED 
light source (420–750 nm) was used for illumination (estimated to be roughly 
one sun). 

H2 gas injection measurements were taken up to 24 hours after the start of 
illumination: it had been previously shown for other systems that after this 
time the system’s performance would become limited by the build-up of de-
hydroascorbic acid (DHA), generated from the disproportionation of the 
ascorbyl radical (formed by oxidised ascorbate). DHA ‘short-circuits’ such 
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systems and eventually prevents QD-to-catalyst ET at high enough concentra-
tions.86,150 In system using a sacrificial donor without this behaviour, or a het-
erogenised PEC system, this would not be the limiting factor. 

 
Figure 5.1: Illustrative overview of the photocatalytic system under investigation, 
with hybrid-passivated copper indium sulfide quantum dots as photosensitiser, ascor-
bate (highlighted orange) as sacrificial electron donor, and the two HER catalysts, 
CAT1 (highlighted green) and CAT1-CO2H (highlighted yellow). Adapted from Pa-
per III. 

 

 
Figure 5.2: Produced H2 (Left) and TON per catalyst (Right), measured by gas chro-
matography against time of irradiation, varying concentration of CAT1 and CAT1-
CO2H (2 mL solution, 7 mL headspace). Visible light irradiation intensity 
(57 mW cm−2) and CIS QD concentration were kept constant. (QD absorbance at 405 
nm: 0.35 for a 1 cm pathlength. Estimated QD concentration: 5 μM QDs, estimated 
from quenching studies and modelling discussed later). Buffer solution: 0.5 M 
H2Asc/NaHAsc, pH 4.5. Reprinted from Paper III. 
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From these photocatalytic H2 measurements, where the concentration of each 
catalyst was varied between 1–10 μM for an estimated 5 μM concentration of 
QDs (Figure 5.2), it is immediately apparent that (a) the concentration of cat-
alyst across this range is having little effect upon the H2 production of the 
system over one day (only around 10% increase for a tenfold increase in 
[CAT]), meaning that the TON per catalyst is effectively scaling inversely 
with [CAT], and (b) the presence of the designated anchoring group on 
CAT1-CO2H also has little effect upon H2 production. 

This implies that the system is limited by another factor under these conditions 
– probably the rate of absorption of photons to photoexcite the QDs and the 
rates of competing charge recombination reactions – rather than the availabil-
ity of catalyst or the intrinsic ET rate from excited QDs to catalyst. Additional 
photocatalytic experiments to control for varying the QD concentration and 
light intensity are planned. Nonetheless, the TON per catalyst for about 5 μM 
of QDs 8000 is close to the maximum value reported by Sandroni et al.86 for 
their CIS/ZnS system, but, in their case, higher concentrations of photosensi-
tiser were used and increasing [CAT] still improved H2 production almost 
quantitatively. It may be roughly assumed from this that the hybrid-passivated 
CIS QDs are the more efficient system in terms of quantum yield of H2, but 
without strictly comparable illumination conditions, a direct comparison is not 
possible. 

5.3 Spectroscopic Characterisation and PL Quenching 

Spectroscopic studies were carried out to investigate the causes and possible 
mechanisms of the CIS-CAT1 system’s behaviour. Firstly, the hybrid-passiv-
ated CIS QDs were characterised (Figure 5.3). QD physical and structural 
characterisation details and interpretation are described in Paper III. The CIS 
QDs absorb over a wide range of wavelengths and re-emit with a large Stokes 
shift. Absorption at around 515 nm is assigned to the band-edge excitons; the 
shoulder around 430 nm is assigned to a higher excitonic state involving a 
deep hole state; the tail of lower energy absorbances is assigned to sub-
bandgap transitions. The photoluminescence (PL) spectrum is interpreted as a 
main, broad band centred around 715 nm, involving trapped charge carriers, 
and a higher-energy tail below 600 nm. 

Following analysis of the QDs alone, PL quenching studies were carried out 
with the molecular catalysts. The molecular catalysts act as oxidative quench-
ers, by receiving electrons from the photoexcited quantum dots. After this pro-
cess, the oxidised QDs no longer have an excited state that can decay radia-
tively, so they are non-emissive, and wait for a sacrificial electron donor to 
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reduce them back to their ground state. This is observed in fluorescence spec-
troscopy as a decrease in intensity of the photoluminescence peak associated 
with the radiative emission from de-excitation of the electrons (example in 
Figure 5.4), as these electrons have instead been transferred to the quencher. 
The broad PL band centred around 715 nm is the one predominantly quenched 
by the catalysts. A small blueshift of the PL peak is observed simultaneously. 

 
Figure 5.3. Left: Absorbance, photoluminescence (PL) and photoluminescence exci-
tation (PLE) spectra for approximately 1 μM CIS QDs dispersed in water. Monitored 
wavelengths marked with triangles. PLE at 560 nm emission is scaled up by 5 times. 
Inset: zoomed around 550 nm with smoothed second derivative plot. Right: Diagram 
of the energy level transitions that can occur in the QDs and their tentative assign-
ments, including trap states, ‘ST’. Solid arrows: absorption. Dashed arrows: PL. 

The quenching experiments were done for a range of QD concentrations, and 
also with and without ascorbate at 0.1 M or 0.5 M concentrations for specific 
QD concentrations. It was noted that the presence of ascorbate also had a 
quenching effect by itself, and amplified the quenching effect of the catalysts 
(discussed later). In any case, when plotting the ratio of the PL intensity with-
out quencher over the PL intensity with quencher, F0/F, against the concentra-
tion of quencher, [Q], the linear trend expected for a classic Stern-Volmer re-
lationship was not observed for either CAT1 or CAT1-CO2H.93 A linear trend 
would correspond to dynamic (a.k.a. collisional) quenching or pure static 
quenching with a weak association. However, the F0/F ratio instead appeared 
to increase exponentially with quencher concentration: plotting F0/F on a log-
arithmic scale yielded strongly linear plots, implying a form of static quench-
ing with very high QD-catalyst binding affinities. Therefore, an alternative 
model had to be applied to account for the observations (discussed in 5.5 Mod-
elling of the System, Figure 5.9), since forcing a Stern-Volmer analysis would 
be inappropriate and lead to misinterpretation of the quenching mechanism.151 
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In order to first determine whether the oxidative quenching by the catalysts 
was static in nature, TCSPC experiments were carried out alongside the PL 
quenching experiments. Observing the decay profiles and applying triexpo-
nential fits, it was noted that there is little change in the plots or fitted lifetimes 
with increasing concentration of either catalyst, even up to over 80% quench-
ing (Figure 5.5; details in Paper III). This lack of change in the lifetimes with 
the increased quencher concentrations supports a static quenching mechanism 
for the catalysts. 

 
Figure 5.4: Example PL quenching spectra (with corresponding absorbance spectra 
overlapped for each) of a CIS QD sample diluted to have an absorbance of 0.07 at 
405 nm (estimated [QD]: approximately 1 μM) with increasing concentration of either 
CAT1 (Left) or CAT1-CO2H (Right). PL excitation wavelength: 405 nm. Cuvette 
pathlength: 1 cm. Solvent: deionised water. 

 
Figure 5.5: Example TCSPC traces and rough triexponential fits for the same samples 
as in Figure 5.4: A CIS QD sample diluted to have an absorbance of 0.07 at 405 nm 
(estimated [QD]: approximately 1 μM) with increasing concentration of either CAT1 
(Left) or CAT1-CO2H (Right). PL excitation wavelength for TCSPC: 470 nm. Cu-
vette pathlength: 1 cm. Solvent: deionised water. 

Additionally, it is known from literature that ascorbate rapidly reduces CAT1 
from its air-stable Co(III) state to its Co(II) state. However, atmospheric O2 
dissolved in water will also re-oxide CAT1 to its Co(III) state.76 Therefore, for 
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these unpurged experiments, both with and without ascorbate, the observed 
oxidative quenching process is assigned to an ET which reduces the catalyst 
from Co(III) to Co(II); this is supported by the fs-TA experiments in the fol-
lowing section. The Co(II/I) reduction is thermodynamically more demanding 
but is expected to have a similar lifetime and efficiency.87 Furthermore, as 
ascorbate acts as a reductive quencher for the CIS QDs, the quenching effect 
of ascorbate on its own was also investigated and modelled. 

 
Figure 5.6. Left: Example PL quenching spectra (with corresponding absorbance 
spectra overlapped for each) of a CIS QD sample diluted to have an absorbance in a 
1 cm cuvette of 0.36 at 405 nm (estimated [QD]: approximately 5 μM) with increasing 
concentration of ascorbate buffer at pH 4.5. Note that the concentration of the ascor-
bate conjugate base is about 70% of the total buffer concentration (pKa1 ~ 4.2). PL 
excitation wavelength: 405 nm. Experiment cuvette pathlength: 1 mm. Solvent: de-
ionised water. Right: Stern-Volmer plot of quenching by ascorbate. Diamonds: F0/F; 
circles: overall τ0/τ. Linear region fitted for F0/F values to obtain a Stern-Volmer 
quenching constant of KSV = 6.2 ± 0.4 M−1.93 

From PL quenching and TCSPC experiments with ascorbate as the sole 
quencher (Figure 5.6, and, from TCSPC in Paper III, the overall τ0/τ ratio 
closely follows the F0/F ratio), it is apparent that, up to 0.5 M ascorbic 
acid/ascorbate total concentration, it behaves as a dynamic reductive 
quencher. Additionally, a significant redshift of the emission peak reaching 
up to 50 nm at 1.0 M ascorbic acid/ascorbate concentration was noted. A co-
operative quenching effect of ascorbate with catalyst, causing the catalysts to 
quench twice as effectively or more in the presence of ascorbate is not ac-
counted for by their separate quenching effects combined; it is possible that 
ascorbate can act as a ligand within the QDs’ ligand sphere and affect their 
surface properties (more details in Paper III). Possible explanations for these 
observations are still being considered. 
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5.4 Transient Absorption Spectroscopy for ET Rates 

Additionally, femtosecond transient absorption spectroscopy was employed 
to study the electronic processes within and ET rates from the CIS QDs. Ex-
citing the samples with 400 nm light, long lived negative bands are observed 
at approximately 430 nm (B0), 520 nm (B1) and 610 nm (B2). These are as-
signed to transitions with corresponding excitation energies at or above the 
optical bandgap (B0 & B1) and to sub-bandgap transitions (B2) (Figure 5.7a). 
On the basis of previous work with closely related CIS QDs,143 the bands B1 
and B2 are attributed to the bleaching of two separate optical transitions which 
primarily correspond to optical transitions from the VB to the CB (B1) and 
from hole trap states above the VB to the CB (B2), shown in Figure 5.7b. 
Additionally, broad positive signals below 400 nm and above 525 nm are ob-
served which extend into the IR region. 

The effects of the presence of 0.1 M ascorbate buffer at pH 4.5 versus no 
buffer were noted in the form of static and dynamic changes (Figure 5.7a 
versus 5.7c), however, these effects were attributed to the difference in pH by 
control experiments in acetate buffer, indicating that pH has some significant 
effects on the QD optical responses in TAS and must be accounted for or con-
trolled for interpretation (Figure 5.7d). 

The presence of either CAT1 or CAT1-CO2H causes significant changes in 
the recorded spectra in both the mid-IR (MIR) and UV-visible regions (Figure 
5.8a & c, respectively). On the one hand, the decay of the broad positive QD 
feature in the mid-IR range is accelerated by the addition of either catalyst. 
This is interpreted as CB electrons (generated by photo-excitation from the 
pump laser) being depleted through ET events to the catalysts (illustrated in 
Figure 5.8b). Notably, the timescale for this is 1 ps and above. On the other 
hand, the addition of either catalyst results in an enhanced recovery of the B1 
bleach band and the appearance of a superimposed positive transient corre-
sponding to a long-lived charge-transfer product – the Co(II) form of the cat-
alyst – while little change to the B2 band is observed (Figure 5.8d). 

The spectral profile of the reduced catalysts (assumed to be reduced to their 
Co(II) state for the reasons discussed before regarding the effect of ascorbate 
in unpurged solution) is noted to be redshifted compared with their typical 
solution absorption spectra. A similar effect was observed for the bound 
Co(III) states, extracted from the difference between absorption spectra for 
the CIS QDs with and without catalyst (Paper III, SI), implying that the die-
lectric environment at the QD surface has an effect on the optical transitions. 
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Figure 5.7: fs-TA measurements using a 400 nm pump. a) fs-TA spectra of CIS QDs 
in H2O at indicated time-delays. The inset shows the second derivative of the QD 
ground state absorption spectrum (light blue) together with the fs-TA spectrum at 50 
ps pump-probe time delay (dark blue). b) Schematic of the pump-induced optical tran-
sitions monitored in the UV-Vis (B1/B2 bleach bands) and mid-IR (MIR), assigned 
to photo-induced absorption (PIA). c) fs-TA spectra of CIS QDs in H2Asc/NaHAsc 
buffer (pH 4.5, 0.1 M). d) Normalised fs-TA kinetics comparing CIS QDs in H2O at 
neutral pH (CIS, blue) with CIS in H2Asc/NaHAsc (grey) and NaOAc/HAc (red) 
buffer at a pH of 4.5. Reprinted from Paper III. 

In any case, the formation of the reduced catalysts was fitted to lifetimes of 
electron transfer, τET, of approximately 3.5 ps and 4.8 ps for CAT1 and CAT1-
CO2H, respectively, notably faster by almost three orders of magnitude than 
those reported by Nie et al. for ZnS-shell CIS QDs.87 Again, in this case, the 
anchoring group is not fundamentally changing the behaviour or significantly 
improving the performance parameters, but also not disabling the system. To 
either catalyst, the rate of electron transfer from the hybrid-passivated CIS 
QDs is faster than the diffusion limit, reinforcing that the mechanism of 
quenching is static. 
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Figure 5.8: fs-TA spectra of CIS QDs (blue) mixed with CAT1 (green) or CAT1-
CO2H (orange) in 0.1 M H2Asc/NaHAsc buffer (pH 4.5), excited by a 400 nm wave-
length pump. a) MIR kinetics averaged between 3600-4000 nm and normalized. b) 
Schematic representation of pump and probe in the MIR together with the transfer of 
electrons from the CB of photoexcited QDs to the catalysts. c) UV-Vis kinetics ex-
tracted at 530 nm corresponding to the photo-induced absorption of the reduced cata-
lysts (attributed to their Co(II) states). d) Transient spectra at t = 2 ns, zooming in on 
the CIS/CAT1 spectral evolution from 3 ps (dark blue) to 8 ns (dark red). Reprinted 
from Paper III. 

 

5.5 Modelling the System 

Since the PL quenching data universally showed strong linear correlations be-
tween ln(F0/F) and concentration of either catalyst, it was apparent that the 
relationship was exponential, while also the mechanism of quenching was 
demonstrated to be static in nature by TCSPC and fs-TAS. Therefore, a Pois-
sonian distribution model of adsorbed catalyst over the QDs was applied, mak-
ing the assumption that the presence of even a single catalyst adsorbed at the 
surface of a QD would be sufficient to guarantee quenching of the PL of that 
QD (i.e., extremely efficient and rapid ET), and that the association constant 
of binding for catalyst molecules with QDs is very high, so that practically no 
added catalyst remains free in solution. This is analogous to a quenching 
sphere of action model for high quencher concentrations,93 among other mod-
els for e.g. micellar systems.152 
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On the basis of the assumptions laid out, the F0/F ratio for the quenched PL 
band would be determined by the ratio of the concentration of all quantum 
dots in solution over the concentration of quantum dots with zero catalyst mo-
lecular adsorbed (i.e., those that are unquenched): F଴ F⁄ =  ሾQDሿ୲୭୲ୟ୪ ሾQDሿ௡ୀ଴⁄  

where n is the number of catalyst molecules adsorbed to the surface of a QD. 

Assuming a random distribution of the catalyst molecules across the QDs (im-
plicitly assuming that all consecutive binding equilibria for one more catalyst 
to bind to a QD are equivalent and each catalyst binds independently), the 
Poisson distribution applies. The probability of a quantum dot having zero 
catalyst molecules adsorbed is P(0) (and thus not being quenched), defined as: 𝑃(0) =  𝑒ିఒ  

where λ is the mean number of quenchers per QD in the solution. Therefore: F଴ F⁄ = 𝑒ఒ 

So, the probability of a QD having no catalyst adsorbed on its surface and 
thereby remaining photoluminescent decreases exponentially with the concen-
tration of added catalyst. This can account for why plotting F0/F on a logarith-
mic scale yields linear plots. From fitting lines of best fit, values for λ can be 
extracted from the gradients and used to estimate the concentration of QDs in 
each sample (Figure 5.9 and Table 5.1, details and possible caveats are dis-
cussed in Paper III). 

The lines of best fit, calculated by the least-squares method, fitted the datasets 
with a logarithm applied to the y-axis (F0/F) remarkably well, reflected by R2 
values in Table 5.1, supporting the Poissonian binding model. In addition, 
when the x-axis for the concentration of catalyst is dividing by the relative 
concentration of quantum dots (as judged by from the relative absorbance at 
405 nm), in order to normalise it across all datasets, the datasets and their lines 
of best fit appear to be in fairly good agreement (Figure 5.9c & d). Theoreti-
cally, all lines should ideally pass through ln(F0/F) = 1 at [CAT]/[QD] = 1. 
The lower gradients (down to half the expected value) may be attributed to 
less than 100% of catalyst binding to the quantum dots. Nonetheless, espe-
cially for CAT1-CO2H, the lines of best fit overlap quite well, although for 
CAT1 there is more random spread between them. Complete overlap should 
be expected if the binding affinities and ET efficiencies etc. are not affected 
by the changes in absolute QD concentrations, since the gradient, assumed to 
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be simply λ, represents the ratio of quenchers to QD: when the x-axis is nor-
malised for different QD concentrations for different datasets, they should 
share the same gradient. 

 

 
Figure 5.9: Plots derived from PL quenching experiments for modelling the quench-
ing mechanism. Different concentrations of CIS QDs in different colours, labelled by 
their absorbance at 405 nm in a 1 cm cuvette. Only experiments without ascorbate 
shown for clarity; solvent: deionised water. Datasets with CAT1 as the quencher 
marked with crosses (⨯), those with CAT1-CO2H marked with diamonds (♦). Solid 
lines represent lines of best fit over the linear regions (exponential fit in a). Dashed 
red line: λ = 1. a) Direct plots of F0/F against catalyst concentration. b) Plots of 
ln(F0/F) against catalyst concentration. Inset: zoomed in for lower concentrations. c) 
Plots of ln(F0/F) against catalyst concentration divided by estimated QD concentration 
for CAT1 (see text). d) Plots of ln(F0/F) against catalyst concentration divided by 
estimated QD concentration for CAT1-CO2H (see text). The estimated QD concen-
trations are based on the assumption that the dataset with the highest slope (CAT1, 
0.10) represents a perfect estimate of QD concentration, and that the values for QD 
concentration for all other samples scale linearly with relative absorbance, as per the 
Beer-Lambert law. Reprinted from Paper III. 
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5.6 Outlook and Implications 

From these studies, a binding and quenching model has been devised and ap-
plied to the CIS-CAT1 and CIS-CAT1-CO2H systems with satisfactory fitting 
of the PL quenching data. Alongside photocatalysis experiments, TCSPC and 
fs-TAS, it has been shown that hybrid-passivated CIS QDs are quenched by 
CAT1 through a static quenching mechanism with a strong binding affinity 
and extremely rapid ET processes. 

Although these features of the systems are probably to some extent particular 
to hybrid-passivated CIS QDs (judging by the differences in ET rates and the 
TON–[CAT1] relationship against systems with ZnS shells86,87), it may also 
be the case that many other QD-molecular catalyst combinations have remark-
ably strong binding affinities and efficient ET processes that lead to remarka-
ble photocatalytic performances. In any case, this work and previous reports 
may demonstrate that quantum dots, with the appropriate structure, are re-
markably effective photosensitisers and perhaps uniquely well-suited for pho-
tocatalysis of certain small molecule activation reactions with molecular cat-
alysts, for the reasons elaborated here and discussed in the introduction. The 
fact that the performances are in a number of cases roughly equivalent with or 
without anchoring groups143 implies that QDs’ surfaces often provide a wel-
coming and stabilising platform for the adsorption of molecular catalysts, re-
gardless. 

Furthermore, using hybrid-passivated quantum dots that are compatible with 
thin-film semiconductor materials of interest (e.g. NiO) may pave the way for 
the heterogenisation and adaptation of such systems to photoelectrodes for 
PEC for H2 production, though so far only preliminary tests for this system 
were carried out around this project. Nonetheless, even with highly favoured 
binding equilibria, it is important for heterogenised systems to have irreversi-
bly immobilised components. For this reason, it is important that the photo-
sensitiser and catalysts not only have a high affinity for each other in terms of 
equilibrium binding constants, but also are not kinetically labile either from 
the surface or from each other (depending on the immobilisation architecture), 
because otherwise they may still leach into solution and lost. Therefore, the 
results of Paper III’s binding model do not at all necessarily rule out the im-
portance or benefits of well-designed anchoring groups for constructing pho-
toelectrodes, nor for photocatalytic systems when there is not a natural affinity 
between QD and catalyst. 

In addition, the observation of effective natural QD-catalyst association, very 
fast ET processes and largely catalyst concentration-independent H2 produc-
tion implies that, for this system, the limiting factors are not the efficiency of 
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electron transfer or the availability of catalyst. The high concentration of the 
sacrificial electron donor and the high mobility of protons in acidic water 
would also imply that these factors cannot be limiting, so the absorption of 
photons and competing recombination processes after photoexcitation of the 
QDs would be expected to be the major limits. In this context, which may be 
shared for many PC systems, it does not make sense to further optimise the 
QD and catalyst interactions to speed up ET or to choose a catalyst with an 
extremely high intrinsic activity (i.e. TOF0 value103). Rather, the priority 
would be to make sure that all components resist both recombination and de-
composition for the entire timescale of the catalytic cycle.153–155 Decomposi-
tion may occur due to instability from the stepwise transfer of charge carriers; 
i.e., as discussed in the Section 1.2, improving the robustness of the molecular 
catalyst perhaps should be the primary focus. This point of view may explain 
why CAT1 performs well in PC systems compared to other related catalysts 
(which may be more intrinsically active and efficient, but less stable) under 
photocatalytic conditions, given CAT1’s relative stability with a variety of re-
ducing agents.79 
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Appendix: Extracted λ and [QD] values 
 
Table 5.1: Estimated concentrations of CIS QDs from extracted λ values from PL 
quenching plots and fits. 

Abs. at 
405nm 

(rel. [QD]) 
Catalyst λ / 103 R2 [QD] (μM) Avg. [QD] 

(μM) 

0.07 CAT1 690 0.991 1.4 
1.7 

0.07 CAT1-CO2H 496 0.938 2.0 

0.1 CAT1 539 0.994 1.9 
2.5 

0.1 CAT1-CO2H 325 0.935 3.1 

0.36 CAT1 76 0.998 13.1 
12.2 

0.36 CAT1-CO2H 88 0.995 11.4 

1.08 CAT1 35 0.994 28.7 
34.9 

1.08 CAT1-CO2H 24 0.995 41.1 

0.07 CAT1  
(0.1 M Asc) 928 0.988 1.1 

1.1 

0.07 CAT1-CO2H 
(0.1 M Asc) 898 0.976 1.1 

0.36 CAT1 
(0.5 M Asc) 295 0.988 3.4 

5.5 

0.36 CAT1-CO2H 
(0.5 M Asc) 132 0.976 7.6 
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6 Summary and Outlook 

Within the context of the global social and economic transition towards green, 
renewable energy sources, the drive to develop new materials and strategies 
for producing solar fuels through artificial photosynthesis will continue. In 
particular, across all the strategies and device architectures, the major chal-
lenge for economic viability and societal relevance is finding mutually com-
patible materials that meet all three requirements of efficiency, robustness and 
scalability. 

Alongside light-harvesting materials, catalysts for each desired reaction are 
typically employed to speed up reaction rates and improve efficiencies and 
selectivity. For the production of hydrogen by light-driven water-splitting, 
current commercial technologies are generally considered inadequately scala-
ble for meet all potential demand for hydrogen as a fuel and feedstock. In 
state-of-the-art proton exchange membrane (PEM) electrolysis technology, 
this is in part due to reliance on rare platinum group metal-based catalysts.  

To provide alternative catalytic materials, based on more abundant elements, 
molecular catalysts show a lot of promise in terms of their versatility, selec-
tivity and modifiability to optimise the catalytic properties of more common 
metals. Their specific, well-defined active sites in particular allow for deeper 
mechanistic understandings that can rationally guide optimisation through 
molecular engineering. Currently, however, their key weakness for practical 
applications is generally insufficient robustness, which is a critical issue to be 
addressed in applied molecular catalyst research. An additional issue for most 
water-splitting strategies is the need to immobilise the molecular catalysts to 
integrate them into device components without deactivating them. 

CAT1 (a.k.a. [CoIII(N4H)Cl2]+) is a cobalt tetraazamacrocyclic complex which 
acts as an effective molecular catalyst for the hydrogen-evolution reaction 
(HER), and, interestingly, also the carbon dioxide reduction reaction 
(CO2RR). This catalyst is most noted for its relatively high robustness under 
a range of electrocatalytic and photocatalytic conditions for the HER when 
compared with related catalytically active complexes. 
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In Paper I, the performance of CAT1 under homogeneous organic electrocat-
alytic conditions was benchmarked against other catalysts and it was found 
that CAT1 has intrinsic activity for the HER (in terms of TOFmax) comparable 
to the DuBois catalyst and cobaloximes. Furthermore, mechanistic studies on 
CAT1 under the conditions investigated in this paper revealed an ECEC mech-
anism with rate-determining second protonation step and detailed the proto-
nation of the macrocycle amine group, implicating this group as a possible 
proton relay. If indeed so, this may play a role in explaining the efficacy of 
the catalyst, but also implies that chemical modifications at the amine position 
may result in significant changes to catalytic mechanism and/or performance: 
this may be informative for applying rational design principles to modifica-
tions. 

In Paper II, a new synthetic pathway to para-pyridine position functionalised 
derivatives of CAT1 is presented; this is hoped to facilitate future preparation 
of new derivatives. A pyrene-functionalised derivative prepared by this route 
and an analogous derivative functionalised at the amine position were shown 
to anchor onto multi-walled carbon nanotubes (MWCNTs). The electrocata-
lytic activity of both derivatives for the HER was confirmed in both neutral 
(pH 7) and acidic (pH 2) aqueous conditions at 480 mV applied overpotential. 
Remarkably, faradaic efficiencies of approximately 100% were obtained in 
neutral conditions for both derivatives. However, the overall current density 
and its stability were notably higher for the derivative modified at the para-
pyridine position, implying that this derivative was more stable under turnover 
conditions. The MWCNTs modified with anchored catalyst can be added to 
the cathode of a PEM electrolyser cell to test their performance at the level of 
a device; this is the next step. 

Additionally, the electrochemical responses of the immobilised catalysts in 
cyclic voltammetry showed some familiar similarities in redox behaviour to 
CAT1 dissolved in solution, but there were also some noted differences and 
changes that occurred over time. Further studies would be required to under-
stand all the effects at play, but it may be assumed that the length, nature and 
rigidity of the linker can play a role (possibly affecting the nature of electron 
transfer from the electrode to the catalyst), as can the position on the catalyst 
to which the linker is attached. This highlights the importance of mechanistic 
insight for rational design principles when modifying molecular catalysts. 

In Paper III, the photocatalytic activity of CAT1 with copper indium sulfide 
quantum dots (CIS QDs) as the photosensitiser for the HER was re-investi-
gated, on the basis of previous positive reports for similar systems.86,87 A dif-
ferent type of hybrid-passivated CIS QDs without a ZnS shell were used. This 
type of CIS QDs was designed to be compatible with NiO films for construct-
ing photocathodes, so that the system could be adapted in the future for 
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photoelectrocatalysis. A derivative of CAT1 with a carboxylic acid anchoring 
group (CAT1-CO2H) was also used to compare with CAT1. 

From photocatalytic hydrogen measurements in water with ascorbate as sac-
rificial electron donor, it was noted that H2 production was almost independent 
of catalyst concentration for the conditions tested. Photoluminescence 
quenching experiments indicated remarkably effective quenching by even low 
concentrations of either catalyst, the presence of the anchoring group making 
no significant difference. Furthermore, TCSPC and fs-TAS experiments con-
firmed that the mechanism of quenching was static, with ultrafast QD-to-cat-
alyst electron transfer processes. Deducing that the affinity of either catalyst 
to the QDs was very high and that the donation of electrons from photoexcited 
QDs to any catalyst molecules adsorbed at their surface was efficient, the ef-
fectiveness of the quenching against concentration of catalyst could be satis-
factorily modelled with a Poissonian (random) distribution of bound quench-
ers over QDs, accounting for the exponential trend in the datasets of photolu-
minescence intensity ratio versus concentration of catalyst. 

Therefore, it was concluded that the molecular catalyst tightly adsorbs to the 
CIS QDs, even without the intended anchoring group. This behaviour can 
partly explain the particular effectiveness of QDs as photosensitisers for mo-
lecular catalysts, and may be true for many studied QD-molecular catalyst 
combinations. Moreover, the limiting factors in the system are most likely the 
absorption of light and the recombination processes, rather than the electron 
transfer from excited QDs to catalyst or the catalyst’s intrinsic turnover fre-
quencies. In such cases, modifying the catalyst to bind more effectively to the 
QDs or to have a higher intrinsic activity would not lead to significant im-
provements in system performance. Instead it would make more sense to ex-
pend effort into improving the robustness of the catalyst and reducing recom-
bination processes. This may also explain why the combination of CIS and 
CAT1 is particularly effective: even if CAT1 turns over more slowly, its su-
perior stability leads to an overall improvement in the photocatalysis. 

To conclude, it is hoped that the improved understanding of CAT1’s catalytic 
properties and mechanism for the HER, along with the development of new 
synthetic pathways towards new derivatives, will facilitate the future devel-
opment and application of this family of catalysts in solar fuels research and 
test devices.  
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Keypoints: 
 

• The importance of mechanistic insights for rational design principles 
regarding chemical modification of molecular catalysts.  
 

• The importance of the careful design of anchoring groups and linkers 
with consideration of surface environments, catalytic conditions and 
electron transfer processes. 
 

• The importance of focusing on improving the robustness of molecular 
catalysts over improving their intrinsic activities, if they are not a lim-
iting factor. 
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7 Brief Synopsis of Other Projects 

7.1 MWCNT-Based Inks 

For screen-printing electrodes, the most common inks are commercial graph-
ite-based carbon pastes.126 However, in general, graphite has a relatively 
amorphous and poorly characterised surface. As discussed in Paper II, 
MWCNTs provide an excellent support material for anchoring molecular cat-
alysts onto, due to their large surface areas with well-defined surfaces and high 
intrinsic conductivities. Furthermore, it has been reported that the local envi-
ronment at the surface of carbon nanotubes can modulate the selectivity of 
molecular catalysts, depending on the number of nanotube layers and their 
curvature.156 For catalysing the CO2RR in particular, this may be advanta-
geous. Therefore, producing printable inks that also used MWCNTs as the 
primary conductive ‘active’ component was an interesting topic to investigate, 
in case this could confer advantages over e.g. carbon-paste printed electrodes 
with MWCNT layers dropcast on top.126 

There are examples in the literature of carbon nanotube-based inks for printa-
ble electronics for use on fabrics, paper or other substrates.157–161 However, for 
printing electrodes for electrocatalytic devices, it would be interesting to min-
imise any additives in the ink (such as surfactants), and include only the con-
ductive active component, the binder and the solvent. This would minimise 
the amount of non-conductive material remaining once the ink dries, and also 
minimise the number of components that could interact non-desirably with 
any immobilised catalysts or affect the EDL at the electrodes. 

As the concentration of MWCNTs in the ink increases, so does its viscosity 
and conductivity. The main challenge is to maximise the concentration of 
MWCNTs to maximise conductivity, while keeping the viscosity low enough 
for screen-printing (aiming for a viscosity below 100 Pa⋅s for shear rates 
around 1 s−1, measured by rheometry). Often, these carbon-based inks de-
signed for screen-printing are rheologically non-Newtonian fluids, displaying 
shear-thinning (pseudoplastic) and mildly thixotropic behaviour. 

A series of ink compositions were prepared similarly to graphite inks previ-
ously utilised within the eSCALED project.126 A commercial triblock 
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copolymer poly(methyl methacrylate)-b-poly(n-butyl acrylate)-b-poly(me-
thyl methacrylate) (MBM, LA series, Kuraray) was used as the matrix to bind 
either a graphite powder or the MWCNTs with p-xylene as solvent, and no 
other additives. Single-layer squares were screen-printed with the inks on a 
PVC substrate to measure the conductivities (Figure 7.1). It was noted that 
annealing improved the conductivity for the graphite ink, but had little notice-
able effect on the MWCNT inks. 

 
Figure 7.1: Plot of measured conductivities (black or blue, standard deviation repre-
sented by error bars) versus active carbon component content (red, % w/w upon dry-
ing) for prints of the series of MWCNT-based inks and a graphite ink control (70% 
w/w graphite). Binder: Commercial MBM triblock copolymer; Solvent: p-xylene. 
Left: Before annealing. Right: After annealing at 85 °C for 30 minutes. 

Although it was possible to reach a conductivity of almost 0.6 S cm−1 for an 
ink with only a 23% weight-for-weight dry concentration of MWCNTs (about 
one fifth of that for the analogous 70% w/w graphite-based ink), increasing 
the concentration of MWCNTs further while maintaining a printable ink is 
complicated because the concentration of binder must be reduced, but suffi-
cient binder is required to disperse the MWCNTs in the ink and stabilise them 
in the print, while ensuring they spread out evenly enough to maintain bulk 
conductivity. An insufficient binder concentration may lead to inhomogeneity 
in prints, due to the nanotubes preferring to aggregate if inadequately dis-
persed in the ink, which would harm bulk conductivity and the electrochemi-
cally active surface area of the printed electrodes (Figure 7.2).  
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Figure 7.2: Optical microscopy images of screen-printed squares made from 
23% w/w MWCNT ink. Some inhomogeneity and unconductive ‘gaps’ without 
MWCNTs are apparent (lighter regions). 

Since the bulk conductivity of printed electrodes is a major issue in their ap-
plication for electrolysis,126 this would be an important issue to overcome for 
a useful application of MWCNT-based inks. Possible steps forward may be 
the use of inert surfactants to improve maximum ink concentration of 
MWCNTs,158 investigating alternative solvents, and blending a mixture of 
MWCNTs and other carbon materials (graphite, carbon black, etc.) to inves-
tigate possible synergistic effects on conductivity (if it is acceptable to have 
other forms of carbon present).162 Further studies are required to determine the 
viability of these kinds of inks for electrocatalytic water-splitting purposes. 

7.2 Polymer End-Functionalised with Catalyst 

From collaboration with coworkers at UPPA, a poly(3-hexylthiophene) poly-
mer (P3HT) was prepared and end-functionalised with a cobalt diimine-diox-
ime HER catalyst via a metal-free Huisgen cycloaddition ‘click’ reaction (Fig-
ure 7.3). As a well-studied conjugated semiconducting polymer, P3HT may 
make an interesting model scaffold for molecular catalysts. 

This polymer was dissolved in THF and dropcast onto a glassy carbon elec-
trode for electrochemical analysis in MeCN (0.1 M TBABF4). However, apart 
from characteristic P3HT oxidation and reduction responses at more posi-
tive/negative potentials, only a very weak current (sub-µA) was seen in the 
expected region for the cobalt catalyst. It was concluded that the limited con-
ductivity of undoped P3HT meant that the electrode surface was effectively 
insulated. To try to enhance the current signals to combat this, the p-type do-
pant, F4TCNQ (2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane) was 
mixed with the polymer in a 17% molar ratio of dopant molecule to monomer, 
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as had previously been found in literature to maximise conductivity,163 and the 
mixture was dropcast onto a layer of MWCNTs on a glassy carbon electrode. 

 
Figure 7.3: Illustration of the P3HT polymer end-functionalised with a cobalt 
diimine-dioxime catalyst. The dropcast polymer film sticks on the electrode surface: 
it is surmised that P3HT anchors itself onto sp2 carbon surfaces, such as glassy carbon 
or MWCNTs, via π–π interactions. 

 
Figure 7.4: Cyclic voltammograms of doped P3HT end-functionalised with catalyst 
(blue) and without (amine end group, black), dropcast onto MWCNTs on a glassy 
carbon electrode (first cycles). Dashed grey: MWNCTs-only blank. Solution: MeCN 
(0.1 M TBABF4). Scan rate: v = 100 mV s−1. 

In Figure 7.4, for the doped P3HT-catalyst layer on MWCNTs, a few redox 
features were found that were not seen in the control containing only the pol-
ymer without end-functionalised with the catalyst (end group: -NH2). Two re-
dox couples appear to be observable at E1/2 = 0.06 V and −0.57 V vs. Ag/AgCl 
(KCl, 3 M), which may be attributed to Co(III/II) and Co(II/I), respectively. 
This appears to show some resemblance to cobalt diimine-dioxime anchored 
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directly onto MWCNTs, reported in the literature as having those redox cou-
ples at E1/2 = −0.11 and −0.67 V vs. Ag/AgCl (KCl, 3 M), respectively,62,71,114 
which would mean positive shifts of 150 mV and 100 mV for the P3HT-based 
system. However, on the basis of the “Co(III/II)” peak integrals, the apparent 
loading of electronically connected, active catalyst centres attached to P3HT 
is approximately 0.3 nmol cm–2, two orders of magnitude lower than for the 
MWCNT-anchored systems.114 It is noted that the background currents with 
the polymer layers are still lower than from the MWCNT-only blank, imply-
ing that conductivity is still hindered. Therefore, further studies are required 
to ascertain whether these truly are the cobalt redox couples and whether the 
system is catalytically active for the HER, as well as to improve the conduc-
tivity of electrons to the active site through the polymer film. 

For more advanced polymer-supported molecular catalyst systems in the fu-
ture, other strategies may yield improved results: Binding catalysts to the sides 
of polymers to have a greater number of active sites for a greater total mass 
density of catalyst may greatly the improve electrocatalytic response.164 Ad-
ditionally, the development and use of more conductive polymers may im-
prove performance for electrocatalytic water-splitting, while the use of ever 
more sophisticated light-harvesting donor-acceptor polymers can be applied 
for photoelectrocatalytic or photocatalytic water splitting with molecular cat-
alysts. 
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8 Résumé en Français 

La thèse s’est concentrée sur l'application d'un complexe tétraazamacrocy-
clique de cobalt, nommé [Co(CR)Cl2]+ dans la littérature, comme catalyseur 
moléculaire pour la production d'hydrogène. Cette étude s’inscrit dans le cadre 
du projet EU MSCA H2020 ITN eSCALED, avec comme principal objectif 
la création d’une feuille artificielle pour stocker l'énergie solaire dans des 
combustibles chimiques. Les recherches entreprises visaient à développer de 
nouveaux matériaux bio-inspirés, adaptables et utilisables comme composant 
dans des électrolyseurs à membrane électrolytique polymère (PEM) : re-
cherche de catalyseurs moléculaires basés sur des métaux de transition de la 
première série et abondants sur terre afin de remplacer les métaux rares et 
nobles actuellement utilisés dans ces technologies. 

Dans le contexte de la transition sociale et économique mondiale vers des 
sources d'énergie vertes et renouvelables, la volonté de développer de nou-
veaux matériaux et des stratégies de production de carburants solaires par pho-
tosynthèse artificielle se poursuit. En particulier, dans toutes les stratégies et 
architectures de dispositifs, le défi majeur pour la viabilité économique et la 
pertinence sociétale est de trouver des matériaux mutuellement compatibles 
qui répondent aux trois exigences efficacité, robustesse et évolutivité. 

Parallèlement aux matériaux collectant la lumière, des catalyseurs pour 
chaque réaction souhaitée sont généralement utilisés pour accélérer les vi-
tesses de réaction et améliorer les efficacités et la sélectivité. Pour la produc-
tion d'hydrogène par fractionnement de l'eau par la lumière, les technologies 
commerciales actuelles sont généralement considérées comme insuffisam-
ment évolutives pour répondre à toute la demande potentielle d'hydrogène en 
tant que carburant et matière première. Dans la technologie d'électrolyse à 
membrane échangeuse de protons (PEM) de pointe, cela est en partie dû à la 
dépendance à l'égard de rares catalyseurs à base de métaux du groupe du pla-
tine. 

Pour fournir des matériaux catalytiques alternatifs, basés sur des éléments plus 
abondants, les catalyseurs moléculaires sont très prometteurs en termes de po-
lyvalence, de sélectivité et de possibilité de modification pour optimiser les 
propriétés catalytiques de métaux plus courants. Leurs sites actifs spécifiques 
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et bien définis permettent en particulier une compréhension mécanistique plus 
approfondie qui peut guider à l’optimisation rationnelle par l'ingénierie molé-
culaire. Actuellement, cependant, leur principale faiblesse pour des applica-
tions pratiques est généralement leur robustesse insuffisante, qui est un pro-
blème critique à résoudre dans la recherche appliquée sur les catalyseurs mo-
léculaires. De plus, la plupart des stratégies de fractionnement de l’eau néces-
sitent de modifier les catalyseurs moléculaires pour les intégrer dans les 
composants du dispositif sans les désactiver, ce qui représente un autre pro-
blème. 

CAT1 (alias [CoIII(N4H)Cl2]+ ou [Co(CR)Cl2]+) est un complexe tétraazama-
crocyclique de cobalt qui agit comme un catalyseur moléculaire efficace pour 
la réaction de dégagement d'hydrogène (HER) et, fait intéressant, également 
pour la réaction de réduction du dioxyde de carbone (CO2RR). Ce catalyseur 
est surtout connu pour sa robustesse relativement élevée dans une gamme de 
conditions électrocatalytiques et photocatalytiques pour le HER par rapport 
aux complexes catalytiquement actifs apparentés. 

Dans l'article I, les performances de CAT1 dans des conditions électrocataly-
tiques organiques homogènes ont été comparées à d'autres catalyseurs et il a 
été constaté que CAT1 a une activité intrinsèque pour le HER (en termes de 
TOFmax) comparable au catalyseur DuBois et aux cobaloximes. De plus, des 
études mécanistiques sur CAT1 dans les conditions étudiées de cet article ont 
révélé un mécanisme ECEC avec une deuxième étape de protonation détermi-
nant la vitesse. Les travaux ont également montré la protonation du groupe 
amine macrocycle, qui implique donc que ce groupe fonctionne comme un 
possible relais de protons. Si tel est le cas, cela peut jouer un rôle dans l'expli-
cation de l'efficacité du catalyseur, mais implique également que des modifi-
cations chimiques en position amine peuvent entraîner des changements signi-
ficatifs du mécanisme catalytique et / ou des performances: cela peut être ins-
tructif pour appliquer des principes de conception rationnelle lors de modifi-
cations. 

Dans l'article II, une nouvelle voie de synthèse des dérivés fonctionnalisés en 
position para-pyridine de CAT1 est présentée ; Nous espèrons que cela facili-
tera la préparation future de nouveaux dérivés. Un dérivé fonctionnalisé py-
rène préparé par cette voie et un dérivé analogue fonctionnalisé en position 
amine se sont avérés capable de s'ancrer sur des nanotubes de carbone à parois 
multiples (MWCNT). L'activité électrocatalytique des deux dérivés pour le 
HER a été confirmée dans des conditions aqueuses neutres (pH 7) et acides 
(pH 2) pour une surtension appliquée de 480 mV. Remarquablement, des ef-
ficacités faradiques d'environ 100% ont été obtenues dans des conditions 
neutres pour les deux dérivés. Cependant, la densité de courant globale et sa 
stabilité étaient nettement plus élevées pour le dérivé modifié en position 
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para-pyridine, ce qui implique que ce dérivé était plus stable dans des condi-
tions de renouvellement. Les MWCNT modifiés avec catalyseur ancré peu-
vent être ajoutés à la cathode d'une cellule d'électrolyseur PEM pour tester 
leurs performances au niveau d'un dispositif ; c'est la prochaine étape. 

De plus, les réponses électrochimiques des catalyseurs immobilisés en 
voltampérométrie cyclique ont montré certaines similitudes familières dans le 
comportement redox avec CAT1 dissous en solution, mais des différences et 
des changements notables se sont également produits au fil du temps. D'autres 
études seraient nécessaires pour comprendre tous les effets en jeu, mais nous 
pouvons supposer que la longueur, la nature et la rigidité du ligand peuvent 
jouer un rôle (affectant éventuellement la nature du transfert d'électrons de 
l'électrode au catalyseur), tout comme la position sur le catalyseur à laquelle 
le ligand est attaché. Cela met en évidence l'importance de la compréhension 
mécanistique pour les principes de conception rationnelle lors de la modifica-
tion des catalyseurs moléculaires. 

Dans l'article III, l'activité photocatalytique de CAT1 avec des points quan-
tiques de sulfure de cuivre-indium (CIS QD) comme photosensibilisateur pour 
le HER a été réexaminée, sur la base de rapports positifs antérieurs pour des 
systèmes similaires.86,87 Un type différent des QD CIS « hybride-passivés » 
sans coque ZnS a été utilisé. Ce type de QD CIS a été conçu pour être compa-
tible avec les films NiO pour la construction de photocathodes, afin que le 
système puisse être adapté à l'avenir pour la photoélectrocatalyse. Un dérivé 
de CAT1 avec un groupe d'ancrage acide carboxylique (CAT1-CO2H) a éga-
lement été utilisé pour comparer avec CAT1. 

À partir de mesures d'hydrogène photocatalytique dans l'eau avec de l'ascor-
bate comme donneur d'électrons sacrificiel, il a été noté que la production de 
H2 était presque indépendante de la concentration du catalyseur pour les con-
ditions testées. Des expériences d'extinction de photoluminescence ont indi-
qué une extinction remarquablement efficace même à de faibles concentra-
tions de l'un ou l'autre des catalyseurs, la présence du groupe d'ancrage ne 
faisant aucune différence significative. De plus, les expériences TCSPC et fs-
TAS ont confirmé que le mécanisme d'extinction était statique, avec des pro-
cessus de transfert d'électrons QD-catalyseur ultra-rapides. En déduisant que 
l'affinité de l'un ou l'autre des catalyseurs pour les QD était très élevée et que 
le don d'électrons des QD photoexcités à toute molécule de catalyseur adsor-
bée à leur surface était efficace, l'efficacité de la trempe par rapport à la con-
centration de catalyseur pourrait être modélisée de manière satisfaisante avec 
une distribution (aléatoire) de Poisson des extincteurs liés sur les QD, ce qui 
explique la tendance exponentielle dans les ensembles de données du rapport 
d'intensité de photoluminescence par rapport à la concentration de catalyseur. 
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Par conséquent, il a été conclu que le catalyseur moléculaire s'adsorbe étroite-
ment aux QD CIS, même sans le groupe d'ancrage prévu. Ce comportement 
peut expliquer en partie l'efficacité particulière des QD en tant que photosen-
sibilisateurs pour les catalyseurs moléculaires, et peut être vrai pour de nom-
breuses combinaisons de catalyseurs moléculaires-QD étudiées. De plus, les 
facteurs limitants du système sont très probablement l'absorption de la lumière 
et les processus de recombinaison, plutôt que le transfert d'électrons des QD 
excités vers le catalyseur ou les fréquences de renouvellement intrinsèques du 
catalyseur. Dans de tels cas, la modification du catalyseur pour se lier plus 
efficacement aux QD ou pour avoir une activité intrinsèque plus élevée ne 
conduirait pas à des améliorations significatives des performances du système. 
Au lieu de cela, il serait plus logique de déployer des efforts pour améliorer la 
robustesse du catalyseur et réduire les processus de recombinaison. Cela peut 
aussi expliquer pourquoi la combinaison de CIS et de CAT1 est particulière-
ment efficace : même si CAT1 se retourne plus lentement, sa stabilité supé-
rieure conduit à une amélioration globale de la photocatalyse. 

Pour conclure, nous espérons que l'amélioration de la compréhension des pro-
priétés catalytiques et du mécanisme de CAT1 pour le HER, ainsi que le dé-
veloppement de nouvelles voies de synthèse vers de nouveaux dérivés facili-
teront le développement et l'application futurs de cette famille de catalyseurs 
dans la recherche et les tests sur les carburants solaires. 

 

Points clés : 

• L'importance des connaissances mécanistes pour les principes de conception 
rationnelle concernant la modification chimique des catalyseurs moléculaires. 

• L'importance d'une conception soignée des groupes d'ancrage et des lieurs 
en tenant compte des environnements de surface, des conditions catalytiques 
et des processus de transfert d'électrons. 

• L'importance de privilégier l'amélioration de la robustesse des catalyseurs 
moléculaires à l'amélioration de leurs activités intrinsèques, si elles ne sont 
pas un facteur limitant. 
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9 Popular Scientific Summary 

As of 2022, climate change is widely regarded as a major threat to the global 
ecosystem and human society. Anthropogenic (man-made) emissions of 
greenhouse gases have been identified as a key factor behind climate change. 
These gases trap heat that arrives at the Earth from the Sun by reducing the 
amount that escapes back into space, causing the planet to warm up. 

One of the most important greenhouse gases in this context is carbon dioxide 
(CO2), which is widely emitted by human society from the burning of fossil 
fuels in transportation, electricity generation and industrial processes such as 
the production of concrete and steel. Although CO2 exists naturally and is 
constantly being cycled by living organisms, human activity breaks the natural 
balance in the carbon cycle, resulting in an increasing concentration of CO2 
in the atmosphere. 

In order to stop anthropogenic emissions of CO2, it is necessary to decouple 
society and the economy from fossil fuels. To do this, an alternative source of 
energy must be found. Sunlight represents an abundant source of energy: the 
amount of solar energy that arrives at the Earth over one hour is estimated to 
be close to the consumption of society over one year. However, capturing this 
energy is complicated. In nature, photosynthesis is the process widely carried 
out by plants and many microorganisms to store energy from sunlight in chem-
ical bonds, primarily by converting CO2 and water into sugars. Although na-
ture has optimised many parts of this process, this is not directly scalable to 
meet all of society’s needs: plants require a lot of land, fertile soil and the 
correct climate to thrive, and did not evolve to directly produce useful fuels 
efficiently. 

Photovoltaics in solar panels work well to convert solar energy into electricity, 
but not everything can be connected to the grid, and there is the problem of 
intermittency – this means enough sunlight is not reliably always available 
when energy is needed, for example, at night or when it is cloudy. Therefore, 
as part of the eSCALED project, we are trying to develop strategies for artifi-
cial photosynthesis – inspired by natural organisms but overcoming their lim-
itations – in order to directly convert sunlight into useful fuels. One strategy 
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is to connect photovoltaics to electrolysers which split water (H2O) into hy-
drogen and oxygen by applying a voltage across two electrodes. 

Hydrogen is a promising fuel due to its high energy per mass density and clean 
and efficient release of energy when converted back into water in fuel cells, 
but, perhaps more importantly, it is also a critical chemical feedstock, notably 
in the production of fertilisers. Most hydrogen is currently produced from fos-
sil fuel sources. Although commercial technologies exist to produce hydrogen 
efficiently and greenly through water-splitting without fossil fuels, for now 
they generally either rely on rare (and non-scalable) noble metals or strong 
alkaline conditions which degrade the components. Thus, developing novel 
materials based on more abundant materials for the electrodes which catalyse 
the two half-reactions behind water-splitting is anticipated to be necessary for 
scaling green water-splitting processes up. 

This thesis focuses on the use of noble metal-free molecular catalysts, in par-
ticular a cobalt coordination complex, to facilitate – speed up and reduce the 
energy barrier for – the production of hydrogen from protons (one of the half-
reactions), by binding the protons and transferring electrons to them at the 
right time. The chemical environment of the coordination complex serves to 
optimise the chemistry of the cobalt metal centre for the reaction and hold the 
cobalt tightly so that the system can last a long time. How the complex does 
this (the catalytic mechanism), how the complex can be incorporated into de-
vices by chemical modification, and how the complex can produce hydrogen 
directly when mixed with light-absorbing quantum dots were the key projects 
of this work. 
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10 Populärvetenskaplig Sammanfattning 

Från och med 2022 anses klimatförändringar allmänt vara ett stort hot mot det 
globala ekosystemet och det mänskliga samhället. Antropogena (orsakade av 
människan) utsläpp av växthusgaser har identifierats som en nyckelfaktor 
bakom klimatförändringarna. Dessa gaser fångar upp värme som kommer till 
jorden från solen genom att minska mängden som förs tillbaka ut i rymden, 
vilket får planeten att värmas upp. 

En av de viktigaste växthusgaserna i detta sammanhang är koldioxid (CO2), 
som släpps ut i stor utsträckning av det mänskliga samhället från förbränning 
av fossila bränslen i transporter, elproduktion, samt i industriella processer, 
till exempel produktion av betong och stål. Även om CO2 finns naturligt och 
ständigt cirkuleras av levande organismer, bryter mänsklig aktivitet den na-
turliga balansen i kolcykeln, vilket resulterar i en ökande koncentration av 
CO2 i atmosfären. 

För att stoppa antropogena utsläpp av CO2 är det nödvändigt att frikoppla 
samhället och ekonomin från fossila bränslen. För att göra detta måste en al-
ternativ energikälla hittas. Solljus representerar en riklig energikälla: mängden 
solenergi som anländer till jorden under en timme uppskattas vara nära sam-
hällets konsumtion under ett år. Men att fånga denna energi är komplicerat. I 
naturen är fotosyntes den process som i stor utsträckning utförs av växter och 
många mikroorganismer för att lagra energi från solljus i kemiska bindningar, 
främst genom att omvandla CO2 och vatten till sockerarter. Även om naturen 
har optimerat många delar av denna process, är denna inte direkt skalbar för 
att möta alla samhällets behov: växter kräver mycket mark, bördig jord och 
rätt klimat för att trivas, och har inte utvecklats för att direkt producera an-
vändbara bränslen effektivt. 

Solceller i solpaneler fungerar bra för att omvandla solenergi till elektricitet, 
men allt kan inte anslutas till nätet, och det finns ett problem med intermittens 
– det betyder att tillräckligt med solljus inte alltid är tillgängligt när energi 
behövs, till exempel på natten eller när det är molnigt. Därför, som en del av 
eSCALED-projektet, försöker vi utveckla strategier för artificiell fotosyntes – 
inspirerad av naturliga organismer men med målet att övervinna deras be-
gränsningar – för att direkt omvandla solljus till användbara bränslen. En 
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strategi är att koppla solceller till elektrolysörer som delar vatten (H2O) till 
vätgas och syrgas genom att applicera en spänning över två elektroder. 

Vätgas är ett lovande bränsle på grund av sin höga energi per kilogram och 
sitt rena och effektiva frigörande av energi när det omvandlas tillbaka till vat-
ten i bränsleceller. Kanske ännu viktigare är att vätgas också är ett kritiskt 
kemiskt råmaterial, särskilt vid produktion av gödningsmedel. Det mesta av 
väte produceras för närvarande från fossila bränslen. Även om kommersiell 
teknik finns för att producera vätgas effektivt och grönt genom vattenuppdel-
ning utan fossila bränslen, förlitar den sig för närvarande i allmänhet antingen 
på sällsynta (och icke-skalbara) ädelmetaller eller starka alkaliska förhållan-
den som bryter ned komponenterna. Utveckling av nya material baserade på 
mer vanligt förekommande grundämnen för elektroderna som katalyserar de 
två halvreaktionerna bakom vattenuppdelning förväntas således vara nödvän-
digt för att skala upp gröna vattenuppdelningsprocesser. 

Denna avhandling fokuserar på användningen av ädelmetallfria molekylära 
katalysatorer, särskilt ett koordinationskomplex av metallen kobolt, för att un-
derlätta – påskynda och minska energibarriären för – produktionen av väte 
från protoner (en av halvreaktionerna), genom att binda protonerna och över-
föra elektroner till dem vid rätt tidpunkt. Den kemiska miljön i koordinations-
komplexet tjänar till att optimera kemin i koboltmetallcentret för reaktionen 
och hålla kobolten tätt så att systemet kan hålla länge. Hur komplexet gör detta 
(den katalytiska mekanismen), hur komplexet kan inkorporeras i enheter ge-
nom kemisk modifiering och hur komplexet kan producera vätgas direkt när 
det blandas med ljusabsorberande kvantprickar var nyckelprojekten i detta ar-
bete. 
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