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Abstract

Molecular Hybrid Photocathodes Based on Silicon for Solar
Fuel Synthesis
Jane J. Leung

Artificial photosynthesis is broadly defined as the process of solar energy
conversion into chemical fuels and represents a promising route towards alleviating
the global energy crisis. In this context, the development of photocathodes for
the use in photoelectrochemical cells is an attractive approach for the storage of
solar energy in the form of a chemical energy carrier (e.g. H2 and CO2-reduction
products from H2O and CO2). However, molecular catalyst-based photocathodes
remain scarcely reported and typically suffer from low efficiencies and/or stabilities
due to inadequate strategies for interfacing the molecular component with the
light-harvesting material, with benchmark systems continuing to rely on precious
metal components.

In this thesis, the straightforward preparation of a p-silicon|mesoporous ti-
tania|molecular catalyst photocathode assembly that is active towards proton
reduction in aqueous media is first established. The mesoporous TiO2 scaffold acts
as an electron shuttle between the silicon and the catalyst, while also stabilising the
silicon from passivation and enabling a high loading of molecular catalysts. When
a Ni bis(diphosphine)-based catalyst is anchored on the surface of the electrode, a
catalytic onset potential of +0.4 V vs. RHE and a high turnover number of 1 × 103

was obtained from photoelectrolysis under UV-filtered simulated solar irradiation
at 1 Sun after 24 hours. Notwithstanding its aptitude for molecular catalyst
immobilisation, the Si|TiO2 photoelectrode showed great versatility towards dif-
ferent types of catalysts and pH conditions, highlighting the flexible platform it
represents for many potential reductive catalysis transformations.

The Si|TiO2 scaffold was extended towards solar CO2 reduction via the immo-
bilisation of a novel phosphonated cobalt bis(terpyridine) catalyst to achieve the
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first precious metal-free, CO2-reducing molecular hybrid photocathode. Reducing
CO2 in both organic-water and purely aqueous conditions, the activity of this
photocathode was shown to be affected by its environment and reached record
turnover numbers for CO production by a molecular photocathode under optimal
conditions, maintaining stable activity for more than 24 hours. Critically, in-depth
electrochemical and in situ resonance Raman and infrared spectroelectrochem-
ical investigations provided key insights into the nature of the surface-bound
Co complex under reducing conditions. While demonstrating the power and
precision offered by such in situ spectroelectrochemical techniques, these studies
ultimately alluded to a catalytic mechanism that contrasts with that reported for
the in-solution (homogeneous) catalyst. Overall, this affords a distinct mechanistic
pathway that unlocks an earlier catalytic onset and enables photoelectrochemical
activity.

Finally, in the context of improving product selectivity in molecular-based CO2

reduction, polymers based on the cobalt bis(terpyridine) motif were synthesised
and immobilised on inverse opal-type electrodes designed specifically to accommo-
date large molecules. Rational design of the polymers’ co-monomers was aimed
towards the provision of an artificial environment for the active complex that
would influence product selectivity, which was ultimately demonstrated by the
improvement of a H2:CO product ratio of 1:2 (molecule) to 1:6 (polymer). Further
studies of this all-in-one system included modulating its degree of cross-linkage
as well as a CO2-reducing demonstration photocathode on a Si|inverse-opal TiO2

scaffold.
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Chapter 1

Introduction

1.1 Solar Fuels and the Global Energy Crisis

The world faces an increasing energy crisis, both on the grounds of the environ-
mental impact of traditional energy sources,1,2 and in terms of the depletion of
Earth’s fossil fuel reserves and the socio-economic impact of non-renewable global
resource distribution.3–6 Meeting the need for scalable and cost-effective renewable
energy vectors has therefore never been a greater challenge than it is in the 21st

Century, especially in light of strong population and economic growth in several
non-OECD countries.

Solar irradiation is geographically highly available and represents the most
abundant terrestrial energy resource, with the amount of solar energy reaching
the Earth’s surface in one hour providing more power than the current annual
global energy demand (18 TW in 2017).7,8 It therefore follows that only a small
fraction of the solar energy reaching Earth needs to be harvested to more than
satisfy the burgeoning total energy demand over the coming years and centuries
(predicted energy demand: 27 TW in 2040).9

Currently, the predominant technologies for harvesting solar energy are pho-
tovoltaic (PV) cells, which transform solar energy directly into electrical energy.
Having been commercialised since the 1990s, they are today adopted in all corners
of the globe, and even power human activities in outer space.10 Silicon solar cells,
the most common type of commercially available PV cells, are robust, offer high
efficiencies (> 25 %) and are experiencing rapidly decreasing prices.11 Recent statis-
tics, however, show that only 18.5 % of global energy was supplied by electricity,
with the majority of demand being met using chemical fuels for transportation
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and heating.12 Indeed, various countries with a high capacity for renewables
production have issues dealing with surplus energy supplies during times of the
day when demand is typically at its lowest.13 The intermittency of solar power
as a result of both the diurnal availability of sunlight and, more broadly, the
annual solar cycle can be overcome by storing the electricity and dispatching it
on demand to the end user, preferably with the use of inexpensive batteries –
which themselves represent an extensive field of research.14 However, perhaps a
more versatile energy conversion that would address the needs of non-electricity
demands is the solar-driven production of chemical fuels.15 In this way, storage
of energy within the chemical bonds of an energy-dense compound offers better
gravimetric densities than electrochemical storage in batteries.16

Biomass, the original “solar fuel”, is already used as an energy source in
many places, particularly in the developing world. Contrary to common belief,
the process of natural photosynthesis is not highly energy efficient, exhibiting
maximum solar-to-biomass conversion efficiencies of around 4.5 %.7 This highlights
the key point that the volume of solar energy reaching Earth is such that only a
small fraction of it needs to be converted to sustain all life. Nevertheless, biomass
is not an ideal energy source for human activities in many ways. Crude biomass has
a low energy density, does not burn cleanly and is not suitable as a transportation
fuel. Besides being an energy store, it also has value in agriculture and is one of
Earth’s primary mechanisms for locking up both natural and anthropogenic CO2

emissions.17 Relying heavily on biomass would therefore spell the acceleration of
dilemmas already faced by those developing countries that use biomass today; for
example, a choice between having fuel or having food crops.

Hydrogen production by solar-driven water splitting, on the other hand, has
been a highly desired goal for several decades ever since Fujishima and Honda’s
seminal report in 1972.18 The starting material – water – is Earth-abundant,
while the burning of the fuel – H2 – produces only water as its single combustion
product, therefore providing a carbon-free energy cycle. Going further towards
more complex fuels, the prospect of converting anthropogenic carbon dioxide
with water into carbon-based fuels, as achieved in natural photosynthesis, is also
particularly appealing in view of a world with damaging, rising levels of CO2

in the global atmosphere, especially when this can achieve liquid fuels that are
better suited to current energy infrastructures than gaseous H2 is.19 Artificial
photosynthesis, or “solar fuels”, therefore aims to mimic Nature’s systems and
achieve highly efficient solar-driven fuel generation from sustainable sources as an
economically viable contribution towards solving the global energy crisis.
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1.2 Artificial Photosynthesis

1.2.1 Inspiration from Natural Photosynthesis

Natural photosynthesis, while not suitable for meeting all human energy demands,
presents us with the blueprints of the process we can mimic and modify to suit
our purposes (Fig. 1.1). In biochemical terms, photosynthesis begins with solar
photons being absorbed by chlorophyll a pigments in the reaction centre P680
of the enzyme photosystem II (PSII), leading to the generation of electrons and
holes. The holes are filled by the oxidation of H2O, releasing O2 and protons at
the catalytic Mn4CaO5 cluster of the oxygen-evolving complex (OEC).20 This
yields the reducing equivalents required to produce photosynthetic fuels; namely,
the electrons and protons harvested from the oxidation of water are used to build
up NADPH and ATP, which are in turn consumed by the Calvin-Benson cycle for
the reduction of CO2 to sugars.21

Fig. 1.1 Schematic representation of natural and artificial photosynthesis.
OEC = oxygen-evolving complex, PSII = photosystem II, PQ = plastoquinone,
Cyt b6f = cytochrome b6f complex, PC = plastocyanin, PSI = photosystem I,
Fd = ferredoxin, FNR = ferredoxin-NADP+ reductase, NADP = nicotinamide
adenine dinucleotide phosphate, NADPH = nicotinamide adenine dinucleotide
phosphate hydrogen; Catox = oxidation catalyst, Med = mediator (*optional),
PS = photosensitiser, Catred = reduction catalyst.

In fundamental terms, the key stages of natural photosynthesis can therefore
be simplified into three steps: light absorption, charge separation, and catalysis,
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all of which are achieved in Nature using the molecular portions of enzymes.
The required components for an artificial photosynthetic system, in sum, should
therefore be able to carry out these three functions. The remainder of this section
of the Introduction will first consider the thermodynamics that govern H2 evolution
and CO2 reduction as two key artificial photosynthetic conversions of interest.
Then, the main approaches that can be taken to build these systems will be
introduced.

1.2.2 H2 Evolution and CO2 Reduction

The H2 evolution reaction (HER) is most often envisioned as half of the overall
water splitting reaction, where the other half, water oxidation (or oxygen evolution
reaction, OER), provides both the protons and the electrons required to evolve
H2 (equations 1.1-1.2). Water splitting is a thermodynamically uphill reaction,
requiring a theoretical energy input of 237.2 kJ mol−1, which, in electrochemical
terms, corresponds to a minimum cell voltage of 1.23 V to drive water electrolysis.
It is useful to note at this stage that electrolysis never proceeds at this theoretical
value, even with the best catalysts, as reaction kinetics and other factors demand
for an overpotential (η) beyond this ideal threshold.

The primary challenge for the reduction of CO2 lies in its chemically inert
nature. Due to a large reorganisational energy between the linear molecule and
bent radical anion, the direct one-electron reduction of CO2 is thermodynami-
cally extremely challenging, occurring at −1.90 V vs. NHE (equation 1.3).19 In
contrast, the multi-electron, multi-proton reduction of CO2 can be achieved at
more moderate potentials (equations 1.4-1.8). Although examples of successful
6-electron and 8-electron conversion into methanol and methane, respectively,
have been described, the most common reduction products are carbon monoxide
(CO), formic acid (HCOOH) and oxalic acid. An oft-encountered challenge in
such conversions is that they can be accompanied by competing proton reduction,
as a result of protons being present and the H2 evolution reaction being kinetically
(and, in some cases, thermodynamically) easier. The mixture of CO and H2 is,
however, of commercial interest as it constitutes synthetic gas, or “syngas”, used
in Fisher-Tropsch chemistry to produce liquid fuels.22 Nevertheless, due to the
large number of possible products, solar-driven CO2 reduction is a much more
multi-faceted conversion than proton reduction as product selectivity can be
difficult to achieve.
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Table 1.1 Thermodynamic potentials of proton reduction, water oxidation and
CO2 reduction into a variety of products (vs. NHE, pH 7, 25 ◦C, atmospheric
pressure).

2H+ + 2e− −−−→ H2 E ◦ = −0.41V (1.1)

2H2O −−−→ O2 + 4H+ + 4e− E ◦ = 0.82V (1.2)

CO2 + e− −−−→ CO2
·− E ◦ = −1.90V (1.3)

CO2 + 2H+ + 2e− −−−→ CO+H2O E ◦ = −0.53V (1.4)

CO2 + 2H+ + 2e− −−−→ HCO2H E ◦ = −0.61V (1.5)

CO2 + 4H+ + 4e− −−−→ HCHO E ◦ = −0.48V (1.6)

CO2 + 6H+ + 6e− −−−→ CH3OH+H2O E ◦ = −0.38V (1.7)

CO2 + 8H+ + 8e− −−−→ CH4 +H2O E ◦ = −0.24V (1.8)

1.2.3 Approaches to Light-Driven Energy Conversion

Device Configuration

Achieving artificial photosynthesis requires consideration of the process on a
device scale as well as on a molecular level. Three types of approaches (Fig. 1.2) -
photocatalysis, photoelectrocatalysis and PV-electrocatalysis, each with their own
advantages and disadvantages - have been disseminated below for water splitting,
but similar design principles can be extended to CO2 reduction systems. It is also
noted that these approaches have been discussed in the context of immobilised
catalysts, as this is the angle taken for the work described in this thesis. However,
very similar considerations would also apply in the case where the catalysts have
not been surface-immobilised and are instead present as solubilised species in the
electrolyte solution.

(i) Photocatalytic systems. "One-pot" photocatalytic water splitting involves
the combination (by dissolution or suspension) of photosensitiser(s) and catalyst(s)
in a single medium.23,24 Electron transfer occurs by close contact between the
components, such as during collisions and/or by tethering of one component to the
other, with a flow of electrons from donor to acceptor. If only one half-reaction
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Fig. 1.2 Schematic representation of three possible device configurations towards
photochemical energy conversion: photocatalysis, photoelectrocatalysis, and PV-
electrocatalysis (*optional).

(e.g. proton reduction or water oxidation) is performed in such a system, an
additional sacrificial component (electron donor or electron acceptor, respectively)
must also be present in solution.25

Such a one-pot system benefits from a simple reactor design as all the com-
ponents are in the same chamber, therefore offering the advantage of potentially
low costs as no electrical wiring or expensive conducting substrates are required.
However, a significant challenge lies in the fact that both the reduced and oxidised
products (H2 and O2 in the case of water splitting) are generated in the same
compartment, making product separation difficult if they are in the same phase.
Further, O2 can irreversibly damage the proton reduction catalyst, or lead to
deleterious short-circuit reactions where the oxidised species is reduced, lowering
the overall efficiency. Generating H2 and O2 together in the same compartment
in significant quantities can also lead to an explosive mixture. Finally, combining
all elements in a single vessel can limit the components that can be used together,
as they are all required to function under the same conditions.

(ii) Photoelectrochemical systems. Photoelectrochemical (PEC) systems
consist of two electrodes submerged in an electrolyte solution and often separated
by a proton exchange membrane. In a complete, two-electrode system, the
photoanode realises the oxidation half-reaction (e.g. water oxidation), generating
electrons that travel through an external circuit and arrive at the photocathode,
where the reduction half-reaction (e.g. proton reduction) takes place.26–31 Both
electrodes consist of a light harvester and a catalyst to carry out their respective
reactions, although it is possible to build a system where only one electrode
absorbs light and drives the dark electrode of the other half-reaction.32,33 However,
using a single light absorber to drive both half-reactions allows a theoretical limit
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of only 12-18 % solar conversion efficiency to be reached, whereas employing dual
photoabsorbers – one at the photoanode and one at the photocathode – allows one
to use narrower band gap materials, reaching a higher theoretical solar conversion
limit of 20-33 %.34–36

A PEC approach to artificial photosynthesis carries several advantages. Firstly,
spatially separating the two half-reactions into separate compartments prevents
the build-up of potentially explosive mixtures, while also facilitating eventual
ease of product separation. Both half-reactions can also first be individually
studied and optimised independently of one another (in a three-electrode set-up
with reference and counter electrodes). Additionally, if the components in the
anodic and cathodic compartments have different optimal working conditions,
such as pH, then a device with different pH values in the anode and cathode
compartments is a possible solution, although this pH gradient must be maintained
and would therefore require an additional energy input. Finally, the fact that
all components can be isolated onto an electrode surface means that, in view of
scaling up such technologies to an industrial future, a shift away from one-pot
systems towards PEC systems could enable easier replacement and recycling of
these active components during PEC cell maintenance. The work described in
this thesis takes the PEC approach towards building solar fuel devices. The
components and considerations needed to build such a device are discussed in
greater detail in sections 1.3-1.4.

(iii) PV-electrocatalysis systems. Photovoltaic-driven electrolysis systems
are arguably the most advanced form of the three types of device configurations
described here, as a direct result of both halves of this approach – PV cells and
electrolysers – already being well established, commercially available technologies
in their own right.9,37 In such systems, light harvesting and catalysis are physically
decoupled, with the PV cells performing the former and electrolysers performing
the latter. One obvious advantage of such an approach is that the conditions
required for each part to function can be optimised totally independently of the
other. For instance, the light harvester is not required to be stable in aqueous
conditions – a common struggle when developing PEC systems where the light
harvester does need to be submerged in the electrolyte solution. Multiple PV
devices can also be connected together in series to generate sufficient voltage to
drive the redox reactions.38 Arguably, the largest improvements to this technology
will be made through enhancements in cell design and engineering considerations,
as issues of scalability severely limit the widespread implementation of electrolyser
technology in general due to large efficiency losses as the cell size is increased.
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Depicted in Figure 1.2 (right) is a scenario where in place of an electrolyser is a
molecular electrocatalytic system, a configuration that has been proposed and
reported.39–41

Molecular vs. Heterogeneous Catalysts

In choosing a catalyst to perform the redox reactions in a solar fuel device, one
has the choice between heterogeneous, material-based catalysts and molecular,
metal complex-based candidates. While the former often show high stability,
clear disadvantages include opaqueness – which can disallow light absorption by
an underlying light-harvesting substrate, unless illumination from the backside
is a viable option – as well as a lack of product selectivity, especially in the
case of CO2 conversion.42–46 Several of the best-performing materials are also
based on non-Earth-abundant elements, such as Pt and Ag. Synthetic molecular
catalysts, on the other hand, can be designed such that they are based on
Earth-abundant elements, and have well-defined active sites that offer an atom
efficiency that is unattainable for material-based catalytic films.47–49 They can
also be deposited onto surfaces as transparent monolayers and thereby will not
hinder light absorption of any underlying light-harvesting substrate. A crucial
advantage of working with molecular systems – and one of the main reasons why
research interest in them remains high – is that they also afford the advantage of
control over their properties by way of changing key structural features, offering
opportunities for one to synthetically tune a catalyst’s activity, selectivity and
stability. Transition metal complexes often also possess multiple accessible redox
states, allowing them to facilitate multi-electron transfer processes such as those
required for the reduction of CO2 into value-added fuels. Some key H2 evolution
and CO2 reduction catalysts (HECs and CRCs, respectively) are introduced below
in section 1.3.2. The work in this thesis employs molecular catalysts to achieve
H2 evolution and CO2 reduction in a PEC configuration.

One of the biggest drawbacks to molecular catalyst-based systems in contrast to
material-based catalysts, however, is the former’s lack of durability. On this note,
it is important to highlight that maintaining the molecular integrity of the catalytic
species is paramount. A difficult and recurring question in molecular catalysis is
whether the primary compound is the true catalyst or just a precursor for the true
non-molecular active species (often metals or metal oxides) produced in situ.50,51

One must be particularly wary when operating under certain conditions, including
strongly oxidising or reducing potentials, strongly acidic or basic media, and in the
presence of water. In such cases – indeed in all cases – post-catalysis confirmation
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of molecular integrity is vital. To date, experimenters still rarely report evidence
of such integrity and long-term performance tests are rarely undertaken beyond a
couple of hours. Ideally, the long-term integrity of the molecule must be verified
in order for performance claims to be substantiated.

1.3 Molecular Photocathodes towards Solar Fuel
Transformations

The desire for the reductive fuel-generating reactions of H2 evolution and CO2

reduction to be solar-driven can be married with the benefits of immobilising
molecular catalysts onto electrode surfaces by interfacing the molecular catalysts
with a light-responsive, p-type semiconducting (p-SC) electrode. In doing so,
the thermodynamic potential required to drive the catalysts is derived from the
light-harvesting electrode’s own energetic levels upon light illumination. What
results is a photocathode that can be paired with a corresponding photoanode
to build a complete photoelectrochemical cell, whereby bias-free complete water
splitting could in principle be achieved.

One such approach towards molecular catalyst-based photocathodes has been
the modification of wide band gap p-type semiconducting electrodes with a
photosensitiser (most often a molecular dye but occasionally a quantum dot) to
photo-drive the anchored catalyst, yielding so-called dye-sensitised photocathodes
(DSPC). Although the concept of dye-sensitised photoelectrochemical cells has been
around for at least half a decade, the development of dye-sensitised photoanodes
for molecular-based water oxidation has received much more research attention
and literature examples far outnumber those of their photocathode counterparts
for reductive transformations.52–57 This number is reduced even further when one
considers only those based on non-precious metal-based complexes. Nevertheless,
interest in this DSPC approach for reductive fuel transformations continues to grow,
with investigations ranging from devising different co-immobilisation strategies
for anchoring both the photosensitiser and catalyst (e.g. dye-catalyst molecular
dyads)58–60 to searching for novel p-type semiconductor materials to replace nickel
oxide (NiO), the currently ubiquitous but flaw-ridden p-type semiconducting
material of choice.61,62

An alternative approach to DSPCs is to interface the molecular catalysts
with narrow band gap p-type semiconducting materials that are inherently light-
absorbing, thereby doing away with the need to incorporate an additional photo-
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sensitiser onto the electrode.26,28,30,31,63 Such narrow band gap p-SCs differ from
dye-sensitised DSPCs in that photo-absorption and charge carrier generation,
separation and conduction are all expected to be performed by a single material
in the former, while in the latter, charge carrier conduction (and to some extent,
charge carrier separation) is largely expected to be fulfilled by the non-light-
absorbing wide band gap p-SC onto which the dye has been immobilised. The
approach of using small band gap p-SCs to build light-absorbing photocathodes
(LAPCs) therefore has the advantage over DSPC systems of reducing the number
of components in the photocathode system by one.

However, despite the apparent attractiveness of such an architecture, the
first example of an immobilised molecular catalyst-based LAPC in solar fuels,
published in 1984,64 was followed by decades of silence, with the remainder of
existing examples to date only emerging within the last 8 years. Of these, the
number that are based on precious metal-free 3d transition metal complexes
and that also operate under aqueous conditions are few. For CO2 reduction in
particular, this number dwindles to zero, owing largely to the fact that the vast
majority of successful molecular catalyst-based LAPCs still use precious metal-
based CO2 reduction catalysts. The challenge and scope therefore urgently remain
for researchers to continue the non-trivial task of developing such photocathodes
that are active and stable for reductive solar fuel transformations. The work
described in this thesis is based on this approach, and the remainder of this
introductory chapter will summarise its various components (sections 1.3.1-1.3.2),
catalyst immobilisation strategies (section 1.4) and the current state-of-the-art
systems in aqueous solutions (section 1.5).

1.3.1 Light-Absorbing Semiconductors

Just as the photosensitisers used in both solar fuel photocatalysis and photoelec-
trode systems have been largely based on photosensitisers inspired by and first
developed for dye-sensitised solar cells, the narrow band gap p-SCs employed to
realise LAPCs for H2 evolution and CO2 reduction to date have also been adopted
from the solar cell field. From a thermodynamic point of view, it is crucial that
the conduction band (CB) energy level of the p-SC is not only more negative
than the thermodynamic potential for proton or CO2 reduction for proton- or
CO2-reducing photocathodes, respectively, but must also be more negative than
the potential required to drive the molecular catalyst immobilised on its surface
(Fig. 1.3). Such a requirement is necessary to increase the chances of successful
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electron transfer to the surface-immobilised catalyst and therefore reduce charge
recombination rates with holes that reside on the semiconductor’s valence band
(VB).

Fig. 1.3 Band diagram depicting energy level requirements for a successful light-
absorbing photocathode system. cat = catalyst.

Beyond this, the band gap energy (Eg) of the p-SC is also important in
determining the energy of wavelengths it is capable of absorbing and, therefore,
the proportion of the solar spectrum that can be taken advantage of. Visible
and infrared light accounts for more than 95 % of solar irradiation, but will
not be absorbed by semiconductors with band gaps larger than 3.1 eV. Further
considerations for the band gap must be taken if a tandem photoelectrochemical
cell is the final goal. The upper limit of solar-to-hydrogen (STH) efficiency of a
tandem PEC cell with a pair of semiconductors (having complementary band gaps
of 1.0 and 1.6 eV) is close to 30 %, whereas only 13 % is achievable for a single
light absorber PEC cell (with a band gap of 2.2 eV).34–36

Figure 1.4 depicts the VB and CB potentials as well as the band gaps of
inorganic p-SC materials that have been used to date to construct LAPCs with
3d transition metal complexes. Of these, p-type silicon (p-Si) has the narrowest
band gap (1.12 eV) and can capture photons from a significant portion of the solar
spectrum, even those in the infrared (up to 1100 nm).65,66 Semiconductors of the
III-V variety – namely, indium phosphide (InP), gallium phosphide (GaP) and
gallium indium phosphide (GaInP2) – also have band gaps appropriate for visible
light absorption (1.35 eV,67,68 2.26 eV69 and 1.83 eV,70,71 respectively).

Although the number of p-SC materials that have been successfully used to
develop proton- or CO2–reducing LAPCs is greater than the number of p-SCs
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Fig. 1.4 Valence (red) and conduction (green) band potentials for inorganic p-type
light-absorbing semiconductor materials mentioned in this chapter.

used in DSPCs (the majority of which are based on NiO), this number is still
relatively low due in part to the lack of p-type light-absorbing semiconducting
materials that have been found to be stable in water – an important prerequisite
for operating under aqueous conditions. Specifically, it has appeared to be a
challenge to develop p-SCs that are tolerant to acidic conditions. Needless to say,
in order for the two key components of LAPCs (light harvester and catalyst) to
be able to work in concert, any conditions that are found to be acceptable for
maintaining semiconductor stability against corrosion must also be compatible
with the conditions needed for the surface-immobilised molecular catalyst to
operate. This is often why tolerance to at least slightly acidic conditions would
be considered an advantage for a p-SC material in a proton- or CO2-reducing
context.

Si is inherently unstable in aqueous or aerobic conditions due to the formation
of a silica layer, resulting in a passivating, insulating film that renders the region
inactive for electrochemical reactions.72 The most commonly used strategy to
overcome this problem for H2 evolution photocathodes has been to decorate the
Si with a thin film of TiO2 by atomic layer deposition (ALD), prior to catalyst
immobilisation (note that none of these catalysts to date have been molecular
catalysts).73–76 Corrosion instability also afflicts In- and Ga-based p-SCs and limits
their large-scale application for photoelectrochemical solar fuel devices.

In addition to Si, ALD-deposited thin films have also been applied to other
unstable semiconductor materials in the context of providing protection against cor-
rosion/passivation under photoelectrochemical hydrogen-evolving/CO2-reducing
conditions.77–80 However, the number of such examples remains scarce, especially
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when only considering molecular-based photocathodes, let alone just those based
on non-precious metal-containing metal complexes. Basic prerequisites for any
protective film include: (i) transparency in order to permit light to reach the
semiconductor below, (ii) the ability to allow charge to pass through, (iii) stability,
and (iv) possession of a compatible CB energy level such that an energetic cascade
for electron transfer to the catalyst is maintained. Films that have been deposited
by ALD are by definition very thin and therefore often meet conditions (i) and (ii)
above, but the high cost and energy-intensive nature of this deposition method
precludes its scalability to some extent.

Fig. 1.5 General assembly approach taken to construct light-absorbing photo-
cathodes, where a protection layer and additional porous scaffold are optional
elements.

Finally, the p-SC must be able to facilitate some form of anchoring mode in
order for catalyst immobilisation to be successful. Ideally, this should also allow
for a significant number of molecules to be loaded onto the surface to compensate
for the kinetic limitations of molecular catalysts, so some form of nanostructuring
to introduce a high surface area-to-volume ratio would be beneficial. A general
assembly scheme of how this may be achieved in LAPCs is presented in Figure 1.5.

1.3.2 Molecular Catalysts

H2 Evolution Catalysts

When it comes to H2 evolution, the noble metal platinum is the ‘gold standard’.
Operational under a wide range of conditions and highly active at effectively
zero overpotential as a result of the optimal Pt-H adsorption energy,81 Pt has
long been used as the benchmark against which to compare the performance of
other HECs.82 However, its scarcity in the Earth’s crust (5 ppb) limits any real
possibility of scaling up the use of Pt in global energy solutions to the fuel crisis.
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Another benchmark HEC exists in the form of naturally-occurring hydrogenase
(H2ase) enzymes, metalloproteins that reversibly catalyse H2 evolution with near
zero overpotential.83 Various hydrogenases have been successfully incorporated
into both photocatalytic and (photo)electrochemical systems,84–90 but several
factors would inhibit deployment of these enzymes in large-scale devices. These
include, but are not limited to, their fragility, stringent operating conditions
(pH-sensitivity), large ‘per active site’ size and molecular weight (> 5 nm diameter,
30-100 kDa) and high cost of extraction and purification.83 Rather, research into
the activity of H2ase enzymes can and does serve to increase our understanding
of how Nature’s molecular systems can function so efficiently and, subsequently,
inspire the design of synthetic catalysts. X-ray crystal structures of the active
sites of three principal varieties of H2ase ([Fe]-,[Fe-Fe]- and [Ni-Fe]-H2ase)91–93

reveal key common features across the board: firstly, active sites that are mono-
or dinuclear metallic clusters based on 3d transition metal ions, indicating that it
is possible to achieve efficient H2 evolution catalysis with Earth-abundant metals;
and secondly, ligands consisting of CO, CN− and bridging thiolates in addition to
basic protein residues.94 Additionally, the fastest of the three varieties, [Fe-Fe]-
H2ase, also features a flexible bridgehead nitrogen atom – effectively a pendant
amine group - believed to act as a proton relay to the metal centre (Fig. 1.6a).95

Numerous synthetic analogues of both the [Fe-Fe]- and [Ni-Fe]-H2ase active
sites have been prepared but were found to have large overpotentials and poor
water solubility and stability, leading to disappointing electrocatalytic activity
in a variety of configurations.96–100 The only exceptions for better performance
emerged when the enzyme mimic was incorporated into an apoprotein that had
been depleted of its active site.95,101 These results point to a key limitation in
the biomimetic approach: that the entire protein structure is, more often than
not, necessary in order for the active site’s stability and activity to be maintained.
Rather than try to precisely replicate the active site of naturally-occurring systems,
an alternative approach would be to take the broader lessons learned from studying
such enzymes and apply them when designing synthetic metal complexes. In
this particular case of drawing inspiration from H2ase to design HECs, what has
resulted as a common motif from such efforts are metal complexes consisting of
first-row transition metal ions (such as Fe, Co and Ni) with robust π-accepting
ligand frameworks incorporating proton relays through the inclusion of pendant
bases. The designs of two of the most widely-studied and successful classes
of HECs, Co-centred cobaloximes and Ni-centred bis(diphosphine)s, follow this
theme. They have been introduced in greater depth below.
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Fig. 1.6 Structures of key hydrogen evolution catalysts: (a) active site structure
of [Fe-Fe]-hydrogenase, (b) cobaloxime, (c) cobalt diimine-dioxime, and (d) Ni(II)
bis(diphosphine).

Although their synthesis was first reported in 1907, the catalytic activity
of cobaloximes was not reported until 1964, when Schrauzer and co-workers
demonstrated their use as vitamin B12 models.102 Espenson and co-workers
presented the first example of proton reduction in organic media using cobaloximes
almost 30 years ago,103 although reduction of aqueous protons only began to emerge
much later in 2008.104–106 Today, cobaloximes stand amongst the most commonly
employed catalysts in electro- and photocatalytic H2-evolution schemes.107–109

The general structure of a cobaloxime consists of a Co centre with two equatorial
glyoxime ligands and two trans axial ligands (Fig. 1.6b). The equatorial ligands
incorporate proton relays in the two hydrogen-bonded O-H-O bridges, and stabilise
oxidation state changes occurring at the Co centre, enabling the complex to switch
between Co(III)/Co(II)/Co(I) states. The Co(I) species is highly nucleophilic,
and is the site of protonation to form the catalytically-active CoIII-H species.

The attraction that cobaloximes hold as proton reduction catalysts lies with
a number of reasons, the most notable of which are as follows: they operate
catalytically in aqueous solutions; they are synthetically facile to prepare and
modify; they are among the very few synthetic catalysts that have been reported
to be O2-tolerant110–112 – an important consideration for their use in full water
splitting systems; and they possess low overpotentials for H2 evolution.113,114

However, their performances have been hindered by a lack of stability arising from
both their equatorial diglyoxime ligand framework being subject to hydrogenation,
as well as their axial ligands – which have been found to strongly influence turnover
frequencies – being labile during catalysis.115,116 Replacing one of the oxime bridges
with a propanediyl bridge yields a class of related catalytic compounds, cobalt
diimine-dioximes (Fig. 1.6c), that are more stable than cobaloximes against
hydrolysis under acidic conditions,117 but that possess greater overpotentials
towards the HER as a result of losing one of the proton-relaying O-H-O bridges.116

Further modifications to cobaloximes are also possible at the oximes’ α-substituents
and at the axial positions. For instance, pyridine ligands have been investigated as
axial ligands and found to improve the basicity of the CoIII-hydride formed during
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the catalytic cycle, thereby allowing for the final protonation step to be favoured
and leading to overall improved catalytic activity.113,116,118 Modifications at both
equatorial and axial positions have also been made to introduce anchoring modes
that would enable the immobilisation of cobaloximes onto a variety of surfaces
towards both colloidal and electrode-based systems.80,106,119 One example of a
cobaloxime that was designed to incorporate several of the above functionalities
is CoP3, where the equatorial ligand contains both a phosphonic acid anchor
group as well as a pyridine, the latter of which binds to the Co centre at the axial
position (Fig. 1.7).120

Fig. 1.7 Structures of CoP3 and NiP, two molecular hydrogen evolution catalysts
used in the work described in this thesis.

Arguably the benchmark when it comes to molecular HECs, the Ni(II)
bis(diphosphine) ([Ni(P2N2)2]2+) series of complexes possess a ligand framework
that have long been known121 but were only pioneered as electrocatalysts by DuBois
and co-workers in the 2000s.122 These complexes incorporate a Ni centre with
two macrocyclic 1,5-diaza-3,7-diphosphacyclooctane (P2N2) ligands (Fig. 1.6d),
and have been shown to reach a turnover frequency (TOF) of 720 h−1 at an
overpotential of 300 mV.122 The key to their remarkable catalytic activity lies in
the combination of having pendant non-coordinating amines and flexibility in the
ligand framework. The latter aspect allows the former to act as proton relays for
the Ni centre and in this way facilitate inter- and intramolecular proton/hydride
exchange.123,124 The N and P functions also offer the possibility to modulate
catalyst characteristics by substitution at these sites. For instance, studies of
these complexes had been almost exclusively performed in organic solvents with
strong acids as proton sources as a result of their insolubility in water,125–127 but
incorporation of a phosphonic acid into the ligand framework yielded the water-
soluble Ni bis(diphosphine) catalyst NiP (Fig. 1.7), rendering studies in aqueous
conditions possible.128 Although [Ni(P2N2)2]2+-type catalysts are inhibited by O2,
they have been shown to be highly tolerant to CO, which has positive implications
for their potential use in syngas generation.111
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In addition to the above two classes of molecular catalysts discussed, other
ligand frameworks that have been employed with Co and Ni centres to build HECs
include polypyridines, porphyrins, cyclams and thiolates.129,130 Although a deeper
discussion of these catalysts is beyond the scope of this thesis, their existence
points to a thriving community intent on achieving ever more efficient and active
H2-evolving molecular electrocatalysts.

CO2 Reduction Catalysts

The electrochemical reduction of CO2 on a metal was first demonstrated as early
as 1870.131 Researchers have since then evaluated a wide range of polycrystalline
metals as CO2-reducing electrode materials, including the likes of Ag, Au and
Cu.132–134 Unlike in the case of H2 evolution where Pt is a clear benchmark,
however, no single CO2-reducing heterogeneous polycrystalline metal has been
identified as a clear winner among others in terms of its energetic efficiency
(overpotential requirement) and product selectivity. In Nature, two examples of
enzyme classes that reduce CO2 are carbon monoxide dehydrogenases (CODHs)
and formate dehydrogenases (FDHs), which perform the reversible interconversion
of CO2 with CO and formate, respectively, extremely efficiently. For both CODHs
and FDHs, classes exist where the enzymes contain transition metals in their
active sites – Fe, Ni, Cu and Mo for the former,19 and Mo and W for the latter.135

In addition, clusters – often [Fe-S]-based – are present to both hold the transition
metal active centre in place as well as serve as an electronic buffer that stabilises
the charges on the active centre during the catalytic cycle.136,137 Several groups
are also within hydrogen bonding distance. Although a few attempts have been
made to closely mimic the active sites of these enzymes, few have proven to exhibit
notable reactivity towards the desired reaction,138–140 further emphasising the
difficulties in creating a working mimic of biological systems.

As had been discussed with the case of HECs above, metal complex CRCs
have also been successfully synthesised by taking away the key learnings made
through understanding naturally-occurring CO2 reduction metalloenzymes. For
example, ligand systems should be able to act as electron reservoirs and/or simply
facilitate the stabilisation of electron density from the reduced metal centre during
the catalytic cycle. A free coordination site for the CO2 substrate molecule to
approach the transition metal is also key, and this can be facilitated by protons in
neighbouring functionalities. In all, a winning strategy for efficient CO2 reduction
must involve simultaneous multi-electron transfers and catalytic sites that direct
nuclear configurations of reactants favourably for product formation.19 After this,
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themes similar to those that occurred in HEC research also arise here when aiming
for better catalyst design, especially when it comes to ligand variations and how
they can induce steric, electronic and other effects on the overall complex and its
ensuing performance.

A wide range of ligand families together with transition metals have been
employed over the years towards the synthesis of metal complex CRCs.47,141

Core ligand types include polypyridyls, phosphines, cyclams, and aza-macrocyclic
ligands, as well as porphyrins, phthalocyanines and related macrocycles, while
transition metals ranging from the 1st to the 3rd row have been utilised at some
stage with varying degrees of success, although the best performing molecular CRCs
were for a long time - and continue to be - based on precious metals like Ru and Re.
In the design of both the complexes themselves and the experimental conditions
under which they are placed to carry out CO2 reduction, one notable theme that
has emerged regardless of the metal and the ligand type has been the inclusion
of weak Brønsted or Lewis acids. These acids are thought to serve two possible
purposes: to stabilise the primary CO2 adduct, and to help the cleavage of the
C-O bond leading to formation of, say, CO.141 This effect can be achieved by either
adding a weak Brønsted acid directly into the operating electrolyte solution,142–144

or by installing acid functionalities on the ligand framework itself such that
they are within sufficient vicinity of the metal centre and can act as an internal
proton source.145–147 In a similar manner, it has been shown that incorporating
pendant, "protonable" NH base groups on the ligand framework can introduce
a proton responsivity and hence increased stability of the metal-CO adduct via
these protonated amines.148,149 In fact, a Fe-porphyrin complex with four charged
trimethylanilinium groups along with a large concentration of phenol added into
the electrolyte solution was recently reported to have unprecedented catalytic
efficiency towards CO2 reduction, and stands today as one of the benchmark
molecular catalysts to beat in homogeneous conditions (Fig. 1.8a).150

Fig. 1.8 Structures of key CO2 reduction catalysts: (a) recently described
benchmark Fe-porphyrin catalyst,150 (b) Mn-bipyridine tricarbonyl, and (c) Co
bis(terpyridine).
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In addition to the above ligand modifications, other desirable alterations are
those that lead to increased solubility and functionality in aqueous solutions. At
present, the vast majority of molecular CRCs work only in aprotic solvents,151 while
any foreseeable application for such catalysts in devices that carry out artificial
photosynthesis on commercially relevant scales would need water-compatibility as
a prerequisite. This is especially true if the cathodic CO2 reduction half-reaction is
to be paired with an anodic half-reaction such as water oxidation. To this end, the
introduction of charged functionalities (acids and bases) onto the ligand framework
have been shown to achieve increased catalyst functionality in water.152,153 Ni(II)
cyclams are also a rare example of a class of molecular catalysts that operate in
aqueous conditions for selective CO2 reduction.47

One of the broadest and most diverse class of ligands – and the one under
which the catalysts used in thesis fall under – is that of polypyridyls.154 To mediate
the multi-electron, proton-involving transformations necessary for catalytic CO2

reduction, molecular catalysts must have the ability to store multiple reducing
equivalents. This can be achieved either by reducing the metal centre, which
then necessitates a ligand field capable of stabilising the reduced metal ions, or
by reducing the ligand scaffold itself, with the metal serving as a mediator for
electron relay. In this context, polypyridine ligands have been proven appropriate
to support catalysts for CO2 reduction as they offer the ability to not only stabilise
the reduced metal centres but also to accept reducing equivalents within the ligand
π system, allowing for the storage of multiple reducing equivalents across the
entire molecule.155–157

Parent polypyridine ligands include bipyridine (bpy), terpyridine (tpy), quater-
pyridine (qtpy) and phenanthroline (phen). The seminal work of Sauvage/Lehn
using Re(X)(bpy)(CO)3 for photocatalytic and photo-assisted CO2 reduction to
CO is among some of the earliest developments of molecular CRCs in general.158

Many more followed in the 1980s and 1990s but the field was revitalised in the
2010s with a particular focus on 1st row transition metals. For instance, the CO2

reduction catalytic activity of Mn analogues of the aforementioned Re “Lehn-
type” catalysts were reported in 2011 by Deronzier and collaborators (Fig. 1.8b),
and followed up by mechanistic investigations of these complexes.143,146,159–161 Fe,
Ni, Cr and Cu polypyridyls have also all been studied for their CO2-reducing
capabilities to varying degrees.154

Of most relevance to the context of this thesis are Co polypyridyls, in particular
Co terpyridines (Fig. 1.8c). The first Co polypyridyl complex catalysing CO2

reduction was reported by Lehn and Ziessel in 1982.162 Rather than synthesise
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discrete molecular species, variable concentrations of CoCl2 and bpy were added
in a mixture and assumed to form Co-bpy complexes in situ. Upon varying
the ratios of CoCl2:bpy, the general trend was observed wherein larger amounts
of additional bpy ligand significantly decreased the amount of CO produced
but increased production of H2. This report was the first indication that Co
polypyridyls could be potentially used in catalytic systems for CO2 reduction and,
further, possibly generated in straightforward in situ processes. This was followed
by reports on pre-synthesised Co polpyridyl complexes of varying denticities and
their electrochemistries, indicating a strikingly high degree of versatility of Co
polpyridyl sytsems as CRCs.163–165

Renewed interest in the [Co(tpy)2]2+ platform prompted further mechanistic
studies by Fontecave and co-workers. Using N,N’-dimethylformamide (DMF):H2O
mixtures as the solvent, the observation of reversible one-electron waves at half-
wave potentials (E½) of −0.17 and −1.17 V vs. Fc+/Fc corresponding to the CoIII/II

and CoII/I redox couples, respectively, as well as two ligand-based reductions at
−2.03 and −2.46 V vs. Fc+/Fc was confirmed.166 Cathodic current enhancements at
the −2.03 V vs. Fc+/Fc wave in CO2-saturated solutions were observed, alongside
CO2 reduction products after performing controlled potential electrolysis (CPE),
suggesting that the complex required ligand reduction before entering its catalytic
cycle. Notably, the only carbon-containing product reported was CO, alongside
varying ratios of H2. No CH4, formaldehyde or even formate were detected above
background levels. The ratios of CO and H2 produced could be tuned by varying
the applied potential during CPE. Mixing varying ratios of CoCl2 and the tpy
ligand – in a manner reminiscent of the previous study described by Lehn and
Ziessel – also resulted in varying product selectivities, presumably due to the
formation of increasing amounts of mono(tpy) species as the CoCl2:tpy ratio
decreases from 1:2 to 1:1.166 Ligand modifications at the positions para to the
nitrogen with withdrawing and donating groups also allowed for tailoring of the
electronic structure of these complexes and, consequently, product selectivity once
again.167

1.4 Immobilising Molecular Catalysts

1.4.1 General Considerations

The term ‘immobilise’ is defined here as the use of physical or chemical means
to prevent a molecule (the catalyst) from freely diffusing away from a surface
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(the electrode). The immobilisation of molecular catalysts onto surfaces towards
(photo)electrodes active for solar fuel transformations has been achieved in a variety
of manners. In many cases – perhaps with the exception of incorporating the
molecular catalysts into an external matrix like a Nafion® membrane – this requires
the chemical modification of the catalyst’s ligand framework with appropriate
moieties that would facilitate surface immobilisation in either a non-covalent
or a covalent mode. The choice of these anchoring moieties depends first and
foremost on the surface on which catalyst immobilisation is envisioned. In the
context of photocathodes, the vast majority of these surfaces have been inorganic
semiconductors, including metal oxides and non-oxide group III-V/group IV type
semiconductors, as mentioned in section 1.3.1. The method by which catalysts
can be immobilised on these surfaces have therefore had to take into account the
characteristics and surface chemistries of these semiconductors.

An important prerequisite is the catalyst’s ability to anchor onto the semicon-
ductor surface in such a way that the construct remains stable for long periods
of time under catalytic operating conditions. The act of catalyst immobilisation
should in effect be innocent in that it should not hinder the complex’s ability
to catalyse the desired reactions. In this context, one notable difference be-
tween narrow band gap semiconductor-based LAPCs and, say, wide band gap
semiconductor-based DSPCs is that the anchoring mode must allow for efficient
charge transfer to occur between the semiconductor surface and the molecular
complex in the former, whereas charge transfer between the co-adsorbed pho-
tosensitiser and the catalyst is most important in the latter. In fact, charge
transfer between the semiconductor surface and the molecular catalyst should be
avoided in DSPCs as it could lead to undesired charge recombination between the
reduced catalyst and holes in the p-SC VB. With this in mind, and knowing that
electron transfer is affected by distance, a long linker on the molecular catalyst
could be beneficial in DSPCs, while the opposite – a shorter linker – might be
desired in LAPCs. The effect of linker length on the kinetics of charge separation
and recombination in semiconductor-molecular catalyst hybrid photoelectrodes is
important, as has been demonstrated by an extensive case study on the interfacial
electron transfer dynamics of a series of immobilised TiO2|cobaloxime systems.168

Here, it was revealed that the electron transfer rate from the semiconductor to
the attached cobalt catalyst was exponentially dependent on the distance between
the TiO2 and the metal centre.

The most widely-adopted approaches – and their respective advantages and
disadvantages – for molecular catalyst surface immobilisation specifically onto
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inorganic semiconductors for reductive solar fuel transformations will be considered
below. Then, taking a broader view beyond photoelectrodes, this will be followed
by a brief highlight on some benefits that could potentially (and have been reported
to) arise from the surface immobilisation of catalysts in general.

1.4.2 Strategies for Immobilising Catalysts on Semicon-
ductors

A large number of examples where molecular catalysts were immobilised on inor-
ganic semiconductors have seen the metal complexes interfaced with a metal oxide
surface, whether the latter is the light-absorbing semiconductor itself or simply a
conduit for electron transfer from the underlying light absorber (e.g. a protection
layer). The majority of the anchoring groups utilised for anchoring both molecular
catalysts and photosensitisers onto metal oxides to build LAPCs and/or DSPCs
were originally developed and studied for dye immobilisation in dye-sensitised solar
cells (DSSCs), and later adopted to build photoanodes and photocathodes towards
solar fuel synthesis. To this end, a large number of chemical functions have been
described to allow the grafting of photosensitisers and/or catalysts onto metal
oxides, including carboxylic acids, phosphonic acids, organosilanes/silatranes,
hydroxamic acids and acetylacetone.169–175 Each present their own set of pros
and cons in terms of stability, surface coverage, electronic properties, and the
synthetic effort required to introduce them onto the dye/catalyst, but all share a
common reliance on the formation of metal-oxygen bonds between the surface’s
metal atoms and the anchoring group’s oxygen atoms.

Among these different anchoring moieties, carboxylic acids and phosphonic
acids stand out both in terms of being the most widely applied for solar fuel
photoelectrodes, but also in terms of being the only ones to be adopted for
specifically catalyst anchorage onto metal oxides towards reductive fuel transfor-
mations. Although studies on the binding modes and stability characteristics of
carboxylates and phosphonates have been conducted mostly in the context of dye
immobilisation, some general lessons can nevertheless be applied to the context of
reductive catalysis.171,176

For both carboxylates and phosphonates, anchoring onto metal oxides is
believed to occur via condensation reactions involving the incoming acid moiety and
hydroxyl groups that exist on the surface of the metal oxide, resulting in a covalent
interaction between the metal oxide surface and the bound molecule.174 Hydrogen
bonding between the acid groups and surface oxides is also possible, but would not
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be expected to impart as strong a bondage as a covalent interaction would. Studies
have suggested that carboxylates can form monodentate, chelating or bidentate
bridging binding modes to a metal oxide surface, with the bidentate mode being
most preferred (Fig. 1.9a).177–179 Experimental evidence for this understanding
exists in the form of Fourier-transform infrared spectroscopy studies, where loss of
the discrete C=O stretching mode in the spectra upon surface binding indicates
bidentate binding.180 Phosphonic acid anchoring groups have also been shown to
be capable of a variety of binding modes (Fig. 1.9b).181 Mono-, bi- and tridentate
modes are thought to be possible,178 with bidentate being the one most often
proposed, especially when the metal oxide is classified as a poor Lewis acid.171

However, contradictions exist in reports, suggesting that there is disagreement on
the exact nature of this bidentate mode. For instance, the disappearance of the
P=O stretch in the IR spectrum of TiO2-bound bipyridine- and porphyrin-based
dye complexes has been observed and would suggest binding of the phosphoryl
group to the metal surface,174,178 while other reports have observed the retention
of this P=O stretching mode and diminishments of only the P-O-H absorptions.182

The relevant conclusion in both cases is most likely that surface modification
conditions can affect the binding modes that result on the oxide surfaces.183,184

Fig. 1.9 Surface binding motifs for molecules onto metal oxides (MOx) using (a)
carboxylate anchoring moieties, through monodentate, chelating or bidentate
binding modes, or (b) phosphonate anchoring moieties, through mono-, bi- or
tridentate modes.

The widespread adoption of carboxylic acids to anchor dyes for DSSCs has
been ensured by this moiety’s facile synthesis and ability to facilitate fast electron
transfer. The latter is made possible by the enhanced electronic coupling from
the carboxylate anchor to a metal oxide like TiO2, where sp2 hybridisation of the
acid favours electron delocalisation.171 While such attributes are important in
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the context of DSSCs, photoelectrochemical cells operated in aqueous conditions
require robust anchoring of the catalyst molecules, something that carboxylates
are widely known to be able to achieve only under low pH conditions (< 4).178,185

One key attraction of using phosphonates over carboxylates, therefore, is the
former’s increased resistance to hydrolysis at higher pH values (up to 7), opening a
wider window in which these devices can be operated in aqueous conditions.186–188

The strength of these covalent bonds means that removal of phosphonates from
the surface would typically require either harsh basic conditions that dissolve the
metal oxide or plasma etching.189,190

Besides the covalent binding interactions afforded by the acidic moieties de-
scribed above, the only other approach that has been employed for catalyst
immobilisation on semiconductor electrodes has been the deposition of polymeric
films that incorporate the electrocatalysts. This approach has been widely adopted
for the grafting of molecular catalysts onto conductive substrates, most notably
carbon-based electrodes, for a wide variety of redox transformations even beyond
the realm of solar fuels.191–199 In most of these cases, in situ polymerisation
onto the electrode surface – as opposed to pre-forming the polymers prior to
immobilisation – was most common. Such conducting substrates are particularly
amenable to electropolymerisation techniques because they are not limited in the
electrochemical potential that they need to deliver to induce such processes. In
contrast, the requirement for an electrochemical polymerisation process could
preclude use of light-absorbing semiconducting electrodes that may either prevent
the application of the required potential if it lies within the semiconductor’s band
gap, or lead to competitive degradation of the photoelectrode material itself.

Nevertheless, there exist a few cases where a polymerised electrocatalyst has
been immobilised on an inorganic semiconducting electrode. In many cases, the
interaction between the polymeric film and the underlying substrate has been
non-covalent in nature, whereby catalyst immobilisation is assumed to be achieved
primarily by the polymer film’s robustness and insolubility into the surrounding
electrolyte solution. On metal oxide surfaces, this method has been employed
only for dye-sensitised water oxidation photoanodes, but these reports serve as
elegant depictions of how a polymeric overlayer can achieve both catalyst and
substrate stabilisation.200–203 In these recent examples, vinyl groups on both the
dyes’ and catalysts’ ligand frameworks were polymerised through oxidative and
reductive electrochemical processes. Polymerised electrocatalysts forming non-
covalent interactions with the underlying substrate have also been employed in
the context of CO2 reduction, where the ligands of Ru bipyridine catalysts formed
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part of polypyrrole backbones.204 This methodology was extended onto non-oxide
semiconductor surfaces, including GaP and InP (see section 1.5.2 below).

In addition to non-covalently interacting polymers, covalently-attached poly-
mers of electrocatalysts have also been prepared on non-oxide semiconductors in a
limited number of examples. Making use of a wide body of work in which molecules
were covalently grafted directly onto surfaces such as Si, GaAs and GaP for the
purposes of preventing oxide formation,205–209 polyvinylpyridine and polyimidazole
polymers were covalently grafted onto GaP surfaces via UV-induced polymeri-
sation. These polymers bore pyridine-containing functionalities that served as
attachment points for cobaloxime and Co/Fe porphyrin catalysts, yielding pho-
tocathodes that were active for H2 evolution. This body of work is described in
greater detail below in section 1.5.1.

1.4.3 Benefits of Catalyst Immobilisation

The general advantages of taking a photoelectrochemical approach over a homo-
geneous, one-pot solution set-up were briefly discussed above in section 1.2.3.
Beyond these, another practical consideration to make when immobilising molec-
ular catalysts is that attaching them to an electrode surface ensures they are
constantly under catalytic turnover during an experiment, and therefore enables
in operando and post-catalysis characterisation by electrochemical means. If in a
homogeneous configuration, dynamic electrochemical techniques such as cyclic
voltammetry only sample molecular species within a thin film in the vicinity of
the electrode surface, thereby limiting the amount of sample under consideration
to that which can diffuse into this small volume on the timescale of the exper-
iment.210 Therefore, performing exhaustive electrocatalysis to understand the
stability of the catalyst under such circumstances would be challenging, since most
catalyst molecules will spend most of the experiment away from the electrode, not
undergoing turnover, and possibly experiencing competing degradation processes.
Further, in situ or ex situ spectroscopic characterisation of the bulk solution
therefore would not give representative information about the molecules subjected
to electrochemical potential. Benchmarking and mechanistic investigations can
therefore be greatly facilitated by catalyst immobilisation. From a performance
point of view, diffusional limitations are also removed and the efficiency of electron
transfer is increased, allowing the catalyst to collect the multiple electrons required
in time to perform the desired reaction.
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Another general benefit to catalyst immobilisation is that the catalyst no
longer needs to be soluble in the reaction medium. This is especially pertinent
towards operating molecular catalysts in favoured aqueous conditions when they
are not themselves soluble in water. Reports have emerged where the catalyst
was not operable in homogeneous aqueous conditions but could take advantage
of being immobilised on an electrode surface to access such aqueous working
environments.63,211–213

In addition to the above, a number of key benefits have arisen from the
literature that illustrate how the catalytic performance of molecular systems
towards both proton and CO2 reduction can be enhanced via surface immobilisation
means, without modifying the catalytic core itself. Using select examples as
demonstrations, these benefits specifically from the perspective of the catalysts
will now be briefly highlighted, with the aim of illustrating how immobilisation
can provide opportunities for their enhanced performance compared to when they
remain in homogeneous configurations.

One key thematic that has emerged among some works has been the realisation
that immobilisation can open possibilities to mimic the active site of enzymes by
providing an environment for the molecular complex that is conducive towards
efficient catalysis. As discussed above in section 1.3.2, the active sites of enzymes
have served as inspirations for the design of proton- and CO2-reducing molecular
catalysts, but these small molecular catalytic cores – especially when in solution –
often do not perform anywhere near the levels observed for Nature’s enzymes. An
understanding of this discrepancy can be found when we consider the fact that
during their catalytic cycles, enzymes rely upon chemical structures extraneous to
their active site. Often, substrates and electrons need to be efficiently conveyed
to and from the active site using gas channels and electron relays. Synthetic
catalysts that have been rationally designed to mimic the active core of enzymes
might contain useful appendages in their primary, immediate coordination sphere
but thereafter lack helpful units at further vicinities. Immobilising them onto
surfaces can remediate this by achieving certain beneficial environments for the
metal complexes and therefore be a step towards mimicking the pocket in which
the active site of enzymes reside.

In several cases, this environment has been achieved by means of incorporating
the catalyst into a polymer framework which is in turn immobilised onto an
electrode surface. For instance, Pickett and co-workers immobilised a di-nuclear
Fe complex that mimics the active site of [Fe-Fe]-hydrogenases onto an elec-
tropolymerised polypyrrole film on glassy carbon, where the intention was for the
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conductive polymer to aid electron transfer to the catalyst much like Fe-S clusters
do in hydrogenases.214 McCrory and co-workers deposited a CO2-reducing catalyst
onto a polymeric film – cobalt phthalocyanine (CoPc) in polyvinylpyridine (PVP)
on a graphite electrode (Fig. 1.10) – and found markedly improved catalytic perfor-
mance when compared to polymer-free CoPc, which, by itself, is an unremarkable
catalyst that displays poor selectivity and relatively low activity for CO2 reduction
over competing proton reduction.215 In this work, elegant and extensive studies
were carried out to deconvolute two possible effects of incorporating CoPc into
the PVP film and both were eventually found to act in synergy to give rise to the
enhanced performances observed. Namely, (i) individual pyridine residues of PVP
can coordinate to the square planar cobalt centre of CoPc, which helps because
axial coordination of pyridine has been implicated in enhanced CO2 reduction
activity for CoPc and cobalt porphyrin catalysts;193,216,217 and (ii) the high con-
centration of uncoordinated pyridine residues throughout the PVP film that, when
protonated in acidic solution, may enable secondary coordination sphere effects,
such as hydrogen bonding interactions that stabilise activated intermediates, as
well as outer sphere effects like making protons available around the catalyst’s
active site (Fig. 1.10).

Fig. 1.10 Schematic representation of a molecular cobalt phthalocyanine CO2
reduction catalyst immobilised in polyvinylpyridine, as described by McCrory and
colleagues.215

Koper and colleagues investigated the effect of encapsulating a CO2-reducing
indium protoporphyrin catalyst into different types of polymer membranes on
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a carbon substrate, and came to similar conclusions to those of the previously
mentioned work by McCrory.218 Namely, in comparison to the polymer-free cata-
lyst, the catalyst’s encapsulation in a variety of polymer membranes enhanced
selectivity and activity. For instance, the presence of aromatic building blocks in
PVP and poly(3,4-ethylenedioxythiophene) polystyrenesulphonate (PEDOT:PSS)
polymers was believed to facilitate axial coordination to the indium metal centre
by electron donation. The only exception was when the catalyst was embedded
into a Nafion® membrane, where the high concentration of protons was presumed
to negatively affect product selectivity. In addition to underscoring the importance
of the chemical structures of the polymers, different conducting substrates and
pre-treatments of these substrates were also found to heavily influence selectivity
and stability outcomes, independent of polymers immobilised on them. This
further demonstrates that immobilisation is often not an inert act in itself, and
that the surface chemistry and environment can play definitive roles in a cata-
lyst’s subsequent performance. This all adds to the toolbox at our disposal for
fine-tuning the performance of immobilised molecular catalysts.

In addition to flat surfaces, polymers have also been used to immobilise
molecular catalysts into porous structures. In our group, we demonstrated that
immobilising a cobaloxime as part of a polymer framework (pPyCo) onto a
carbon nanotube (CNT) scaffold yielded enhanced proton-reducing performances
as compared to when a non-polymeric, analogous molecular cobaloxime (PyCo)
was deposited onto CNTs (Fig. 1.11).107 This was achieved by the rational selection
of co-monomers on the polymer that accompanied the catalytic core: a pyrene-
containing co-monomer to ensure robust anchoring onto the CNT via π-π stacking,
and an ethylene glycol-containing co-monomer to both improve polymer solubility
and provide a hydrophilic environment beneficial towards H2 evolution in the
vicinity of the cobaloxime core. As a result of this, the polymeric hybrid electrode
displayed a catalytic activity four times higher and twice as stable as compared
to its monomeric counterpart. This demonstrated the proof-of-concept that
tuning the catalyst’s environment (outer coordination sphere) instead of the active
catalytic centre (first coordination sphere) is a viable strategy to improve catalytic
performances. In addition, both the monomeric and the polymeric cobaloxime
maintained reasonable performances under the presence of air. This stability
under such demanding atmospheres was thought to be attributed to the CNT
matrix itself effectively acting as a protective shield and reducing O2 before it
reached the cobaloxime centres within, testifying once again that the substrate
on which a catalyst is immobilised need not be an inert surface and can play an
active role in improving electrode performances.
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Fig. 1.11 Schematic representation of a molecular cobaloxime PyCo and a poly-
meric analogue pPyCo immobilised on carbon nanotubes, as described by our
group.107

Indeed, another way in which CNT scaffolds have been postulated to protect
molecular catalysts has been the former’s ability to prevent a build-up of reduced
intermediate species of the latter that could lead to degradative side reactions.
Artero and co-workers covalently anchored a proton reduction cobalt diimine
dioxime complex onto CNTs and found that the steady supply of electrons from
the CNTs to the surface-bound catalyst prevented the aforementioned build-up of
reduced intermediate species, leading to a significant improvement in the lifetime
of the catalyst (turnover number, TON ≈ 33000 in this configuration compared
to TON ≈ 50 when the catalyst is operated in solution).211 Another important
factor that was speculated to determine improved stability was the fact that once
grafted onto the CNT material, the molecular complexes were less able to undergo
reductive homocoupling to yield dimer complexes not suitable for catalysis.

This leads us to another common proposition found in the literature regarding
improved performances of molecular complexes once immobilised: their ability to
couple bimolecularly and form dimers can be affected, leading to either improved or
reduced performance depending on whether dimerisation leads to active or inactive
species, respectively. The effect of catalyst immobilisation on catalyst dimerisation
in the context of solar fuels has been documented since as early as the 1980s.
In 1984, Lieber and Lewis reported that a cobalt phthalocyanine catalysed CO2

reduction to CO much more selectively and at turnover frequencies three orders of
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magnitude greater when adsorbed on a carbon cloth than when in a homogeneous
solution.219 The suppression of site-site interactions that could cause dimerisation
and deactivation was postulated as the explanation for the observed improvement.
In 1991, Enyo and co-workers came to a similar conclusion when they immobilised
a CO2-reducing cobalt porphyrin catalyst onto glassy carbon via axial coordination
of a surface-bound pyridine to the cobalt centre: intermolecular interaction was
prohibited as a result of molecular immobilisation, thereby avoiding deactivation
pathways that were observed in homogeneous solutions of this catalyst.220 Although
not directly proven, having a pyridine bound as an axial ligand was also speculated
to benefit the catalytic reactivity of the bound molecule through the so-called
trans-effect as a result of the pyridine being trans to the vacant coordination
site of the five-coordinate complex.221 Overall, what resulted is a stark difference
between the catalyst immobilised on an electrode (TON ≈ 107, stable for over
three days) vs. in solution (TON ≈ 50).

The suppression of dimerisation has also been observed for rhenium bipyridine
(Re-bpy) catalysts. Meyer electropolymerised Re-bpy catalysts onto a Pt disc
electrode and observed TONs that were an order of magnitude greater than an
analogous molecular catalyst in solution, citing a stabilisation of the catalyst
against deactivation pathways by way of this polymerisation.222 In our group,
the immobilisation of a phosphonic acid-modified Re-bpy catalyst onto TiO2

nanoparticles reduced the concentration of inactive Re dimer species, as shown
by transient absorption spectroscopy (TAS) measurements.223 TAS also revealed
a significantly longer lifetime of the reduced, catalytic Re species on TiO2 than
when in solution, which would have further contributed to the 26-fold increase in
the CO2 reduction yield of the immobilised vs. homogeneous catalyst.

In some cases, instead of being a degradative pathway, dimerisation can form
the active catalytic species. A well-documented example of this is the Mn analogue
of “Lehn-type” Re-bpy catalysts, first reported by Deronzier et al. and as men-
tioned above in section 1.3.159 Although we have just discussed how immobilisation
has been reported to suppress dimerisation, the dimerisation of Mn-bpy catalysts
when immobilised on surfaces in sufficiently high concentrations (especially in
porous matrices that confine the molecules) – such that the molecules are in fact
predisposed to dimerise – has been recently shown in our group (Fig. 1.12).212,224

On a transparent, mesoporous TiO2 (mesoTiO2) electrode, the dimerisation of a
Mn-bpy catalyst modified with a phosphonic acid anchoring moiety, MnP, could
be tracked by UV-vis spectroelectrochemistry and demonstrated for the first time
on a surface.224 On a CNT scaffold, a pyrene-anchored Mn-bpy catalyst, MnPyr,
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was immobilised in varying concentrations and, in doing so, its predisposition
towards dimerisation could be effectively tuned.212 At low surface concentrations,
the catalyst remained mostly in its monomeric form and favoured the catalysis
of CO2 reduction to formate. On the other hand, when immobilised at high
concentrations, the catalyst was found mostly in its dimeric form and favoured
formation of CO. This is an elegant demonstration of how catalyst behaviour –
more specifically, its product selectivity – can be fine-tuned simply by controlling
its loading concentration on a surface, without the need to carry out other, more
complicated modifications to the electrode or catalyst structure itself.

Fig. 1.12 Schematic representation of MnP and MnPyr immobilised on meso-
porous TiO2 and CNTs, respectively, as described in our group.212,224

Although the reasons are not always explained, another consequence of cata-
lyst immobilisation that has been frequently reported is an earlier catalytic onset
potential when compared to the catalyst in solution. Abruña and co-workers re-
ported a series of 3d transition metal complexes with vinyl-substituted terpyridine
(vtpy) ligands that had been polymerised onto glassy carbon electrodes.225,226

Catalytic current enhancement in CO2-saturated DMF solutions was observed for
the poly[Co-(vtpy)2] films at −1.29 V vs. Fc+/Fc, which is 0.80 V more positive
than that required for the homogeneous, monomeric counterpart [Co(tpy)2]2+.226

It was speculated that steric constraints caused by polymerisation forces one
or both of the terpyridines on the cobalt centre to become bidentate instead
of tridentate, thus opening up a coordination site at which catalysis can begin.
Significantly earlier onset potentials compared to their homogeneous counterparts
were also seen for Ni- and Fe-vtpy polymer films.225 Here, “cooperativity effects”
were supposedly at play, where the higher concentration of immobilised catalysts
presumably allowed for two reduced molecules to cooperate in the CO2 reduction
catalytic cycle. Cowan and co-workers were also able to demonstrate an earlier
catalytic onset potential for a CO2 reduction molecular catalyst – this time, a
Mn-bpy – as a direct result of its immobilisation into a Nafion® membrane, the
latter of which provides a proton-rich environment to aid the proton-dependent
catalytic mechanism.227 Earlier onset potentials have also been observed for surface-
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immobilised H2-evolving catalysts. For example, Rose et al. covalently attached a
Ni-centred DuBois-type catalyst onto a p-Si electrode and observed a catalytic
onset that occurs 0.20 V more positive than if the catalyst was in solution in
contact with the p-Si electrode.228 In this case, the enhanced performance of the
semiconductor-catalyst construct was thought to be due to expedited electron
transfer to the catalytic core by the conjugated phenyl linker via which it is
anchored to the electrode surface.

1.5 State of the Art

In the following section, reports of photocathodes based on molecular catalysts
immobilised on narrow band gap, light-absorbing semiconductors that are active
for proton reduction and CO2 reduction in aqueous solutions at the time of writing
is summarised. An emphasis is placed on those utilising Earth-abundant 3d
transition metal catalysts; those based on precious metals are discussed for CO2

reduction photocathodes only in the context of belonging to the current state
of the art. For H2-evolving photoelectrodes, the discussion has been organised
according to the type of semiconductor substrate used; this has not been done for
CO2-reducing photoelectrodes due to the small number of examples of the latter.

1.5.1 H2 Evolution Photoelectrodes

Indium Phosphide

The first example of a molecular catalyst-modified LAPC active for H2 evolution
(other than one other example from the 1980s – see below) emerged in 2010. Pickett
and co-workers built a cross-linked InP nanoarray to serve as the light-absorbing
component and upon this incorporated an iron-sulphur electrocatalyst, MC1
(Fig. 1.13), that somewhat resembles the subsite of [Fe-Fe]-hydrogenases.229 MC1
was immobilised on the InP surface by exposure of the electrode to a solution of
the iron catalyst, and adsorption of the molecule onto the semiconductor surface
was presumed to occur via direct binding of the sulfide bridges to the indium.
When tested in pH 7 aqueous solution (0.1 M NaBF4) under illumination from a
395 nm LED array, the InP|MC1 photocathode displayed an onset potential of
0.51 V vs. RHE but produced only tiny photocurrents of < 1 µA cm−2. Nevertheless,
when held at a bias of 0.21 V vs. RHE under photoelectrocatalysis conditions for
1 h, H2 production was detected at a decent Faradaic efficiency (FE) of 60 %. This
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early work paved the way for what remains a relatively young and unpopulated
field of molecular electrocatalyst incorporation onto solid-state light-absorbing
semiconductors for solar fuel photocathodes.

Fig. 1.13 Structures of molecular catalysts MC1-MC9 used in previously-
published light-absorbing photocathodes with immobilised 3d metal complex
electrocatalysts active for proton reduction in aqueous systems.

Gallium Phosphide

What followed thereafter in the field of LAPCs for molecular catalyst-driven
proton reduction was a series of work based also on another visible light-absorbing
III-V type semiconductor, GaP, by the Moore group at Arizona State University.
In all cases, this was achieved by exploiting UV-induced immobilisation chemistry
of terminal alkenes230 to GaP to drive single step surface-initiated photopoly-
merisation and yield a polymer on the surface with pendent groups that provide
attachments points for cobaloxime catalysts. Although H2 evolution was not
demonstrated in those cases, a very similar approach had been previously used on
GaP and Si surfaces to immobilise a proton reduction Ni bis(diphosphine) catalyst
via formation of an amide bond between the catalyst and molecules that had first
been surface-grafted by UV-light induced formation of Ga-O-C or Si-C linkages,
respectively.209 This work inspired the methodology undertaken to construct the
series of GaP|polymer-cobaloxime photocathodes for proton reduction.

The first example saw vinylpyridine molecules being photochemically grafted
and polymerised onto a (100) GaP surface, followed by base-promoted chloride
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replacement of [CoCl2(dmgH)(dmgH2)] by pyridyl groups on the surface-attached
PVP polymer brushes to yield the final GaP|MC2 photocathodes (Fig. 1.13).231,232

Performing the surface catalyst immobilisation in two steps in this way means that
saturation of the pyridine units with cobaloxime units is unlikely; indeed, evidence
of these remnant pyridines free from Co was observed in XPS measurements.
Nevertheless, it was expected that using a polymer bearing multiple pyridine
binding sites would significantly increase the per geometric area loading capacity
of the catalysts onto the semiconductor, as compared to approaches using self-
assembled monolayers of molecules.

Under 100 mW cm−2 illumination and in pH 7 phosphate buffer solution, the
GaP|MC2 photocathode displayed an onset potential of 0.76 V vs. RHE, as com-
pared to 0.69 V vs. RHE for a catalyst-free GaP|PVP electrode. The fill factor
for the J-V response of the open circuit voltage also improved dramatically
upon incorporation of the Co catalyst (> 200 % increase), confirming that the
presence of the cobaloxime promotes charge transfer across the surface. Under
AM1.5G illumination in photoelectrocatalysis conditions, a photocurrent density
of −1.2 mA cm−2 and a FE for H2 evolution of 88 % was achieved at an applied
bias of 0.17 V vs. RHE. Gradual loss of activity was attributed to loss of cobaloxime
species from the surface and is consistent with many previous works that indicate
the axial pyridine of similar cobaloxime complexes becomes labile during redox
cycling.233,234 The photocurrent density of GaP|MC2 was also found to have a
linear dependence on the illumination intensity, which indicates that photocarrier
transport to the interface was a likely limiting factor for the performance of this
photocathode.231

As is the case with catalysts operating in solution, the activity of surface-
immobilised catalysts can also be influenced by the ligands on the metal centre.
This was demonstrated when the oxime-linking hydrogen atoms of the cobaloxime
in the previous work were replaced with bridging BF2 groups instead (MC3,
Fig. 1.13).235 This synthetic manipulation has been previously shown to impart
stability during solution operation of cobaloxime catalysts against acid hydrolysis
and to tune the catalytic redox features such that the overpotential is lower.103,236 A
similar consequence was observed in the case of the GaP|polymer-bound constructs.
At pH 7, GaP|MC2 outperformed GaP|MC3 in terms of photocurrent density
reached (−1.2 mA cm−2 for the former vs. −0.56 mA cm−2 for the latter, at
0.0 V vs. RHE). However, the photoactivities of both electrodes become comparable
when the pH is lowered to 4.5 (−1.1 mA cm−2 at 0.0 V vs. RHE). These results
indicate that proton activity at neutral pH is not high enough to boost H2
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production of GaP|MC3 to the levels observed with GaP|MC2, and that there
is a requirement of acidic conditions to induce catalysis; this is most likely due to
a correlation between the CoII/CoI reduction potential and the basicity of CoI to
form CoIII-hydride during the catalytic cycle.

The versatility of using a polymer graft to interface molecular catalysts with a
semiconductor substrate was further demonstrated when the polyvinylpyridine
polymer was replaced with a polyvinylimidazole (PVI) instead; the imidazole
units of the latter bind to the cobaloxime in the axial position in much the same
way that the pyridine units of the former do (MC4, Fig. 1.13).237 The polymer
grafting approach was further extended to different GaP(111) faces with MC4
polymers, and the GaP(111)|MC4 photocathodes were found to exhibit very
similar performance parameters to their GaP(100) counterparts as well as to one
another (111A vs. 111B faces).238 XPS measurements in these works provided
an estimate of 28-35 % for the loading of cobalt centres to all available ligand
binding units in the polymer film, thereby illustrating the aforementioned point
that saturation of all ligand sites on the polymer with cobaloxime catalysts is
unlikely when this layer-by-layer electrode fabrication method (polymer deposition
first, followed by catalyst modification) is employed.

UV-induced polymerisation of olefins can be exploited in much the same way
for attaching individual molecules to a GaP surface as for inducing surface-initiated
polymerisation. This approach was employed to immobilise Co- and Fe-centred
porphyrins bearing a pendent 4-vinylphenyl surface attachment group at the
β-position of the porphyrin ring structure (MC5-Co and MC5-Fe, respectively,
Fig. 1.13).239 Notable differences between this work and the previous reports on
GaP are the fact that the surface-immobilised molecular units remain discrete and
each possess their own attachment point in the absence of any polymer, and also
the fact that the complexes’ metal centres are already present within the catalysts’
ligand framework prior to surface grafting. The latter point means that surface
attachment of the complete catalytic complexes is a one-step process; synthetic
work undertaken to modify the porphyrin with a pendent vinylphenyl moiety has
allowed for this.

Finally, metalloporphyrins were also attached to GaP by using the same
procedure previously reported for UV-induced polymerisation of PVP onto the
semiconductor, followed by Co-porphyrin attachment to the pyridine units (MC6,
Fig. 1.13).240 This approach involves two steps to achieve MC6 surface attach-
ment, but does not involve synthetic steps to modify the porphyrin macrocycle
with a surface attachment functionality. Performance parameters under pho-
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toelectrocatalysis conditions were near-identical to those of the GaP|MC5-Co
photocathodes, suggesting that the PVP surface coating does not diminish the
performance gains afforded by Co-porphyrin surface modification.

In summary, a series of reports where UV-induced attachment of olefin groups to
a Ga surface was leveraged in all cases have been published for surface attachment
of proton-reducing cobaloximes and metalloporphyrins onto GaP semiconductor
substrates. Although iterations between these reports were small, they demon-
strated that slight modifications at the catalyst level (ligand functionalities of
cobaloxime, cobaloxime vs. metalloporphyin), polymer level (PVP vs. PVI) and
GaP level (100 faces vs. 111 faces) can all be undertaken using this reasonably
versatile motif. The CB of GaP is poised almost a volt more negative than the
thermodynamic potential for proton reduction, which, though energy wasteful
in some cases, makes it an attractive material choice for proton-reducing photo-
cathodes where the catalysts require a significant overpotential.241–243 However,
its optical band gap (Eg = 2.26 eV) is significant enough to preclude its ability
to absorb photons with wavelengths longer than 549 nm and therefore would
significantly limit the overall external quantum efficiency (EQE) of the system.
Gains could therefore be made if GaP were to be replaced by a semiconductor
with a narrower band gap, provided of course that overpotential requirements of
any surface-bound catalyst were still met.

Gallium Indium Phosphide

To date, the majority of LAPCs reported to be active for proton reduction are
operated in neutral or acidic conditions, most often because the pH values at
which both the semiconductor is stable and the catalyst can operate lie within this
window. The only exception to this is a GaInP2|TiO2|cobaloxime|TiO2 construct
reported by Turner and colleagues that is operated at pH 13 conditions.80 This is
a significant advantage for tandem applications with the water-splitting oxygen
evolution reaction, for which basic conditions is preferred.244 However, such
strongly alkaline conditions can also make molecular catalysts susceptible to
transformations.51

In this photocathode, both TiO2 layers were deposited by ALD and their
functions were reported to be multi-fold. The 35 nm-thick ALD-TiO2 layer di-
rectly interfaced with GaInP2 provides a conformal layer to protect the III-V
semiconductor from corrosion in aqueous solutions,245 while also providing oxide
sites for surface attachment of the isonictonic acid-functionalised (i.e. carboxylic
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acid-containing) cobaloxime molecules (MC7, Fig. 1.13). On the other hand, the
10 nm-thick TiO2 overlayer deposited on top of the cobaloxime was thought to pro-
vide stabilisation of the carboxylate linkage under such harsh conditions, although
direct comparison of the PEC performances of GaInP2|TiO2|MC7|TiO2 electrode
with an overlayer-free GaInP2|TiO2|MC7 photocathode was not discussed.

Under illumination in pH 13 (0.1 M NaOH) aqueous solution, the GaInP2|TiO2|-
MC7|TiO2 photocathode exhibited an onset potential at ≈ 0.70 V vs. RHE, and
reached a current density of −11 mA cm−2 at 0.0 V vs. RHE in linear sweep voltam-
metry experiments. Under photoelectrolysis conditions, the photocurrent dropped
by only 5 % within the first 20 min and near-unity FE was reported. However, the
photocurrent density continued to drop sharply for the first 2.5 h but plateaued
at −4-5 mA cm−2, where it remained for the remainder of the 20 h electrolysis. It
is noted that the molecular integrity of the photocathode was not directly verified
post-catalysis, although some evidence of loss of the TiO2 protective overlayer
was given from XPS and SEM measurements.

Silicon

Besides III-V semiconductors, the only other inorganic p-SC that has been adopted
for building molecular catalyst-based photocathodes is p-Si. Already widely
adopted in both academic and commercial realms of the solar cell field, the
Earth-abundance and small band gap of this material withholds it as an attractive
light-harvesting material for solar fuel generation. However, the inherent instability
of Si in aqueous and aerobic conditions in terms of formation of a passivating silica
layer has complicated its widespread adoption to date. Several reports describe
the deposition of protection layers to limit this instability, but often require severe
precautions and expensive techniques, most commonly ALD.78 Further, most of
these reports subsequently deposited non-molecular, precious metal heterogeneous
catalysts atop the protection layer to complete construction of the H2-evolving
photocathodes. As such, the majority of molecular catalyst-based LAPCs for
proton reduction based on Si have been operated under either organic solvents or
extremely acidic aqueous solutions, where the Si is more stable.

The very first example of a molecular catalyst interfaced with a p-SC to yield
a proton-reducing photocathode is in fact based on p-type silicon and operates
under acidic conditions. In 1984, Mueller-Westerhoff incorporated a bimetallic
metallocene (“ferrocenophane”)-type molecular complex with a polystyrene poly-
mer (MC8, Fig. 1.13) in a bid to provide a mode by which the former could be



38 1.5 State of the Art

attached with the latter as a film to an electrode surface.64 Although most of the
photoelectrochemistry was undertaken in neat HBF3OH electrolyte, the Si|MC8
photocathode was also reported to operate under acidic aqueous conditions, such
as 1 M HClO4 (n.b. pH not given), in which it exhibited a photocurrent onset
potential of ≈ 0.241 V vs. SHE.

The next report of a 3d transition metal complex-modified Si photocathode
came much later in 2015 and was operated under extremely acidic conditions in
the absence of a protection layer between the Si and the catalyst. Building on their
recent work where they demonstrated the incorporation of cobalt dithiolene units
into two-dimensional (2D) metal-organic surfaces,246 Marinescu and colleagues
extended this methodology to construct one-dimensional (1D) cobalt diothiolene
MOS based on benzene-1,2,4,5-tetrathiolate (BTT) frameworks (MC9, Fig. 1.13)
and deposited these as thin films on Si electrodes.247 The surface concentration of
MC9 atop the Si can be easily modified by varying the amount of catalyst dropcast
on the electrode, and was found to possess a maximum of 6.3 µmol cm−2, which is
2-3 orders of magnitude higher than the loading reported for typical mesoporous
structures. However, due to the opaque black nature of the catalyst and its
subsequent ability to absorb incident photons, the optimum surface concentration
found to give the best photoelectrochemical performance was 4.0 µmol cm−2.
With this loading, the Si|MC9 photocathode exhibited a photocurrent onset
potential of ≈ 0.2 V vs. RHE and reached a photocurrent density of −3.8 mA cm−2

at 0.0 V vs. RHE when operated in a pH 1.3 aqueous H2SO4 solution. When held at
a potential of −0.12 V vs. RHE, the Si|MC9 photocathode appeared to be stable
for only 20 min, during which a FE for H2 evolution of 80 % was measured. The
main reason for the photocathode’s instability was delamination of the catalyst
from the Si surface; this instability is perhaps unsurprising given the lack of a
direct binding mode between the 1D MOS and the Si surface. Nevertheless, the
impressive photocurrents and the straightforward catalyst synthesis are notable.

1.5.2 CO2 Reduction Photoelectrodes

Perhaps unsurprisingly, the progress made in CO2 reduction photocathodes based
on Earth-abundant transition metal complexes immobilised on light-absorbing
semiconductors lags far behind that of proton-reducing photocathodes. To date,
reported molecule-based photocathodes performing CO2 reduction remain scarce,
whether in organic or water-containing media, and continue to rely heavily on
precious metal-containing components. In fact, when considering only systems
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where there is water present in the operating conditions, only the series of work
published by Sato, Morikawa, Arai and co-workers since 2010 fit the bill, and all
utilised precious metal Ru-centred metal complexes as the molecular catalysts.
Nevertheless, this body of work demonstrates the versatility of certain immobili-
sation methods through the wide range of narrow band gap semiconductors on
which these catalysts were deposited.

Taking inspiration from the catalysts employed by Deronzier and Chardon-
Noblat,204 a range of closely-related Ru bipyridine-based catalysts were polymerised
(chemically or electrochemically) onto a number of different narrow band gap semi-
conductors, including Zn-doped InP,248 Cu2ZnSnS4,249 GaP and N-doped Ta2O5

(MC10, Fig. 1.14).250 Their studies were further extended to a non-polymeric,
discrete Ru bipyridine catalyst immobilised on p-type Fe2O3 photocathodes, which
were assembled as a multiheterojunction structure with additional TiO2 and Cr2O3

layers to enhance band-bending effects and to prevent photochemical dissolution
of the Fe2O3 into the surrounding solution under reductive conditions.251

Fig. 1.14 Structures of molecular catalysts MC10-MC11 used in previously-
published light-absorbing photocathodes with immobilised metal complex electro-
catalysts active for CO2 reduction in both organic and aqueous systems.

In almost all of the above studies, the method by which the catalyst – polymeric
or not – was immobilised onto the semiconductor was found to play a role in the
robustness and subsequent CO2-reducing performance of the photocathode. For
instance, supplementing the initial cathodic photoelectropolymerisation step with
an additional anodic electropolymerisation step was found to improve performances,
presumably because the cathodic step forms Ru-Ru bonds in the polymeric
film while the anodic step accelerates formation of the catalyst’s polypyrrole
backbone.248 In the case of the discrete Ru molecular catalysts on Fe2O3, comparing
two catalysts with similar overpotential requirements side-by-side always found
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the one with an anchor such as carboxylic acid to yield the better-performing
photocathode than one without an appropriate anchor.251 A similar conclusion
was reached when comparing polymerised Ru catalysts with phosphate anchor
functionalities to analogous polymers without such anchors.250 Therefore, despite
their employment of only Ru-based catalysts and the production of mostly formate
in the vast majority of these examples (the exception being the Fe2O3 photocathode,
which also produced CO), this body of work is still important in paving the way
for aqueous CO2 reduction with molecular LAPCs and highlighting the important
conclusion that the mode and method of catalyst immobilisation can play a large
role in determining the end result, irregardless of the catalyst’s performance when
in solution.

Even if we were to consider anhydrous conditions where enhanced photocath-
ode and/or catalyst stability may be expected, only a few reports exist, and
all depend on Re-based catalysts.77,252 For instance, a Re bipyridine catalyst
(MC11, Fig. 1.14) immobilised on a Cu2O photoelectrode protected by multiple
atomic-layer-deposited coatings was still only operated in anhydrous acetonitrile
(MeCN), achieving a TON for CO of 70.77 When we extend our scope even further
to include photosensitiser-modified, large band gap semiconductor-based photo-
cathodes, the majority of these DSPC systems still consist of precious metal-based
catalysts, some alongside dyes that are precious metal-based as well.77,252–256 For
example, a benchmark report of such systems consists of a Ru-Re dye-catalyst
dyad immobilised on NiO that evolves CO in dry DMF solution.256

The desire to move away from precious metal-based CO2 reduction catalysts
is evident when considering the small body of work that has emerged in recent
years where Earth-abundant metal complexes have been employed in organic
solvents with a narrow band gap, light-absorbing semiconductor, either dissolved
in solution or immobilised on the semiconductor surface. In 2013, Pickett et
al. reported CO2 reduction to CO by Fe porphyrin catalysts in solution, photo-
driven by a H-terminated, p-Si photoelectrode.257 This system was operated in dry
organic solvents with CF3CH2OH as the added proton source. Chardon-Noblat
and Fabre later reported the pairing of Si nanowire electrodes (SiNWs) with the
Mn-bpy catalysts that Deronzier and Chardon-Noblat had previously pioneered
as alternatives to Lehn-type Re analogues.258 In this work, three such catalysts
were operated as homogeneous catalysts in MeCN solution and demonstrated the
superior properties of nanostructured SiNWs as compared to flat Si electrodes in
terms of their higher electrochemically active surface area and higher capacity to
decouple minority carrier generation and collection. A pyrrole-based derivative of
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this class of Mn catalysts was also electropolymerised directly onto the SiNWs and
was shown via cyclic voltammetry to give enhanced photocurrents under CO2 and
5 % H2O, although sustained CO2 reduction catalysis was not reported in this case.
Finally, in a similar manner, Li and co-workers recently found that CO2 reduction
in MeCN solutions with 1-2 % of added H2O by Co tris(2-pyridylmethyl)amine
catalysts in solution was better at nanostructured SiNW electrodes than planar
Si surfaces.259

1.5.3 Summary and Outlook

In summary, the number of examples of metal complex catalysts – especially
those based on Earth-abundant elements – immobilised on light-absorbing semi-
conductors to construct LAPCs for solar fuel generation under aqueous conditions
remains sparse. One of the biggest hurdles facing development in this field is the
search for light-absorbing p-type semiconductors that are stable in water. Indeed,
none of the LASCs utilised to date are inherently stable and have therefore either
been operated under extreme pH conditions where corrosion is less likely and/or
have been decorated with some sort of protection layer. For example, the “state
of the art” of such H2-evolving photocathodes is a GaInP2-based photocathode
decorated with two ALD-deposited TiO2 layers and operated under extremely
basic pH 13 conditions.80

In examples where a metal oxide interlayer has not been employed to protect the
underlying semiconductor, a polymer has most often been touted to perform the
same function of stabilising the corrosion-susceptible semiconductor in the absence
of any other protection. For instance, the majority of GaP-based photocathodes
discussed above for H2 evolution were operated under pH-neutral conditions but
possessed an organic polymer film atop the semiconductor, which supposedly
protected it as well as provided attachment sites for molecular Co catalysts.
Another work also sought to protect Si by depositing metal-organic surfaces with
incorporated catalysts directly on top of the light-harvesting semiconductor.247

However, the majority of reports do not discuss the stability of their photocathodes
beyond 1 h, rendering a fair assessment of the true stability of the semiconductor
and any overlying so-called protection layer extremely difficult.

In contrast to DSPCs where the majority of molecular species (photosensitisers
and catalysts alike) have been immobilised on the semiconducting substrate by
acidic moieties (phosphonic or carboxylic), polymeric architectures have been
more commonly exploited to immobilise catalysts in constructing LAPCs. The
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concept of UV-induced surface polymerisation of olefin-containing catalyst ligands
was adopted to produce a range of GaP|polymer-cobaloxime and GaP|polymer-
porphyrin H2-evolving photocathodes. In these works, the polymer was bound to
the underlying semiconductor by a direct covalent linkage, whereas in other works
on Si, the experimenters relied on non-covalent interactions to result in polymer
immobilisation onto the surface,64,247 although the nature of these interactions
were never discussed.

Once again, when it comes to H2 evolution, the ease of working with cobaloximes
is made apparent by the fact that the majority of LAPCs discussed above are
based on this class of catalysts. It is imperative that the focus shifts towards
finding ways to immobilise other classes of molecular catalysts that are more
active and stable than cobaloximes. Indeed, there is a dire need to do so with
CO2 reduction catalysts in particular, where the vast majority of works employ
either Ru- or Re-based metal complexes and no precious metal-free systems cur-
rently exist to date. The lack of progress made for CO2-reducing photocathodes
illustrates the difficulties in doing so as a result of issues like product selectivity,
especially in aqueous conditions, and the fact that the most well-studied and
efficient molecular catalysts to date still rely on precious metals. Although CO2

reduction is more challenging of a feat to achieve – thermodynamically and kineti-
cally – than proton reduction, there is little reason why the lessons learned to date
in different immobilisation approaches with, say, cobaloximes cannot be carried
through and applied to other molecules. Alongside this, there still remains an
urgent need, once again, to report photocathode performances with more rigour
and standardisation, especially in terms of long-term capabilities and the explicit
acknowledgment of whether molecular integrity has been maintained during such
long photoelectrocatalysis timeframes; the latter should be backed up with hard
experimental evidence.

1.6 Thesis Outline

As discussed in depth in this chapter, there is a strong desire in the field of solar fuel
synthesis to marry the benefits of molecular electrocatalysts with those of surface
immobilisation for molecule-driven photoelectrocatalysis. The non-triviality of this
task is made evident by the limited number of reported molecular photocathodes
in the literature, their poor stabilities and efficiencies, and the employment of
intricate techniques such as atomic layer deposition during electrode fabrication.
Moreover, the vast majority of (and in the case of CO2 reduction, all) reports to
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date utilise precious metal-based components, be it in the light harvester (small
band gap, light-absorbing inorganic semiconductors or molecular dyes) or the
metal complex catalyst. The above are challenges that the work in this thesis aims
to address. Namely, the molecular photoelectrodes designed and studied in this
thesis had to meet three criteria: (i) the usage of only Earth-abundant materials,
(ii) simple, low-cost fabrication techniques, and (iii) the ability to perform robust
proton reduction and CO2 reduction in aqueous environments.

To this end, the fabrication of a p-silicon|mesoporous titania (Si|mesoTiO2)
photoelectrode is established in Chapter 2. Multiple H2 evolution catalysts of
different varieties – molecular, enzymatic and metallic – were deposited on the
surface of this photoelectrode to demonstrate the versatility of this architecture.
Importantly, in the case of the synthetic molecular catalysts, it is clear that this
strategy allows the transferral of performances achieved in solution-based systems
onto the photoelectrodes, attesting to the effective electronic communication
between the photoelectrode’s various components. This was aided by the molecular
catalysts’ possession of phosphonic acid moieties that provide a robust anchoring
onto the metal oxide surface of Si|mesoTiO2. In particular, the photocathode
utilising an anchor-bearing [Ni(P2N2)2]2+ (DuBois-type) catalyst was stable for
over a day and achieved performances in aqueous solutions that exceeded those
of all previously published systems with immobilised catalysts of the same class.
The ability for the catalyst-free photoelectrode to store long-lived photogenerated
charges in the conduction band of TiO2 was also studied by (photo)electrochemical
methods.

Having demonstrated the wider applicability and stability of the Si|mesoTiO2

architecture for reductive transformations under aqueous conditions, this plat-
form was extended towards molecular CO2 reduction catalysis in Chapter 3. A
phosphonate-bearing cobalt(II) bis(terpyridine)-type catalyst was synthesised and
immobilised on the scaffold to yield the first precious metal-free CO2-reducing
molecular photocathode. The photoelectrocatalytic ability of Si|mesoTiO2|CotpyP
to reduce CO2 was studied in both organic-water mixtures and purely aqueous
conditions. Optimum operating conditions were determined, where record turnover
numbers were achieved.

A deeper consideration of the photoelectrocatalysis achieved with this CO2-
reducing photocathode led to findings that point towards a lower catalytic onset
potential and structural preservation of the immobilised catalyst – both observa-
tions of which contrast with literature precedence for analogous solution-based
catalysts. In response to this, Chapter 4 presents an in-depth study conducted by
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cyclic voltammetry, spectroelectrochemical resonance Raman spectroscopy and
spectroelectrochemical infrared spectroscopy to elucidate a possible mechanistic
pathway for this surface-immobilised catalyst. Critically, these studies did indeed
allude to a distinctly different mechanistic pathway to that of previously reported,
in-solution metal bis(terpyridine) catalysts. This was apparently possible as a
consequence of immobilisation, which unlocks an earlier catalytic onset and better
electrocatalytic performance while enabling aqueous CO2 reduction with our
hybrid photocathode.

In Chapter 5, an approach comprising of embedding the cobalt bis(terpyridine)
motif into a polymer matrix was employed to demonstrate the scope of tuning
catalyst performance by changing its outer coordination sphere instead of its
primary ligand structure. The rational design of these polymers allowed for
both modulation of the degree of cross-linking and an artificially-engineered
hydrophobicity in the catalyst environment, leading to improved product selectivity
for CO2 reduction products. The synergy between the polymers’ size and the
large pores of inverse-opal metal oxide electrodes used in this work was also an
important design principle.

Finally, Chapter 6 disseminates the key conclusions of this body of work and
offers future directions for its continuation. In particular, the need to extend this
methodology to different materials – for both light harvester and catalyst – and
issues of interfacial optimisation are highlighted.
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Chapter 2

Interfacing Catalysts with p-type
Silicon via a Mesoporous TiO2
Interlayer towards
Photoelectrocatalytic H2
Reduction

The contents of this chapter have been published in a peer-reviewed article: Chem.
Sci., 2017, 8, 5172-5180. Results presented were obtained solely by the author
of this thesis, with contributions from others as outlined here: Julien Warnan is
acknowledged for characterising the photoelectrodes by IR, UV-vis and ICP-OES.
Julien Warnan and Dong Heon Nam shared photoelectrode fabrication with the
author. Jenny Zhang is acknowledged for sharing photoelectrocatalysis experiments
on the hydrogenase-based photocathodes with the author. Benjamin Martindale
and Janina Willkomm are both acknowledged for synthesising NiP and CoP3,
respectively. Raw XPS data was provided by the Cavendish Laboratory at the
University of Cambridge.

2.1 Introduction

Due to their numerous advantages as discussed previously in Chapter 1 (e.g.
selective and atom-efficient catalysis, transparency and synthetic tuneability),
the use of molecular catalysts represents an interesting strategy in developing
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integrated systems for solar water splitting.1 Several approaches have been pursued
to electrically wire a molecular catalyst to a light harvester, both homogeneously
and heterogeneously.2–4 By addressing problems such as slow kinetics and the need
for a high catalyst concentration, the immobilisation of molecules has gained more
interest in recent years, resulting in the development of molecular catalyst-based
photoelectrochemical cells.5–14

Despite significant progress being made in the assembly of molecular photo-
electrodes, light-driven, H2-evolving, molecular-based photocathodes that operate
in aqueous media remain scarcely reported.11,15–18 Those reported frequently suffer
from low photocurrents, tedious optimisations, complex electrode architectures,
modest photo-stabilities and limited versatility towards different molecular cata-
lysts.6,14 In this context, the straightforward and robust combination of molecular
catalysts with a light-harvesting surface remains a major challenge, due in part to
the need for water-stable light harvesters and molecular catalysts. Furthermore,
a functional and efficient electrode requires the two components to be paired in
a way to allow for effective electronic communication, whilst maintaining their
intrinsic physicochemical properties, and providing a high loading of the catalyst.

Silicon is the second-most Earth-abundant element in the Earth’s crust and its
widespread utilisation in the photovoltaic industry has resulted in a substantial
price drop for crystalline Si in recent years.19 In addition, it possesses a conduction
band energy level of around −0.5 V vs. NHE (pH 7) and a band gap energy of
1.12 eV. This categorises Si as a potentially promising material for the assembly
of a photoelectrode with significant driving force for proton reduction and the
ability to harvest photons across a wide range of wavelengths, even those in the
infrared.20,21 Impressive photocurrents for proton reduction have been previously
observed when p-Si was paired with a non-molecular catalyst.22–26 Unfortunately,
owing to the material’s instability in aqueous or aerobic conditions due to the
formation of an insulating silica (SiOx) layer, these currents were not always
maintained. Perhaps for this reason, proton reduction by immobilised molecular
catalysts on p-Si has so far only been achieved in organic solvents.7,12 Different
protection layers have been reported to limit this instability, but often require
severe precautions and expensive techniques during fabrication, such as ALD or
other vacuum-driven deposition methods.25

Another potential limitation to the implementation of commercial crystalline
p-Si as a light-harvesting substrate in photocathodes is its inherent flatness. This
is especially problematic for molecular catalysts as they typically turn over more
slowly and have a larger footprint than the benchmark noble metal platinum, which
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requires an increased loading capacity to compensate for the reduced per effective
surface area activity on the photocathode. A similar problem was addressed in
dye-sensitised solar cells, where a high surface area architecture, commonly a
mesoporous TiO2 layer, is employed to boost the loading capacity of molecular
dyes.27,28 Incidentally, owing to its metal oxide nature and hydrophilicity, TiO2

has been extensively reported as a tolerant, functionalisable platform for the
immobilisation of a wide range of chemical species.28–30 Due to its conduction
and valence band energy levels being both lower than those of p-Si, TiO2 is also
expected to be able to act as an electron-selective layer that shuttles electrons
to a surface-immobilised catalyst. Finally, TiO2 has been shown to be able to
protect Si as a flat ALD-deposited layer.12,22

The work described in this chapter therefore aims to demonstrate that a
molecular catalyst can be efficiently and straightforwardly interfaced with p-Si to
photoelectrochemically reduce protons to molecular hydrogen in aqueous condi-
tions. Concurrently, we sought to engineer versatility into the choice of catalyst
for which such a scaffold would be appropriate by employing a functionalisable
mesoporous titanium dioxide (mesoTiO2) interlayer (Fig. 2.1). To this end, two
phosphonated molecular proton reduction catalysts developed previously in our
laboratory, DuBois-type NiP and cobalt diimine-dioxime CoP3, were anchored
at the surface of a mesoporous TiO2 scaffold slot-coated onto Si (Fig. 2.1). NiP
belongs to a family of hydrogenase-inspired Ni(II) bis(diphosphine) H2 evolution
catalysts that display high activity and operate in both aqueous and non-aqueous
conditions (see Chapter 1 section 1.3.2).31–33 The presence of phosphonic acid
groups allows for its robust binding to metal oxides, making NiP a promising
candidate for single-site heterogeneous proton reduction on electrodes. In addition,
the Co diimine–dioxime catalyst CoP3 also bears a phosphonic acid anchoring
group covalently bonded to the equatorial ligand of the catalyst core for robust
attachment on metal oxides, and a pendant axial pyridine ligand to improve the
performance for H2 catalysis.34 Although high loadings of these molecules on
metal oxides have been previously demonstrated, their successful incorporation as
functional catalysts in a photocathodic device remains elusive.13,34,35

Metallic platinum and a [NiFeSe]-hydrogenase (H2ase) were also employed as
proton reduction catalysts on this Si|mesoTiO2 scaffold, with the former acting
as a benchmark precious metal and the latter determining the photocathode’s
biocompatibility. In addition to characterising the activity and stability of these
electrodes, photoelectrochemical studies were also conducted to explore the pres-
ence of long-lived charges in the CB of TiO2.
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Fig. 2.1 Schematic diagram of PEC H2 evolution with the Si|mesoTiO2|catalyst
photocathode and chemical structures of the immobilised molecular catalysts NiP
and CoP3.

2.2 Results and Discussion

2.2.1 Assembly of Molecular Photocathodes

The first step towards realising the final functional molecular photocathode
required the development of a method for the preparation of the mesoporous TiO2

interlayer on p-Si that would require only facile and low-cost laboratory techniques,
while still presenting a photoelectrode platform that would prove to be robust in
aqueous operating conditions. This was achieved in a relatively straightforward
manner, as follows. Immediately after etching p-Si with hydrofluoric acid to
remove native oxide that would have formed upon the wafer’s exposure to air, a
TiO2 paste (15–20 nm particles, 100 % anatase) was slot-coated over a defined
area of p-Si and the assembly annealed under atmospheric conditions following a
controlled step-wise sintering procedure up to 450 ◦C (see Section 2.4.2 for full
experimental details).

The approximately 6 µm-thick TiO2 layer of the resulting electrode (Si|-
mesoTiO2) was homogeneous and crack-free, as is evident in images taken by
scanning electron microscopy (SEM; Fig. 2.2a-b). The uniformity of the mesoTiO2

film maintains semi-transparency (Fig. 2.3), which limits light scattering and
bestows anti-reflective properties, allowing p-Si to collect more of the incident
photons during front illumination in photoelectrochemical conditions and photo-
generate more charges.
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Fig. 2.2 SEM images of Si|mesoTiO2 electrodes with mesoTiO2 thickness of (a-b)
6.0 µm and (c-d) 1.1 µm, as viewed in cross-section and from the top, respectively.

Immobilisation of the molecular catalysts NiP or CoP3 was accomplished
via overnight immersion of Si|mesoTiO2 electrodes in a methanol (MeOH) so-
lution of the desired catalyst (0.25 mM) to yield the final Si|mesoTiO2|NiP
and Si|mesoTiO2|CoP3 photocathodes, respectively. At this point, clear colour
changes of the mesoTiO2 scaffold that correspond to the original colours of the
molecular catalysts (yellow in the case of Si|mesoTiO2|CoP3 and purple for
Si|mesoTiO2|NiP; see Fig. 2.3 bottom right for illustration of NiP’s case) serve
as the first testaments to their successful immobilisation. In order to prepare an
analogous photoelectrode with a benchmark precious metal H2 evolution catalyst
for comparison of performances, Pt was thermodeposited on Si|mesoTiO2 from a
solution of hexachloroplatinic acid, resulting in a Si|mesoTiO2|Pt electrode.

The final necessary steps towards completion of the photocathodes involved
fabricating a conductive back contact and insulating the entire assembly with an
epoxy adhesive to prevent short circuits occurring with the surrounding operating
electrolyte solution, leaving uncovered only the area to be exposed to light illu-
mination (S ≈ 0.2 cm2). Full experimental details of all above steps are given in
Experimental Section 2.4.2 and are represented photographically in Fig. 2.3.
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Fig. 2.3 Photographs of typical electrodes at various stages of preparation towards
the final Si|mesoTiO2|NiP photocathode.

2.2.2 Physical Characterisation of Molecular Photocath-
odes

A number of spectroscopic techniques were employed to confirm the immobilisation
and quantities of NiP and CoP3 on the photoelectrodes. Firstly, comparison of
the attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectra
of the unbound catalysts to those of their corresponding catalyst-loaded electrodes
confirmed the catalysts’ successful attachment to the TiO2 scaffold. Vibrational
bands at 1610, 1509 and 1434 cm−1 observed in the spectrum of Si|mesoTiO2|NiP
are consistent with the ATR-FTIR spectrum obtained of the NiP powder and
were attributed to the aromatic rings’ ν(C=C) and the δ(C–H) of the methylene
bridges (Fig. 2.4, black and blue traces). In the case of CoP3-functionalised
Si|mesoTiO2 electrodes, the aromatic rings’ ν(C=C) and ν(C=N) vibrations were
recorded at 1617 and 1538 cm−1, concomitantly with the disappearance of the
phosphonic acid-related vibrational bands at 1245 and 1131 cm−1 upon surface
binding (Fig. 2.5, black and blue traces). The latter observation contrasts with
that of the spectrum of the Si|mesoTiO2|NiP photoelectrode, where phosphonic
acid features at 1251 and 1185 cm−1 still remain partially visible, most likely as
a consequence of at least two out of four PO3H2 functions in NiP remaining
unbound.
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Fig. 2.4 ATR-FTIR spectra of NiP powder (black), and of Si|mesoTiO2|NiP
before (blue) and after (red) 24 h CPPE.

Fig. 2.5 ATR-FTIR spectra of CoP3 powder (black), and of Si|mesoTiO2|CoP3

before (blue) and after (red) 4 h CPPE.
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X-ray photoelectron spectroscopy (XPS) spectra show characteristic binding
energy peaks in the Co2p or Ni2p, N1s and P2p regions for fresh Si|mesoTiO2|CoP3

and Si|mesoTiO2|NiP electrodes, respectively, at energies close to those previously
reported for similar catalysts (Fig. 2.6 and 2.7, blue traces).13,36,37 In the Co2p

region of the former, two broad signals corresponding to 2p1/2 and 2p3/2 core
levels were observed at 795.4 and 780.4 eV respectively, whereas the Ni2p region of
the latter shows the same respective core levels at 872.0 and 854.8 eV. Peaks in
the N1s and P2p core level regions of both photocathodes arose from their ligands
and anchoring groups.

Fig. 2.6 XPS analysis of Si|mesoTiO2|CoP3 electrodes in the (a) Co2p, (b) N1s
and (c) P2p regions, before (blue traces) and after (red traces) 30 min of CPPE.

The amounts of CoP3 and NiP loaded onto the Si|mesoTiO2 electrodes were
quantified by spectrophotometry following desorption of the catalyst from the
corresponding electrode with tetrabutylammonium hydroxide in MeOH (0.1 M,
Fig. B.1). The loadings of CoP3 and NiP on Si|mesoTiO2 were determined
to be 93.9 ± 8.9 mol cm−2 and 38.3 ± 4.2 nmol cm−2 (geometric surface area), re-
spectively (Table 2.1). The higher loading of CoP3 is in line with a smaller
steric footprint as compared to the NiP molecule. Reducing the thickness of
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Fig. 2.7 XPS analysis of Si|mesoTiO2|NiP electrodes in the (a) Ni2p, (b) N1s and
(c) P2p regions, before (blue traces) and after (red traces) 24 h of CPPE.
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the mesoporous scaffold resulted in a lower molecular loading, as demonstrated
with NiP (5.6 ± 1.4 nmol cm−2 on mesoTiO2 thickness of 1.1 µm). The fact that
loading scales more or less linearly with thickness suggests that full penetration
of the molecular catalyst throughout the thicker mesoporous mesoTiO2 film is
occurring. Overall, these values are consistent with previously reported load-
ings onto mesoporous metal oxide-based electrodes for phosphonic acid-bearing
catalysts.10,13,34

Table 2.1 Quantification of molecular catalysts loaded on the surface of different
photoelectrodes as estimated by UV-vis spectroscopy measurements. Loadings
are given per geometrical surface area.

Photocathode mesoTiO2 layer thickness Molecular catalyst loadings
(µm) (nmol cm−2)

Si|mesoTiO2|CoP3 6.0 93.9 ± 8.9
Si|mesoTiO2|NiP 6.0 38.3 ± 4.2
Si|mesoTiO2|NiP 1.1 5.6 ± 1.4

2.2.3 Photoelectrocatalytic H2 Evolution

The photoelectrocatalytic performances of the molecular H2 evolution photoelec-
trodes Si|mesoTiO2|NiP and Si|mesoTiO2|CoP3 were determined by a series of
photoelectrochemical experiments, namely: linear sweep voltammetry, controlled
potential photoelectrolysis (CPPE) and a determination of incident photon-to-
electron efficiency (IPCE) under applied bias. In some cases, the results were
compared to those obtained with the benchmark Si|mesoTiO2|Pt photoelectrode.

Linear sweep voltammograms (LSVs) under chopped UV-filtered simulated
solar illumination (AM1.5G, 100 mW cm−2, λ > 400 nm) were recorded of the
Si|mesoTiO2|NiP and Si|mesoTiO2|CoP3 photocathodes and compared to those
of Si|mesoTiO2|Pt, Si|mesoTiO2 and bare Si (submitted to the same sintering
steps as all other electrodes; Fig. 2.8). In pH 4.5 aqueous electrolyte solution (0.1 M
acetic acid), a photocurrent onset potential (Eonset) of approximately 0.4 V vs. RHE
is observed for all Si|mesoTiO2 electrodes (with and without catalysts), and the
mesoTiO2-free (bare) p-Si counterpart remains inactive even at more cathodic
potentials. The passivity of the bare p-Si electrode is attributed to the fast,
heat-accelerated formation of an insulating layer of silica via a thermal oxidation
reaction, as is consistent with previous reports.38 This inactivity of the bare elec-
trode demonstrates that, remarkably, simple slot-coating with a porous mesoTiO2
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scaffold (the preparation method previously described) can limit complete Si
insulation and enable a productive electron transfer pathway from photoexcited
p-Si to the CB of mesoTiO2 in the case of the mesoTiO2-coated electrodes, de-
spite the high temperature annealing process under atmospheric conditions. It is
noted that a large proportion of the photocurrent observed from the catalyst-free
Si|mesoTiO2 electrode originates from a “charging” current (filling of the metal
oxide’s CB) as opposed to productive catalysis; this mechanism is discussed in
more detail below in section 2.2.7.

Fig. 2.8 LSVs of Si (black), Si|mesoTiO2 (blue), Si|mesoTiO2|CoP3 (green),
Si|mesoTiO2|NiP (red) and Si|mesoTiO2|Pt (grey) electrodes under chopped
illumination. Arrow indicates scan start and direction. Conditions: aqueous
acetic acid solution (0.1 M, pH 4.5), UV-filtered simulated solar light irradia-
tion (AM1.5G, 100 mW cm−2, λ > 400 nm), N2 atmosphere, room temperature,
ν = 5 mV s−1.

Upon loading of Si|mesoTiO2 with proton reduction catalysts, the photocurrent
is clearly enhanced: at 0.0 V vs. RHE, a photocurrent density (|J |) of 430 µA cm−2 is
obtained with Si|mesoTiO2|Pt, whereas Si|mesoTiO2|NiP and Si|mesoTiO2|CoP3

achieve approximately 340 µA cm−2. The broad cathodic recombination peaks
observed in the LSVs of the molecular catalyst-loaded electrodes might originate
from the slow kinetic rate of NiP and CoP3 to generate H2. All catalyst-modified
electrodes exhibit slightly earlier onset potentials than the unmodified Si|mesoTiO2

electrode (as can be seen more clearly in the LSV conducted under continuous light
illumination in Fig. B.2). Nevertheless, the proximity of these values across all
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electrodes suggests that Eonset is predominantly controlled by the p–n Si–mesoTiO2

interface, irrespective of modifications at the mesoTiO2–electrolyte interface.12

Although Eonset compares well with previously-reported crystalline p-Si-based
photocathodes,23,39 we observed a relatively small photocurrent with Si|mesoTiO2|-
Pt,25 which may be attributed to the formation of some insulating SiOx layer
during the aerobic sintering process. Nonetheless, our results with Si|mesoTiO2|Pt
confirm that electron transfer from p-Si to a mesoTiO2-bound proton reduction
catalyst is possible, and simultaneously allow us to elucidate the maximum
photocurrent that is likely to be obtainable with our photocathode preparation
if kinetic barriers were minimal at the catalyst–electrolyte interface. In fact,
the photocurrent densities obtained compare well with those of the molecular
catalyst-based electrodes, indicating that the molecular-based electrodes perform
at maximum performance that can be expected under these conditions.

The effects of different mesoTiO2 thicknesses and pH conditions were also
studied for the Si|mesoTiO2|NiP photocathodes (Fig. 2.9). As mentioned above,
reducing the thickness of the mesoporous scaffold resulted in a proportionately
lower loading of NiP (5.6 ± 1.4 nmol cm−2 on mesoTiO2 with a thickness of 1.1 µm,
Table 2.1) and consequently gave rise to a lower performing photocathode with
smaller photocurrents (Fig. 2.9a). A pH optimum was observed at 4.5, which
agrees with previous catalytic studies with NiP (Fig. 2.9b).31

Fig. 2.9 LSVs under chopped illumination of Si|mesoTiO2|NiP electrodes, (a)
prepared with two different thicknesses of the mesoTiO2 layer and tested under
pH 4.5 conditions, and (b) prepared with a mesoTiO2 thickness of 6.0 µm and
tested under two different pH conditions. Arrows indicate scan start and direction.
Conditions: aqueous acetic acid solution (0.1 M), UV-filtered simulated solar
light irradiation (AM1.5G, 100 mW cm−2, λ > 400 nm), N2 atmosphere, room
temperature, ν = 5 mV s−1.
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Having established the photocathode architecture as a viable platform on
which to interface molecular catalysts, their prolonged H2 evolution performance
and stability were studied. This was carried out by way of controlled potential
photoelectrolysis under UV-filtered simulated solar light illumination (AM1.5G,
100 mW cm−2, λ > 400 nm) at an applied potential (Eapp) of 0.0 V vs. RHE (Fig. 2.10)
for up to 24 h, during which the headspace H2 was analysed at regular intervals
by gas chromatography (Fig. 2.11; see Experimental Section 2.4.4).

Fig. 2.10 CPPE traces for Si|mesoTiO2 (blue trace), Si|mesoTiO2|NiP (red
trace) and Si|mesoTiO2|Pt (grey trace) electrodes at Eapp = 0.0 V vs. RHE under
continuous illumination with an hourly dark chop lasting for two min each.
Conditions: aqueous acetic acid solution (0.1 M, pH 4.5), UV-filtered simulated
solar light irradiation (AM1.5G, 100 mW cm−2, λ > 400 nm), N2 atmosphere, room
temperature.

The bare p-Si electrode produced only a miniscule photocurrent density and
detectable amounts of H2 were not observed (Fig. B.3); this is unsurprising
given the inactivity of this TiO2-free photoelectrode as determined previously by
linear sweep voltammetry. On the other hand, the Si|mesoTiO2 electrode is not
innocent in proton reduction and produces a small amount of H2. However, its low
Faradaic efficiency of 28–30 % implies that the majority of the photocurrent must
be generated from processes other than catalytic proton reduction (Fig. 2.11a).
A likely source for this photocurrent - charging the CB of TiO2 - is discussed
below in section 2.2.7. Si|mesoTiO2|NiP displays a FE up to 87 % in the early
stages of CPPE that remains at 76 ± 2 % even after 24 h. An increasing FE was
observed during the first few hours, which is likely due to initial filling of trap
states in TiO2 and the reduction of residual O2 in the pores of the mesoporous
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Fig. 2.11 CPPE data for Si|mesoTiO2 (blue traces), Si|mesoTiO2|NiP (red traces)
and Si|mesoTiO2|Pt (grey traces) electrodes at Eapp = 0.0 V vs. RHE during con-
tinuous UV-filtered simulated solar light irradiation. (a) H2 evolution (solid lines)
and Faradaic efficiency (cumulative over time; dashed lines); (b) cumulative rate of
H2 production per geometrical surface area of the electrodes. Conditions: aqueous
acetic acid solution (0.1 M, pH 4.5), UV-filtered simulated solar light irradiation
(AM1.5G, 100 mW cm−2, λ > 400 nm), N2 atmosphere, room temperature.



2.2 Results and Discussion 75

scaffold.29 Generally, the slightly lower FE compared to the Pt-based electrode
could be attributed to the progressive degradation/desorption of some reduced
NiP, leading to unproductive electron transfer pathways. Nevertheless, these
values are consistent with the FE reported previously for dark electrolysis of NiP
on a mesoTiO2 electrode.13 Tracking the cumulative rate of H2 production per
surface area also showed that the NiP-modified photocathode continues to exhibit
greater H2 evolution activity compared to an unmodied Si|mesoTiO2 electrode
even after a day (Fig. 2.11b; note that the more conventional rate metric, turnover
frequency, has not been used to compare the photoelectrodes in this case as it
cannot be applied to the catalyst-free electrode).

A NiP-based turnover number (TONNiP) of 646 ± 141 was obtained after
24 h CPPE with the Si|mesoTiO2|NiP electrodes, and is close to being the
highest TON reported for this catalyst in both homogeneous and heterogeneous
configurations (Fig. 2.12).8,13,31 Note, however, that this value was corrected for
H2 evolution from Si|mesoTiO2 and is therefore a lower estimate of its activity. If
we assume a clear kinetic advantage of NiP over any solution-exposed mesoTiO2

and the catalyst’s highly efficient communication with the metal oxide, then all
electrons reaching the solution via the catalyst and not directly from mesoTiO2

would give an upper bound of TONNiP = 1082 ± 244 at 24 h, representing a record
value. Overall, these values are in agreement with the best previously reported
TONNiP, where NiP was used in electrocatalytic and photocatalytic H2 generation
with sacrificial electron donors.13,31,40 Importantly, this therefore demonstrates
that the intrinsic activity of NiP can be exploited upon immobilisation onto
photoelectrodes - something that remains a struggle in the attempt to immobilise
all manner of molecular catalysts onto electrode systems in this field. It also
supports the conclusion that the catalyst’s molecular integrity is maintained
throughout CPPE, as opposed to the previously reported transformation of some
immobilised molecular catalysts under catalysis conditions.41–43 The integrity of
the molecular photoelectrodes post-CPPE was examined in greater detail with
spectroscopic techniques as described in section 2.2.4 below.

Although the photocurrent density, FE and rate of H2 production of Si|mesoTiO2-
|NiP (blue traces in Figs. 2.10, 2.11 and 2.12) dropped gradually after several hours,
most likely as a result of slow catalyst desorption/degradation, Si|mesoTiO2|Pt
(grey traces), on the other hand, continued to evolve H2 at near unity FE even after
24 h of CPPE, maintaining a steady photocurrent density throughout. The precious
metal catalyst thereby demonstrates the enduring stability of the Si|mesoTiO2
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Fig. 2.12 Turnover number and turnover frequency (cumulative over duration
of CPPE) of NiP over 24 h CPPE of Si|mesoTiO2|NiP (background H2 pro-
duction by a Si|mesoTiO2 control electrode has been subtracted). Conditions:
Eapp = 0.0 V vs. RHE, aqueous acetic acid solution (0.1 M, pH 4.5), UV-filtered sim-
ulated solar light irradiation (AM1.5G, 100 mW cm−2, λ > 400 nm), N2 atmosphere,
room temperature.

architecture in aqueous conditions, and highlights its appeal as a scaffold for
different proton reduction catalysts that could possess a range of stabilities.

CPPE of Si|mesoTiO2|CoP3 revealed a photocathode that also possesses pro-
ton reduction capabilities superior to that of the unmodified Si|mesoTiO2 electrode
for up to 1 h (Fig. 2.13). A progressive decline in the photocathode’s performance
is, however, apparent in both its slowing H2 production rate and decreasing pho-
tocurrent density, the latter of which diminished significantly within the first 0.5 h
of CPPE. This trend is in agreement with previous reports of the limited stability
of CoP3, where degradation may be attributed to ligand hydrogenation and/or
the formation of a ligand radical species.34,44–46 In homogeneous solution systems,
NiP is also generally a superior catalyst to the cobalt diimine–dioxime CoP3,
and so it is also therefore unsurprising that their corresponding photoelectrodes
possess the same relative performances. A final TONCoP3 of 10.5 ± 0.5 (for which
background H2 evolution from Si|mesoTiO2 was once again subtracted to give the
lower bound) was achieved after 4 h. As was the case with NiP and its respective
photoelectrode, this TON value matches well with those reported for CoP3 in
homogeneous configurations,34 once again demonstrating that in adopting this
Si|mesoTiO2 scaffold, it is possible to directly transfer these molecular catalysts
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Fig. 2.13 CPPE data for Si|mesoTiO2|CoP3 as compared to Si|mesoTiO2: (a)
chronoamperometry trace (inset: close-up of first 0.5 h); (b) H2 evolution (solid
lines) and cumulative rate of H2 production per geometrical surface area of the
electrodes (dashed lines). Conditions: Eapp = 0.0 V vs. RHE, aqueous acetic acid
solution (0.1 M, pH 4.5), UV-filtered simulated solar light irradiation (AM1.5G,
100 mW cm−2, λ > 400 nm), N2 atmosphere, room temperature.
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from their optimised solution-based conditions onto a photoelectrode surface
without losing any H2 evolution performance.

Fig. 2.14 IPCE spectra of Si|mesoTiO2 and Si|mesoTiO2|NiP, measured at
Eapp = 0.0 V vs. RHE. Conditions: aqueous acetic acid solution (0.1 M, pH 4.5),
N2 atmosphere, room temperature.

Finally, the incident photon-to-current efficiency (IPCE) spectrum of the best-
performing molecular photoelectrode, Si|mesoTiO2|NiP, was measured under
Eapp = 0.0 V vs. RHE across 450-850 nm wavelengths to gain a better understand-
ing of how its photoresponse varies with the energy of absorbed wavelengths.
The spectrum of the catalyst-modified photoelectrode showed an IPCE of ap-
proximately 6 % across all measured wavelengths and an approximately two-fold
enhancement compared to that of catalyst-free Si|mesoTiO2 (Fig. 2.14). The
photoresponse covers the visible and extends into the IR region, maintaining
relative homogeneity across the wavelengths, and highlights the clear advantage
brought about by p-Si as it allows the conversion of low-energy photons into free
charge carriers for the reduction of protons to H2. In fact, p-Si is expected to
be able to absorb photons with wavelengths up to 1000 nm, although this could
not be explicitly demonstrated with our photoelectrodes as the laboratory set-up
at our disposal unfortunately only permitted measurements up to a maximum
wavelength of 850 nm.



2.2 Results and Discussion 79

2.2.4 Post-Catalysis Molecular Integrity

As discussed in Chapter 1 section 1.2.3, post-catalysis characterisation of molecu-
lar catalyst-based photocathodes is important in order to allow for assessment
of their molecular integrity in a field where the transformation of molecular
catalysts into non-molecular active species is a constant yet still rarely-verified
possibility.41,43,47,48

The gradual decrease in catalytic activity over time as well as features in the
ATR-FTIR and XPS spectra support the lasting integrity of the molecular NiP
catalyst on Si|mesoTiO2|NiP, greatly limiting the possibility that the enduring
activity from this photocathode arises from the formation of some other non-
molecular Ni-based catalytic species. All characteristic bands cross the ATR-FTIR
spectrum of the photocathode prior to electrolysis reappear in the spectrum of
the photocathode that has undergone a full day of CPPE (Fig. 2.4, red trace).
In addition, all binding energy peaks arising from core levels in the Ni2p, N1s

and P2p regions are present in the XPS spectra of both fresh and electrolysed
photocathodes, while metallic Ni (expected at a binding energy of 852.6 eV) that
might have been suspected to contribute to catalysis was not detected (Fig. 2.7,
red traces). The reduced intensity of these XPS peaks after electrolysis is likely
attributable to the initial loss of catalyst molecules chemisorbed on the top of the
mesoTiO2, whereas molecules trapped deeper within the porous matrix give rise to
catalytic activity over a longer period of time but are not readily accessible by XPS
(a surface-sensitive technique). Finally, comparing LSVs of the Si|mesoTiO2|NiP
photocathode both before and after 24 h of photoelectrolysis shows the retention
of broad cathodic recombination peaks characteristic of molecular catalysts’ slow
kinetics, along with a decrease in photocurrent intensity by roughly half (Fig. 2.15).
This is in agreement with some loss/degradation of the molecular catalyst from
the photocathode, as previously deduced from the chronoamperogram.

In contrast to the case of Si|mesoTiO2|NiP, both ATR-FTIR and XPS analysis
attest the instability of CoP3 on the Si|mesoTiO2|CoP3 photocathode (red traces
in Figs. 2.5 and 2.6). Characteristic IR bands and Co2p and P2p signals in the
XPS spectra have mostly disappeared or are altered after CPPE, leaving behind
only a weak N1s XPS signal, probably as a result of small traces of ligand species
still attached to the surface. These results are in line with the short lifetime of
catalytic activity observed from Si|mesoTiO2|CoP3 above, and further highlight
the impressive durability of NiP in a field where stable, highly active immobilised
molecular catalysts for the hydrogen evolution reaction remain hard to identify,
especially on photocathodes.
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Fig. 2.15 LSVs under chopped illumination of Si|mesoTiO2, and Si|mesoTiO2|NiP
before and after 24 h CPPE. Arrow indicates scan start and direction. Conditions:
aqueous acetic acid solution (0.1 M, pH 4.5), UV-filtered simulated solar light irra-
diation (AM1.5G, 100 mW cm−2, λ > 400 nm), N2 atmosphere, room temperature,
ν = 5 mV s−1.

2.2.5 Biocompatibility of Si|mesoTiO2 Photoelectrode

With the desire to further demonstrate the versatility of our Si|mesoTiO2 cathodes
beyond their suitability for synthetic catalysts, the photoelectrode scaffold was also
interfaced with a [NiFeSe]-hydrogenase enzyme isolated from Desulfomicrobium
baculatum as the proton reduction catalyst.49 Hydrogenases display exceptionally
high catalytic rates for H2 production at marginal overpotentials that are currently
only matched by the precious metal platinum. [NiFeSe]-H2ases in particular are
suitable catalysts for applications in water splitting as they display a bias towards
H2 evolution in the presence of O2, with marginal inhibition by H2 itself.50 The
immobilisation of the H2ase onto our electrodes was achieved by drop-coating a
diluted stock solution of the enzyme on Si|mesoTiO2 under an inert atmosphere,
affording the Si|mesoTiO2|H2ase electrode. The interaction between TiO2 and
H2ase is thought to occur at the enzyme’s surface-exposed glutamate and aspartate
residues in close proximity to the distal Fe–S cluster relay, the latter of which is
expected to deliver photo-excited electrons to the embedded active site for H2

generation.51,52 The biocompatibility of TiO2 towards H2ase had already been
previously recognised by reports where the enzyme has been immobilised on either
TiO2 nanoparticles52 or on flat TiO2 electrodes53 towards H2-evolving systems.
As expected, however, the flatness of the electrode in the latter did not lend itself



2.2 Results and Discussion 81

to high loadings of the enzyme (which possesses a steric footprint much larger
than that of synthetic metal complex catalysts), and a photocurrent density of
only ≈ −2 µA cm−2 was obtained in that case.

Fig. 2.16 LSVs under chopped illumination of Si|mesoTiO2 and Si|mesoTiO2|H2ase.
Arrow indicates scan start and direction. Conditions: aqueous MES solu-
tion (50 mM, pH 6.0), UV-filtered simulated solar light irradiation (AM1.5G,
100 mW cm−2, λ > 400 nm), N2 atmosphere, room temperature, ν = 5 mV s−1.

Unlike for the molecular catalyst-modified photoelectrodes discussed above,
photoelectrochemical measurements of Si|mesoTiO2|H2ase were conducted in a
pH 6.0 buffer solution in accordance with previously-determined optimal con-
ditions for the enzyme.52–54 LSVs revealed a clear enhancement of the unmod-
ified Si|mesoTiO2’s photocurrent upon introduction of the enzyme, with |J | =
195 µA cm−2 achieved at 0.0 V vs. RHE for Si|mesoTiO2|H2ase (Fig. 2.16). During
sustained CPPE at Eapp = 0.0 V vs. RHE, Si|mesoTiO2|H2ase displays a signifi-
cantly higher initial photocurrent density (89.7 µA cm−2, Fig. 2.17a) and rate of
H2 production (Fig. 2.17b) than the catalyst-free Si|mesoTiO2 electrode under
identical conditions. These observed photocurrents exceed those previously re-
ported for a Si|flat–TiO2|H2ase by a factor of 30,53 highlighting the advantages
of a homogeneous and well-connected mesoporous-structured TiO2 scaffold in its
ability to offer much higher enzyme loadings than an analogous flat surface. Direct
determination of the true loading of H2ase on Si|mesoTiO2 following drop-casting
of the enzyme stock solution and rinsing with water could not be carried out, as
none of the techniques available to us would have permitted detection of such
small quantities. Nevertheless, if the total drop-casted amount (32 pmol cm−2)
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Fig. 2.17 CPPE data for Si|mesoTiO2|H2ase as compared to Si|mesoTiO2: (a)
chronoamperometry trace; (b) H2 evolution (solid lines) and Faradaic efficiency (cu-
mulative over duration of CPPE, dashed lines). Conditions: Eapp = 0.0 V vs. RHE,
aqueous MES solution (50 mM, pH 6.0), UV-filtered simulated solar light irradia-
tion (AM1.5G, 100 mW cm−2, λ > 400 nm), N2 atmosphere, room temperature.
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is taken as an upper bound of the possible loading, this yields a lower bound
estimate of the electrode’s TONH2ase in the order of ≈ 5.5 × 104 after 5 h of CPPE.

Despite the above evidence that wiring of the enzyme to the semiconductor
TiO2 has been successful in the realisation of a functional H2-evolving photo-
cathode, the highest FE achieved for Si|mesoTiO2|H2ase is a good but modest
75.7 ± 4.0 % and the photocathode is active for at most 4 h. In trying to under-
stand this, one must recognise that the large footprint of the H2ase (8–10 nm)55

makes full penetration of the enzyme throughout the mesoporous mesoTiO2 film
(pore size ≈ 15–20 nm) difficult and it is likely that the enzyme adsorbed mostly on
top of the mesoporous scaffold, leaving a significant proportion of TiO2 beneath
unmodified. Unoptimal coverage due to an insufficient penetration depth of the
enzyme is therefore a likely explanation for the less-than-unity FE and limited
lifetime of Si|mesoTiO2|H2ase during CPPE, after which ‘film loss’ (degradation,
re-orientation or desorption) has removed the electroactive enzyme film. Never-
theless, the biocompatibility of TiO2 withholds this metal oxide as an attractive
interfacing material on which to achieve effective adsorption of enzymes, and the
improvements on photocurrent achieved in this study compared to those previously
reported validate that addressing enzyme loading with porous structures can be a
significant pathway to improved enzyme-based devices.54,56–58 Follow-up work to
rationally design a photocathode that maintains the merits of the Si|mesoTiO2

interface whilst optimising the scaffold’s dimensions to better accommodate large
biomolecules like hydrogenase has been recently reported.59

2.2.6 Comparison with State of the Art

A challenge in the preparation of molecular catalyst-based photocathodes is the
transferral of the catalyst’s solution performance onto a robust photoelectrode.
This difficulty is illustrated by the low turnover numbers (< 3) in recent attempts
to integrate NiP onto photocathodic architectures.8,9 With a TONNiP value > 600,
our system achieves catalytic cycles that are among the highest reported for a
molecular catalyst on a photocathode and in the same order of magnitude as
previously reported solution systems at the time of writing.31,40,60 In addition, we
achieved a TON of > 10 with CoP3, which is also consistent with the previously-
reported performance of this catalyst during solar H2 production on dye-sensitised
TiO2 nanoparticles in the presence of a sacrificial hole scavenger.34 These results,
together with the demonstrated biocompatibility of the Si|mesoTiO2 electrode,
show a chemical benignancy of the photocathode assembly towards a variety of
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catalysts and thus highlight its potential adaptability. In addition, the assessed
stability and molecular nature of the Si|mesoTiO2|NiP electrode and NiP cat-
alyst, respectively, reflect the congruity of the system in a field where TONs
are scarcely reported and sometimes remain subject to fundamental questions
regarding molecular integrity.43,61

Another peculiar problem lies in designing an efficient and simple interface
to integrate the molecular catalyst with the light-harvesting material. Unlike
previously reported systems where the catalyst has been immobilised alongside a
dye on a porous metal oxide (e.g. NiO),8,9,17,18,62–65 or deposited at the surface of a
flat photoactive material,11,15,16,66–70 our system separates the light harvester from
the catalyst via a mesoporous n-type semiconductor layer, which presents several
benefits. As demonstrated by major advances realised in its preparation over the
past years, such a mesoporous TiO2-based interlayer could deliver a straightforward,
generalisable and high surface area catalyst immobilisation platform via popular
anchoring groups.10,27 Concomitantly, it affords a direct electron transfer to the
bound catalyst as a result of the existence of a chemical bond, as well as low
probabilities of charge recombination between the catalyst and the light harvester
by acting as a hole-blocking layer. Despite all of its above advantages, a mesoporous
TiO2 scaffold had not yet been employed in a molecular photocathode for PEC
H2 evolution; under aqueous conditions; nor without the need for an additional
ALD-deposited interlayer. The presence of a mesoTiO2 interlayer in our system
does not strongly affect the potential photovoltage of the silicon electrode, as
the measured underpotential for proton reduction (≈ 0.4 V vs. RHE) compares
well with those of previously reported p-Si-based photocathodes.22 Finally, in
contrast to NiO-based photocathodes, the system does not require any other co-
immobilised molecules due to its light harvester|mesoTiO2|catalyst architecture,
thereby avoiding the need to carry out ratio optimisations, as well as potential
kinetic and stability limitations resulting from using an added dye. Thus, the
photocathode displayed a photocurrent density of 340 µA cm−2 at 0.0 V vs. RHE
when loaded with NiP, representing a 3- to 150-fold improvement as compared
to the results reported with dye-sensitised NiO-based architectures.

Although the photocurrents achieved with our molecular-based photocath-
odes are relatively modest compared to the best state-of-the-art photocathodes,
similar values are attained with the platinised equivalent. This shows that our
system’s bottleneck probably originates from the limited number of available
charge carriers and that it could therefore be improved by optimising the electrode
preparation procedure. On the other hand, the modest photovoltage displayed
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by the Si|mesoTiO2|catalyst architecture has its main origin in p-Si’s small band
gap and charge recombination. Nevertheless, as confirmed by the IPCE measure-
ments under applied bias, p-Si allows for the broadest conversion of wavelengths,
including low-energy IR photons (7 % at 850 nm), among molecular catalyst-based
electrodes. Consequently, such an architecture could benefit the preparation of a
molecular-based tandem PEC device towards full water splitting when utilised as
the proton-reducing electrode.

2.2.7 Charging Currents in TiO2

In the process of evaluating the photoelectrochemical performance of our various
proton-reducing Si|mesoTiO2-based photoelectrodes, multiple observations were
noted that eventually led us to study the charging and discharging of the CB of
TiO2 in our electrode architecture.

A charging behaviour was first evidenced when performing consecutive LSVs in
both reducing and oxidising scanning directions on the photocathodes (Fig. 2.18).
In the case of LSVs conducted from anodic to cathodic potentials for the catalyst-
free Si|mesoTiO2 electrode, the second scan always displays an anodic dark current
at the scan start (0.8 V vs. RHE, Fig. 2.18a blue trace). When subsequently
scanning in the anodic direction upon scan reversal from the cathodic scan, an
anodic dark current once again manifests from approximately 0.0 to 0.4 V vs. RHE
(red trace). This can be attributed to the CB being subsequently “discharged” at
more positive applied potentials following the two previous cathodic scans that
charged it, hence giving rise to an anodic dark current.

Revealingly, when either NiP, Pt or H2ase is surface-bound on Si|mesoTiO2,
no such discharging features were observed when scanning in either cathodic or
anodic directions (Fig. 2.18b-d). This observation signifies a lack of discharging
and therefore a corresponding lack of any preceding charging events in the catalyst-
modified electrodes, suggesting efficient charge transfer from the CB of mesoTiO2

to the proton reduction catalyst. In other words, these catalysts, even molecular
NiP, are effective at lowering the kinetic barrier and therefore providing high
activity for proton reduction. Even after 24 h of CPPE, no evidence of substantial
charge accumulation from charging is observed in the case of Si|mesoTiO2|NiP,
which is made apparent by the lack of an anodic dark current in the reverse
LSV scan of an electrode that has undergone photoelectrocatalysis (Fig. 2.18f,
red trace). This indicates that the amount of molecular catalyst remaining on
the cathode at this time is still sufficient to ensure efficient extraction of charges



86 2.2 Results and Discussion

Fig. 2.18 LSVs under chopped illumination of fresh (a) Si|mesoTiO2,
(b) Si|mesoTiO2|NiP, (c) Si|mesoTiO2|Pt, (d) Si|mesoTiO2|H2ase and (e)
Si|mesoTiO2|CoP3, with the first two scans in cathodic direction (black and
blue traces) and the third scan in anodic direction following scan reversal (red
traces). (f) Reverse scans only for Si|mesoTiO2 and Si|mesoTiO2|NiP photoelec-
trodes before and after CPPE. Arrows indicate scan start and directions for all
LSVs. Conditions: aqueous acetic acid solution (0.1 M, pH 4.5) for all electrodes
apart from Si|mesoTiO2|H2ase (50 mM MES buffer, pH 6.0), UV-filtered simulated
solar light irradiation (AM1.5G, 100 mW cm−2, λ > 400 nm), N2 atmosphere, room
temperature, ν = 5 mV s−1.
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from the CB of TiO2, and hence provide a good FE. Taking this into account
and considering the clear kinetic advantage of NiP compared to catalyst-free
mesoTiO2 demonstrated here, the upper estimate of TONNiP given above (without
background substraction) gains credibility.71 As an aside, with these observations
in consecutive LSVs conducted on Si|mesoTiO2|H2ase, successful electronic wiring
of the semiconductor mesoTiO2 to the H2ase enzyme can be confirmed when we
see that features in Si|mesoTiO2’s LSVs that indicate charging up of mesoTiO2’s
CB are completely erased by the presence of the enzyme (Fig. 2.18d).

In contrast, fresh CoP3-loaded electrodes already feature electrochemical
discharging of the CB in the second cathodic LSV alongside a significant drop in
cathodic photocurrent intensity (Fig. 2.18e). In addition, the subsequent reverse
scan also displays anodic dark currents similar to those recorded in the case of the
bare Si|mesoTiO2 electrode. Both observations confirm the previously reported
instability of this catalyst and/or its inefficient charge extraction from the CB
of mesoTiO2, as we have already seen from this photoelectrode’s performance
above.34

Another telling observation that pointed towards charging up of mesoTiO2’s
CB when there are no efficient catalysts immobilised on the surface were anodic
dark currents observed when dark chopping for a brief two minutes every hour
during CPPE of Si|mesoTiO2, as indicated in an enlarged view of the CPPE
trace in Fig. 2.19. Similar to the anodic dark currents observed in linear sweep
voltammetry experiments, the dark currents seen here during CPPE confirm
the temporary storage of electrons in the CB of mesoTiO2 and their subsequent
discharging in the dark. On the other hand, the anodic dark current is almost
absent in the case of, for instance, Si|mesoTiO2|NiP, as the catalyst efficiently
collects electrons from the mesoTiO2 CB.

The discharging of TiO2’s CB was monitored in a separate experiment by
recording the slow decay of the anodic current during a dark chronoamperometry
after having first charged the Si|mesoTiO2 electrode under light (Fig. 2.20a). In
short, a potential of 0.0 V vs. RHE was applied under UV-filtered solar light illumi-
nation for a short period of time in the first phase, corresponding to the charging
of the CB. In the subsequent second phase, corresponding to the discharging step,
0.0 V vs. RHE was applied once again but this time in the dark, and the dark
current that resulted was measured. The observed slow decay (15 min) of the
anodic current indicates that our system allows for the existence of long-lived elec-
trons trapped in mesoTiO2. Electron trapping in mesoTiO2 has been extensively
studied and is believed to be localised in the mesoTiO2 lattice as Ti3+ sites, but
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Fig. 2.19 Enlarged view of the first two dark chops during CPPE of Si|mesoTiO2
(blue trace) and Si|mesoTiO2|NiP (red trace), showing anodic dark current
for the former and the lack of any dark current for the latter. Conditions:
Eapp = 0.0 V vs. RHE, aqueous acetic acid solution (0.1 M, pH 4.5), UV-filtered
simulated solar light irradiation (AM1.5G, 100 mW cm−2, λ > 400 nm), N2 atmo-
sphere, room temperature.

the storage of such trapped states lasting for timescales beyond microseconds has
been scarcely reported.72,73 In contrast, the current decays almost instantly to the
baseline with the introduction of an electron acceptor (i.e. methyl viologen dichlo-
ride, MV; E (MV/MV−) ≈ −0.45 V vs. SHE) to the electrolyte solution (Fig. 2.20a,
blue trace), concurrent with the appearance of a blue colour from the reduced
methyl viologen radical at the surface of the electrode. Both observations indicate
the reduction of MV species by electrons located in the mesoTiO2 CB. Performing
another discharge-monitoring experiment in the presence of an anchored catalyst
such as NiP (and with no MV) resulted in the absence of any anodic dark current
during dark chronoamperometry following CB charging by light, as the electrons
are efficiently transferred to the catalyst (Fig. 2.20b).

With all of the above, it is thereby demonstrated that the well-known ability
of mesoTiO2 to trap electrons can be exploited in our Si|mesoTiO2 architecture.
This represents the first application of this phenomenon via the fabrication
of a device capable of storing visible light-generated electrons on an electrode.
The realisation of these long-lived electrons following photoexcitation of the
Si|mesoTiO2 electrode could allow one to envision devices that are capable of
temporal decoupling between the photo-production of the electric charge and its
utilisation in the form of electricity or chemical synthesis, and may therefore be an
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Fig. 2.20 (a) Chronoamperograms of Si|mesoTiO2 in the dark (normalised and
given as a percentage) after being exposed to light (to charge the CB), without MV
(black trace) and with MV added partway (blue trace). (b) Chronoamperograms of
Si|mesoTiO2 (blue traces) and Si|mesoTiO2|NiP (red traces) in the light (yellow
region) and subsequently in the dark (grey region), separated by a brief period in
the dark without applied bias (white region). Conditions: Eapp during both light
and dark phases = 0.0 V vs. RHE, aqueous acetic acid solution (0.1 M, pH 4.5),
UV-filtered simulated solar light irradiation (AM1.5G, 100 mW cm−2, λ > 400 nm),
N2 atmosphere, room temperature.
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attractive means of short (solar-charged capacitors)- and long (solar fuels)-term
storage of solar energy.74–77

2.3 Conclusion

In conclusion, the first example of the solar-driven reduction of aqueous protons
to hydrogen by molecular catalysts immobilised on light-harvesting p-Si is demon-
strated. This was achieved by the straightforward deposition of an interfacing
mesoporous TiO2 scaffold, which not only afforded a high loading of molecular
catalyst, but also represents a low-cost method of integrating a catalyst with p-Si.
The Si–mesoTiO2 interface consistently offers an underpotential of 400 mV for the
H2 evolution reaction and, in the absence of a catalyst, represents an architecture
that allows for the storage of solar energy in the form of trapped electrons lasting
for several minutes. The charging of the CB of mesoTiO2 in this way allows us
to envision the use of this electrode as a short- and long-term electron-storing,
light-rechargeable device.

The molecular catalyst-modified Si|mesoTiO2|NiP reached the highest pho-
tocurrent and TON known for a molecular catalyst belonging to the popular
DuBois-type family on a photocathode in aqueous media, and continues to evolve
hydrogen at high Faradaic efficiencies even after 24 h of operation under UV-
filtered simulated solar light illumination, highlighting the stability of both the
Si–mesoTiO2 assembly and the molecular catalyst itself. The fact that no loss of
performance was experienced when immobilising the molecular catalyst onto the
photoelectrode scaffold demonstrates something that is a continued struggle in
the field: the ability to transfer catalyst performances in solution systems onto
an electrode surface towards more scalable PEC configurations. IPCE studies
under bias showed the photoelectrode’s ability to utilise low-energy photons and,
therefore, its suitability for coupling with large band gap-based photoanodes in
a potential tandem PEC device. Finally, the diversity of other catalysts used
in this work (metallic Pt, molecular cobaloxime CoP3 and hydrogenase) are a
strong testament to the versatility offered by this approach and the opportunities
it presents for evaluating a wide array of existing and future catalysts immobilised
on a stable photocathode towards solar-driven hydrogen evolution and other redox
transformations.
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2.4 Experimental Section

2.4.1 Materials

Reagents and materials used throughout this work were obtained in high purity
from commercial suppliers and used as received. Laboratory grade reagents were
used in all synthetic procedures and chemicals used for electrochemical experiments
were of the highest available purity. Commercial p-type boron-doped silicon wafers
(resistivity of 1-10 ohm cm; <100>; 500 µm thickness; single-side polished) were
purchased from University Wafer. Milli-Q® water (18.2 MΩ cm at 25 ◦C) was
used throughout this work in synthetic and electrochemical procedures. Buffer
solutions were made using analytical grade reagents and titrated to the desired pH,
as determined by a pH electrode (Mettler Toledo; SevenEasy) using NaOH. NiP
and CoP3 were synthesised and characterised according to previous reports.31,34

The [NiFeSe]-hydrogenase used in this study was isolated from Desulfomicrobium
baculatum, and was provided by Dr Juan C. Fontecilla-Camps and Dr Christine
Cavazza (Institut de Biologie Structurale, Grenoble, France).

2.4.2 Assembly of Photocathodes

Si and Si|mesoTiO2 Fabrication

The Si wafers (1.2 cm × 2.5 cm) were sequentially cleaned with acetone, isopropanol,
ethanol, and piranha solutions for 10 min each. The bare p-Si electrodes were
obtained after removing the native oxide layers from the surface by immersing
the electrodes in hydrofluoric acid (65 %, Merck Millipore) for 1 min and then
rinsing with Milli-Q® water. The mesoporous TiO2 scaffold was deposited on p-Si
by slot-coating commercial Ti-Nanoxide pastes (15-20 nm particles, 100 % anatase,
Solaronix) over a defined area (0.7 cm × 0.7 cm).

The electrodes both with (towards Si|mesoTiO2) and without (towards bare
Si control) the mesoporous TiO2 paste were then immediately transferred into
a Carbolite furnace pre-heated at 135 ◦C and annealed under atmospheric con-
ditions using the following heating ramp. The temperature was increased to
325 ◦C and held at this temperature for 5 min, after which the temperature was
further augmented to 375 ◦C and maintained for 5 min at this temperature. The
temperature was finally allowed to reach 450 ◦C, where it remained for 30 min.
The electrodes were removed from the furnace after a slow cooling period to 80 ◦C.
The thickness of the resulting TiO2 layers was measured by scanning electron
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microscopy. Layers of 6 µm or 1.1 µm were obtained when using T/SP or T600
TiO2 pastes, respectively.

Catalyst Immobilisation and Back Contact Assembly

Immobilisation of the molecular catalysts on Si|mesoTiO2 electrodes to yield
Si|mesoTiO2|NiP and Si|mesoTiO2|CoP3 was carried out by soaking the elec-
trodes in a 0.25 mM solution of the corresponding catalyst in dry MeOH for 16 h,
after which they were rinsed with MeOH. Platinisation of Si|mesoTiO2 to yield
Si|mesoTiO2|Pt electrodes was achieved by brushing a solution of hexachloropla-
tinic acid hydrate in isopropanol (2 mg ml−1) across the top of the electrode. This
operation was repeated three times, allowing the solvent to dry between each
deposition. The cells were then transferred into a Carbolite furnace at 350 ◦C for
20 min, followed by slow cooling to room temperature.

The H2ase was purified using a previously published method.78 The stock
solution (specific activity 2115 µmol H2 min−1 mg−1, stored at −30 ◦C) was thawed
immediately before use and diluted with 20 mM Tris/HCl buffer (pH 7) in an
anaerobic glovebox to give 8 µM H2ase aliquots. Prior to enzyme immobilisation,
the Si|mesoTiO2 electrodes were UV-ozone treated for 10 min in a UV/Ozone
ProCleanerTM (BioForce Nanosciences). One aliquot of H2ase solution (1 µL,
8 pmol) was drop-cast onto each electrode (0.25 cm2) and allowed to fully dry,
yielding the final Si|mesoTiO2|H2ase electrode.

All photocathodes were subsequently back-contacted and insulated by an
epoxy adhesive prior to further use. Sand paper was used to abrade the surface of
the Si electrode’s unpolished side before application of a conductive silver paint
(RS® Components 186-3593), after which an electrical wire was connected to
the dry silver using the same conductive silver paint. Upon drying, a dark grey
epoxy adhesive (Loctite® Hysol® 3423) was applied on both sides of the electrodes,
leaving only the surface to be analysed (S ≈ 0.2 cm2) exposed. The cells were then
allowed to dry thoroughly for 18 h at room temperature in air before use.

2.4.3 Physical Characterisation of Molecular Photocath-
odes

SEM images were recorded on a FEI Philips XL30 FEG ESEM instrument at
5 kV acceleration voltage. ATR-FTIR spectra of the compounds as powders or
the functionalised TiO2 were recorded on a Nicolet iS50 spectrometer. XPS was
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performed on an ESCALAB 250Xi spectrometer (Thermo Fisher Scientific, East
Grindstead, UK) utilising a monochromatic Al-Kα source (50-300 W, 0.2-1 mm
spot size). The quantification of the amount of immobilised NiP or CoP3 (mole
per geometrical area) on the Si|mesoTiO2|catalyst electrodes was evaluated by
UV-visible spectroscopy after desorption of the catalyst from the correspond-
ing electrode. Typically, the Si|mesoTiO2|catalyst electrode (S ≈ 0.5 cm2) was
immersed for 1.5 h in a MeOH bath containing tetrabutylammonium hydroxide
(0.1 M). The NiP and CoP3 solutions’ absorptions were then measured (l = 1 cm)
at 350 and 400 nm, respectively, and the concentrations were estimated using the
molar absorption curves in Figure B.1. UV-vis spectra were collected using a
Varian Cary 50 Bio UV-vis spectrometer.

2.4.4 Photoelectrochemical Methods

Photoelectrocatalysis Set-Up

LSVs and CPPEs were performed with an Ivium CompactStat potentiostat. A
Newport Oriel Xenon 150 W solar light simulator (100 mW cm−2, AM1.5G with
IR water and UV (λ > 400 nm) filters) was used as the light source. A three-
electrode configuration was employed in a custom-made airtight two-compartment
PEC cell with a Nafion membrane separating the compartments. A platinum
mesh was used as counter electrode (CE) and an Ag/AgCl(sat. KCl) electrode as
reference electrode (RE). All electrochemical measurements were performed at
room temperature in aqueous acetic acid solutions (0.1 M, pH 3.0 or 4.5), except
for Si|mesoTiO2|H2ase and related control experiments, where a MES buffer
(2-(N -morpholino)ethanesulphonic acid, 50 mM, pH 6.0) was used. LSVs were
conducted at a scan rate of 5 mV s−1 with chopped light alternating between
dark and light every 5 s. The onset potential was defined as the potential at
which a photocurrent density of |J | = 10 µA cm−2 was achieved by the respective
electrode. The applied potential during CPPE was 0.0 V vs. RHE, and continuous
illumination was maintained, apart from hourly dark chops lasting for 2 min each.
CPPE of CoP3 and H2ase was ceased after 4 h and 5 h, respectively; all others
were continued for 24 h.

Product Quantification

For all CPPE experiments, the electrolyte solution in both compartments of the
PEC cell was purged prior with N2 containing 2 % CH4 as an internal standard
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for gas chromatography (GC) measurements. The amount of gaseous H2 was
analysed by headspace gas analysis using an Agilent 7890A Series GC equipped
with a 5 Å molecular sieve column (N2 carrier gas at a flow rate of approximately
3 mL min−1). The GC oven holding the columns was kept isothermal at 45 ◦C, and
a thermal conductivity detector was employed. Aliquots (75 µL) of the headspace
gas were removed from the PEC cell for GC analysis at regular time intervals
using a gas-tight syringe (Hamilton, GASTIGHT) and injected into the GC. The
amount of H2 produced was quantified as described in Appendix A. The FE of the
photocathodes was calculated by comparing the expected amount of H2 produced
as indicated by the total charge passed through the electrode and the actual
amount produced (see Appendix A). Analytical measurements were performed in
triplicate and the standard deviation of each data point is denoted by error bars
(calculations described in Appendix A).

Incident Photon-to-Current Efficiency Measurement Under Applied
Bias

IPCE measurements under applied bias were conducted in the same electrochemical
cell set-up as used for PEC performance experiments (above), with the solar light
simulator coupled to a monochromator (MSH300, LOT Quantum design). The
sequence carried out at each wavelength was 1 min of illumination, followed by
5 min in the dark. The current was collected at two points per second, with
the initial 10 and final 10 points of each light cycle averaged; the electrode’s
dark current was subtracted from this average to give the final photocurrent.
Sample photocurrent data were normalised to the output of a power meter
(Thorlabs PM100D Compact Power and Energy Meter Console). Measurements
were performed in triplicate and the standard deviation at each wavelength is
denoted by error bars. IPCE was calculated according to the following equation:

IPCE = electrons/cm2/s

photons/cm2/s
= |J| × h × c

P mono × λ
(2.1)

where J and Pmono are the photocurrent density and calibrated, monochromated
illumination power intensity, respectively, at wavelength λ, h is Planck’s constant
and c is the speed of light.
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2.4.5 Analysis of TiO2 Charging Currents

The charging and discharging of TiO2’s CB were studied by two successive
chronoamperometric experiments, conducted on Si|mesoTiO2 and Si|mesoTiO2|-
NiP electrodes each. These were conducted at room temperature in a one-
compartment PEC cell in a three-electrode configuration with an acetic acid
solution (0.1 M, pH 4.5). In the first chronoamperometry phase, a potential
of 0.0 V vs. RHE was applied for 2 min under solar light illumination (AM1.5G,
100 mW cm−2, λ > 400 nm), corresponding to the charging of the CB of TiO2.
After this first phase, 20 sec were allowed to pass where the electrode was left in the
dark with no applied potential. In the following second chronoamperometry phase,
corresponding to the discharging step, 0.0 V vs. RHE was applied in the dark. In
some cases, a solution of MV in the electrolyte solution was injected partway
through the second chronoamperometry (final concentration in PEC cell = 10 mM).
The recorded current was normalised and is given as a percentage. A similar
experiment was also conducted on Si|mesoTiO2|NiP (without the addition of
MV).
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Chapter 3

Reduction of Aqueous CO2 with
a Cobalt Bis(terpyridine)-Based
Photocathode

The contents of this chapter have been submitted for publication as a peer-reviewed
article. Results presented were obtained solely by the author of this thesis, with
contributions from others as outlined here: Julien Warnan is acknowledged for
synthesising the catalyst CotpyP and characterising it by IR and UV-vis spectro-
scopies. Julien Warnan and Dong Heon Nam shared photoelectrode fabrication
with the author. Raw XPS data was provided by the Cardiff Catalysis Institute at
Cardiff University.

3.1 Introduction

The solar-driven conversion of CO2 and water into renewable fuels and chemicals
offers a promising route to storing the Sun’s intermittent and diffuse energy.1,2

However, achieving scalable and selective photoelectrodes for aqueous CO2 con-
version without generating hydrogen from competing proton reduction has yet
to be accomplished, as was previously discussed in Chapter 1 section 1.5.2.3

CO2-reducing molecular catalysts offer a distinct advantage over non-molecular
heterogeneous materials as they often combine high product selectivity with high
efficiency, and their transparency ensures light penetration to allow for absorption
by the semiconductor.4 On the other hand, photoelectrodes published to date
based on precious metal-free heterogeneous catalysts for CO2 reduction suffer
from low selectivity, low Faradaic efficiencies, and the inability to avoid compet-
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ing hydrogen evolution in aqueous solution.5 Therefore, as was the case for H2

evolution photocathodes, the immobilisation of molecular catalysts onto light-
harvesting semiconductor photoelectrodes is an emerging approach to overcome
these obstacles for CO2 reduction.6,7 As previously discussed in Chapter 1, in
contrast to most homogeneous photocatalytic systems, molecular photocathodes
require no sacrificial electron source and only a minimal amount of catalyst, while
transferring photoexcited electrons without the kinetic limitations of catalyst
diffusion. However, only precious metal-containing molecular photocathodes have
been reported for aqueous CO2 reduction to date,8–12 the majority with formate
(HCOO−) over carbon monoxide (CO) as the predominant product.

The work described in this chapter represents the first report of a precious
metal-free molecular catalyst-based photocathode for CO2 reduction. The photo-
electrochemical hybrid system consists of the same scaffold developed previously
in Chapter 2: a p-silicon (Si) photoelectrode modified with a mesoporous titania
(mesoTiO2) layer. In much the same way as it first appealed to us in the work
described in Chapter 2, silicon’s ubiquity in the Earth’s crust and price drop as a
result of its utilisation in the photovoltaic industry make it an attractive material
in economic terms. Its conduction band energy delivers approximately 0.4 V for
the reduction of CO2 to CO and the small energy band gap of 1.12 eV enables
panchromatic light harvesting in the ultraviolet, visible and near-infrared regions.
The mesoTiO2 interlayer provides a high surface area scaffold for binding of a
phosphonated cobalt(II) bis(terpyridine) catalyst, CotpyP (Fig. 3.1). Upon solar
light irradiation, Si is able to inject electrons into TiO2, which then shuttles them
to the anchored Co catalyst.

3.2 Results and Discussion

3.2.1 Synthesis of CotpyP and Photocathode Assembly

The CO2 reduction catalyst CotpyP (Fig. 3.1) was synthesised by self-assembly
of Co(BF4)2·6H2O with two equivalents of phosphonated terpyridine, 2,2’:6’,2”-
terpyridine-4’-phosphonic acid (tpyP). Full synthetic details and characterisation
(1H and 31P nuclear magnetic resonance (NMR) spectroscopy, high-resolution
mass spectrometry (HRMS), IR and elemental analysis) are available in the
Experimental Section 3.4.3). Unshielded chemical shifts in the range of 9 to
100 ppm characteristic of a paramagnetic cobalt(II) bis(terpyridine) complex were
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Fig. 3.1 Schematic diagram of CO2 reduction with Si|mesoTiO2|CotpyP photo-
cathode.

observed in the 1H NMR (MeOD-d4) spectrum.13 It is worth noting that no
additional peaks indicative of the mono(terpyridine) complex were observed,
implying an equilibrium in favour of the bis(terpyridine) complex in MeOH.14,15

ATR-FTIR of the isolated CotpyP displayed bands at 1604, 1475, 1413 cm−1

(Fig. 3.2), which are assigned to stretching vibrations of aromatic rings.16 The UV-
vis spectrum of CotpyP in solution displays three absorption maxima (λmax = 448,
510 and 555 nm in methanol), which have been previously attributed to metal-to-
ligand charge transfer transitions for low-spin cobalt(II) bis(terpyridine) species
(Fig. 3.3a).17

The Si|mesoTiO2|CotpyP photocathode was assembled by first depositing
a stabilising mesoporous, anatase TiO2 scaffold (TiO2 particle size ∼15–20 nm,
film thickness ∼6 µm) on Si as previously described in Chapter 2 Experimental
Section 2.4.2 (Fig. C.1).18 The Si|mesoTiO2 electrodes were subsequently modified
with the catalyst by immersion in a methanol solution of CotpyP. UV-visible
spectroscopic features for the adsorbed CotpyP were comparable to the isolated
catalyst (Fig. 3.3b), suggesting that its structure is preserved upon immobilisation.
Similarly, ATR-FTIR revealed the same fingerprint upon immobilisation of the
catalyst (Fig. 3.2, blue trace), whereas XPS showed binding signals in the Co2p, P2p

and N1s regions with elemental atomic concentration ratios in general agreement
with the catalyst structure (Fig. 3.4, Table 3.1). The loading of the chemisorbed
CotpyP on the mesoTiO2 scaffold was estimated by inductively coupled plasma
optical emission spectrometry (ICP-OES) after desorption as 45.0 ± 7.4 nmol cm−2,
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Fig. 3.2 ATR-FTIR spectra of CotpyP as a powder (black trace), and after immo-
bilisation on mesoTiO2 before (blue trace) and after (red trace) 1 h of CPPE. CPPE
conditions: Eapp = −1.0 V vs. Fc+/Fc, 1 Sun (AM1.5G, 100 mW cm−2, λ > 400 nm),
CO2-saturated conditions in 6:4 MeCN:H2O with 0.1 M TBABF4 at room temper-
ature.

Fig. 3.3 UV-visible spectra of self-assembled CotpyP (a) in MeOH (0.25 mM,
room temperature; inset: close-up of 400-650 nm range) and (b) immobilised on a
transparent mesoporous TiO2 electrode (thickness: 6 µm).
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which is in agreement with previously-reported molecular loadings on mesoporous
films, including those on the same Si|mesoTiO2 scaffold in Chapter 2.

Fig. 3.4 XPS spectra of Si|mesoTiO2|CotpyP electrodes in the (a) Co2p, (b)
N1s and (c) P2p regions showing peaks attributed to CoII-N, pyridine N and
phosphonic acid groups, respectively, before (blue traces) and after (red traces)
8 h of CPPE.19–21 CPPE conditions: Eapp = −1.0 V vs. Fc+/Fc, 1 Sun (AM1.5G,
100 mW cm−2, λ > 400 nm), CO2-saturated conditions in 6:4 MeCN:H2O with
0.1 M TBABF4 at room temperature.

Table 3.1 Atomic concentrations and resulting Co:X (X = P, N) ratios as
given by binding signals in the Co2p, N1s and P2p regions of XPS spectra
of Si|mesoTiO2|CotpyP before and after 8 h of CPPE. CPPE conditions:
Eapp = −1.0 V vs. Fc+/Fc, 1 Sun (AM1.5G, 100 mW cm−2, λ > 400 nm), CO2-
saturated conditions in 6:4 MeCN:H2O with 0.1 M TBABF4 at room temperature.

Binding signal % Atomic concentration Co : X ratio
Before CPPE After CPPE Before CPPE After CPPE

Co2p3/2 0.37 0.27 - -
N1s 2.17 2.3 1 : 5.9 1 : 8.5
P2p 0.92 0.84 1 : 2.5 1 : 3.1

3.2.2 Photoelectrocatalytic CO2 Reduction

Controlled potential photoelectrolysis of Si|mesoTiO2|CotpyP was conducted
under a CO2 atmosphere at Eapp = −1.0 V vs. Fc+/Fc under continuous UV-filtered
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simulated solar irradiation (AM1.5G, 100 mW cm−2, λ > 400 nm) at room tem-
perature. CO and H2 were quantified by gas chromatography, whereas HCOO−

was quantified by ion chromatography. Different electrolyte solution compositions
were studied to identify optimal conditions for the system.

No CO2 reduction products were detected with Si|mesoTiO2|CotpyP in anhy-
drous acetonitrile (MeCN) containing 0.1 M tetrabutylammonium tetrafluorobo-
rate (TBABF4) after several hours of CPPE. Addition of water into the electrolyte
solution resulted in catalytic CO2 reduction with the turnover number for CO2

reduction (TONCO2 = TONCO + TONHCOO−) rising from 13 (9:1 v:v MeCN:H2O)
to 108 (7:3 MeCN:H2O) after 8 h CPPE upon increasing the H2O content. The
selectivity for CO was favoured in all cases and the overall FE (FEH2 + FECO

+ FEHCOO−) increased from 12 % (9:1 MeCN:H2O) to 53 % (7:3 MeCN:H2O)
(Fig. 3.5 and Table 3.2, the latter of which disseminates all CPPE results in
full). We note that H2 production is not discussed in terms of TON as the
catalyst-free Si|mesoTiO2 electrode also produces a minimal amount of H2 and
this may contribute to overall H2 produced by Si|mesoTiO2|CotpyP (Fig. C.2).
The modest FE under these conditions can be partially attributed to initial reduc-
tion of trapped O2 in the mesoTiO2 architecture, ineffective catalyst reduction or
progressive desorption leading to unproductive electron transfer pathways.22 The
latter is implied by the steadily decreasing turnover frequency for CO production
(TOFCO) over time (Fig. 3.6).

Further increase in water content resulted in the activity increasing up to an
optimal point at 40 % water. In 6:4 MeCN:H2O, a remarkably stable photocurrent
as well as an overall FE of 77 % (with FECO = 48 %) and a TONCO2 of 159 were
achieved after 8 h CPPE (Fig. 3.5 and 3.7a). The photocathode maintained
activity during 24 h of operation and achieved a TONCO2 of 381 (TONCO = 334,
TONHCOO− = 47, Fig. C.3). Bringing the water content to 50 % also allowed for
robust CPPE with a constant TOFCO over time (Fig. 3.6), but a slightly reduced
TONCO2 and FE. Thus, increasing the water content in the electrolyte solution
from 10-30 % to 40-50 % has an apparently beneficial effect on the stability and
activity of the catalyst and/or the performance of the full photocathode assembly.
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Fig. 3.5 Performance of Si|mesoTiO2|CotpyP photocathodes in different elec-
trolyte solutions after 8 h of CPPE: (a) TON for CO2 reduction products, and
(b) FEs (cumulative over the duration of the CPPE) for all products. Conditions:
Eapp = −1.0 V vs. Fc+/Fc for MeCN:H2O mixtures, Eapp = 0.0 V vs. RHE for H2O;
simulated solar light (AM1.5G, 100 mW cm−2, λ > 400 nm); CO2-saturated solu-
tions of TBABF4 (0.1 M) in MeCN:H2O mixtures (solution water content 10-50 %)
or KHCO3 (0.1 M, pH 6.7) in pure water; room temperature.
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Fig. 3.6 Catalytic turnover frequencies for CO production (cumulative over du-
ration of CPPE) by Si|mesoTiO2|CotpyP photocathodes in a variety of elec-
trolyte solution systems during 8 h of CPPE. Conditions: Eapp = −1.0 V vs. Fc+/Fc
for MeCN:H2O mixtures, Eapp = 0.0 V vs. RHE for H2O; simulated solar light
(AM1.5G, 100 mW cm−2, λ > 400 nm); CO2-saturated solutions of TBABF4 (0.1 M)
in MeCN:H2O mixtures (solution water content 10-50 %) or KHCO3 (0.1 M, pH 6.7)
in pure water; room temperature.

The Si|mesoTiO2|CotpyP photocathode was also found to display catalytic
CO2 reduction activity in pure CO2-saturated water (0.1 M KHCO3) at pH 6.7,
reaching a TONCO2 of 21 with a Faradaic efficiency for CO and HCOO− at 9.5 %
and 13 %, respectively, after 8 h CPPE (Fig. 3.5). Interestingly, the catalytic
selectivity changed from CO as the main product in hydro-organic media to
formate and H2 in purely aqueous electrolyte solution, highlighting a shift towards
proton-containing products. Despite the TOFCO being low from the outset, it
remains constant during CPPE in water (Fig. 3.6), again implying good catalyst
stability with an increasing presence of water. The latter is also supported by
observations of stability made from cyclic voltammograms (CVs) conducted on a
mesoporous indium tin oxide (ITO) film on a fluorine-doped tin oxide-coated glass
electrode (mesoITO|CotpyP). MesoITO was employed as it provides conductivity
over a wide potential range. Repetitive CV scans of this electrode in a three-
electrode configuration in N2-purged aqueous electrolyte solution (0.1 M Na2SO4)
displayed reversible redox waves for the formal CoIII/CoII and CoII/CoI couples
that remain unaltered during repetitive cycling, as well as a practically zero
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Fig. 3.7 (a) CPPE (J-t) traces (Eapp = −1.0 V vs. Fc+/Fc) with Si|mesoTiO2 (black
trace) and Si|mesoTiO2|CotpyP (red trace) photocathodes under continuous
illumination and an hourly 2 min dark chop (for close-up see Fig. C.4). (b) LSVs of
Si|mesoTiO2 and Si|mesoTiO2|CotpyP with chopped illumination (ν = 5 mV s−1);
the arrow indicates scan start. Conditions: 6:4 MeCN:H2O (0.1 M TBABF4);
1 Sun (AM1.5G, 100 mW cm−2, λ > 400 nm); CO2-saturated conditions; room
temperature.

peak-to-peak separation at slow scan rates and a linear dependence of current
density to scan rate, which both indicate robust catalyst immobilisation in the
first instance (Fig. 3.8).

Fig. 3.8 CVs of mesoITO|CotpyP in aqueous solution (0.1 M Na2SO4, pH 6.8,
N2-purged, room temperature). Arrows indicate the scan start and no CotpyP
was present in solution. (a) CVs recorded at ν = 50 mV s−1; the first scan is shown
as black trace, the 20th as red trace and a control scan without CotpyP as dashed
trace. (b) CVs recorded at different scan rates (inset: immobilisation of CotpyP
on ITO is confirmed by linear dependency of current on scan rate).

Linear sweep voltammograms with chopped illumination in the optimal elec-
trolyte solution (6:4 MeCN:H2O) revealed a photocurrent onset potential at
−0.44 V vs. Fc+/Fc for Si|mesoTiO2|CotpyP, compared to −0.56 V vs. Fc+/Fc for
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the bare Si|mesoTiO2 electrode (Fig. 3.7b). CotpyP-functionalised photoelec-
trodes showing approximately double the photocurrent and an onset that occurs
120 mV earlier than its catalyst-free counterpart is probably a manifestation of fast
electron transfer in the presence of the catalyst. Note that the majority of charges
in the CotpyP-free photoelectrode are likely charging of TiO2 without promoting
catalysis in the short timescale of LSVs, as was the case with the H2-evolving
photocathodes in Chapter 2 (Fig. C.4).18

Several control experiments were conducted in 6:4 MeCN:H2O solution to
ascertain that CO2 reduction catalysis originated from CotpyP (Fig. 3.9). Product
analysis following CPPE with both bare Si|mesoTiO2 under CO2 and Si|mesoTiO2|-
CotpyP under N2 revealed only traces of H2 and no CO2 reduction products
(Fig. C.2 and C.5). Isotopic labelling experiments conducted with Si|mesoTiO2|-
CotpyP in a 13CO2-saturated solution confirmed that CO originated from CO2

and not another carbon source (determined by gas-phase IR analysis; Fig. 3.10).
CPPE was also conducted on a photoelectrode modified with the catalyst metal
salt precursor, Co(BF4)2·6H2O (Si|mesoTiO2|Co(BF4)2; Fig. C.6) to determine
that CO2 reduction was not being performed by Co salt released from the degrading
molecular catalyst. In this case, mostly H2 at a FE of 84 % and minimal CO
and formate were produced, and can be ascribed to catalysis carried out by a
heterogeneous deposit. This is also suggested by the initial period of growth in
the current density trace indicative of metal deposition (Fig. C.6a),23 which was
never observed in chronoamperograms obtained from Si|mesoTiO2|CotpyP.

Fig. 3.9 (a) Product analyses and (b) Faradaic efficiencies of Si|mesoTiO2|CotpyP
and control experiments after 8 h of CPPE. Conditions: Eapp = −1.0 V vs. Fc+/Fc;
6:4 MeCN:H2O (0.1 M TBABF4); 1 Sun (AM1.5G, 100 mW cm−2, λ > 400 nm);
room temperature; atmosphere indicated in square brackets.
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Fig. 3.10 Isotopic labelling control experiment: IR spectra of samples of the
gaseous products taken after 4 h of CPPE of Si|mesoTiO2|CotpyP under a 12CO2
and a 13CO2 environment. Conditions: Eapp = −1.0 V vs. Fc+/Fc; 6:4 MeCN:H2O
(0.1 M TBABF4); 1 Sun (AM1.5G, 100 mW cm−2, λ > 400 nm); room temperature.

Analyses by ATR-FTIR and XPS were further employed to confirm the post-
CPPE molecular integrity of CotpyP. The FTIR fingerprint spectrum remained
largely unchanged (Fig. 3.2, red trace), whereas the XPS spectra showed clear
signals at pre-CPPE binding energies and the absence of one at 778.2 eV in the
Co2p region that would indicate metallic Co (Fig. 3.4 and Table 3.1).24 Only a
small change in the atomic concentration ratios was observed, suggesting a small
loss of the metal centre.

The inability of the immobilised CotpyP catalyst to turn over under an-
hydrous conditions implies a proton-dependent mechanism, but the substantial
rate enhancements for CO2 reduction up to 40 % water content suggest an ad-
ditional role of H2O to explain the strong solvent-dependent performance of
Si|mesoTiO2|CotpyP. Firstly, the enhanced catalytic rate with increasing H2O
content (TOFCO, Fig. 3.6) is due to a changing thermodynamic landscape as
E°’(CO2/CO) becomes less negative, resulting in a more exergonic reaction upon
addition of water to MeCN. This change in E°’(CO2/CO) was only recently
first reported by Matsubara for mixtures of MeCN and H2O,25 and was found
to be most pronounced when the volume percentage of water (x) is 0 < x < 16,
plateauing at 16 < x < 45. Our optimal conditions (x = 40) lies within this latter
region, thus ratifying our optimum conditions. Secondly, (photo)electrocatalytic
CO2 reduction is commonly limited by its low solubility in solutions with high



3.2 Results and Discussion 113

water content, which would partially explain a performance maximum at median
water concentrations.26,27 This limited availability of CO2 and the correspondingly
higher concentration of protons would also favour H2 evolution.

Finally, another phenomenon that could be at play is the impact on the TiO2

electrode’s interface. As the water concentration increases in aprotic solvents, the
proton adsorption-desorption equilibrium at the metal oxide electrode-solution
interface would favour proton adsorption.28,29 This results in two consequences:
(i) a shift of the CB of TiO2 to more positive potentials, and (ii) changes in the
surface hydrophilicity and local pH.29–31 Consequently, the further addition of
water in our system causes less thermodynamic driving force for both proton and
CO2 reduction and a more protic environment with a lower CO2 concentration,
resulting in lower activity and selectivity.

3.2.3 Comparison with State of the Art

To date, reported molecule-based photocathodes performing CO2 reduction re-
main scarce, whether in organic or water-containing media, and continue to rely
on precious metal-containing components.8–12,32–34 Moreover, even in anhydrous
conditions where enhanced photocathode and/or catalyst stability may be ex-
pected, only a few reports exist, and all depend on Re-based catalysts.32–34 For
instance, a Re-bipyridine catalyst on a Cu2O photoelectrode protected by multiple
atomic-layer-deposited coatings has been reported to achieve a TONCO of 70 in
anhydrous MeCN.34 Another benchmark system consists of a Ru-Re dye-catalyst
dyad immobilised on NiO that evolves CO in dry DMF solution.32 Systems re-
ported in water continue to face activity issues and favour H2 and HCOO− over
CO production. Apart from one that produces CO,12 the few reports on narrow
band gap semiconductors in water produce only formate with a TONHCOO− that
does not exceed 20,8,10 and are all based on Ru-centred metal complex catalysts.

When it comes to purely aqueous solutions, photoelectrochemical production
of CO was achieved with Re- and Ru-centred catalysts, in dye-catalyst dyads on
wide band gap semiconductors9,11 or immobilised on a hematite photoelectrode,12

respectively, with the maximum TONCO in these systems reaching 125. In these
CO-producing systems, H2 and HCOO− also occurred as co-products – the former
in quantities above half the amount of CO,9 and the latter at similar proportions
of CO12 – demonstrating a continued struggle with product selectivity even with
molecule-catalysed systems.
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Despite not containing precious metals, the performance of our CotpyP-
functionalised silicon photocathode exceeds all previous reports in both TONs
towards CO2-reduction products and stability.8–12,32–34 Although the potential of
Si as an Earth-abundant light harvester has been previously recognised to drive
homogeneous molecular catalysts (in solution) for solar CO2 reduction,35,36 this
work represents the first successful immobilisation of such a molecular catalyst
onto Si to yield a discrete, functional photocathode. This also allowed us to
demonstrate CO production in pure water, which is unprecedented for a precious
metal-free synthetic molecular catalyst on a photocathode. Demonstrating aqueous
CO2 conversion for more than one day with the Co-centred molecular catalyst
photo-driven by Si is therefore an extremely strong basis for further improvement
towards scalable, high-performance systems.

3.3 Conclusion

In conclusion, this work represents the first precious metal-free molecular pho-
tocathode towards solar-driven CO2 reduction, in any kind of media (aqueous
or not). This Si|mesoTiO2|CotpyP electrode is active towards CO and formate
production in both hydro-organic and purely aqueous solution, achieving a TON
for CO2-reduction products as high as 381 after 24 h – a record value that exceeds
previously reported benchmarks for molecular photocathodes (including those
containing precious metal complexes). Furthermore, with a selectivity towards
CO of ∼75 % across all gaseous products, our photocathode compares favourably
with most reported precious metal-free photocathodes based on heterogeneous
material catalysts that deliver state-of-the-art performances. The results fur-
ther highlight that altering the water content of the photoelectrocatalysis media
has a pronounced effect on the stability, activity, and product selectivity of the
photocathode.

3.4 Experimental Section

3.4.1 Materials

Chemicals purchased for analytical measurements were of the highest available
purity. Commercial p-type boron-doped silicon wafers (resistivity of 1-10 ohm cm;
<100>; 500 µm thickness; single-side polished) were purchased from University
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Wafer. The TiO2 paste was purchased from Solaronix (15-20 nm, Ti-Nanoxide
T/SP, 100 % anatase). Fluorine-doped tin oxide (FTO)-coated glass sheets were
purchased from Sigma Aldrich (SnO2/F, 7 Ω sq−1 sheet resistance, 300 × 300
× 2 mm). ITO nanopowder (< 50 nm particle size; BET = 27 m2 g˘1; 90 % In2O3,
10 % SnO2) was obtained from Sigma Aldrich. KHCO3 and Co(BF4)2·6H2O
(96 %) were purchased from Alfa Aesar and 2,2’:6’,2”-terpyridine-4’phosphonic
acid was purchased from HetCat, Switzerland (98 %). TBABF4 was purchased
from Sigma Aldrich (≥ 99.0 %, electrochemical grade). Methanol and acetonitrile
were both distilled over calcium hydride before use. All aqueous experimental
solutions were prepared with ultrapure Milli-Q® water (18.2 MΩ cm at 25 ◦C).
13CO2 (> 99 atom % 13C) was purchased from Sigma Aldrich.

3.4.2 Physical Characterisation

1H and 31P NMR spectra were recorded on a Bruker 500 Hz DCH cryoprobe
spectrometer at room temperature. Chemical shifts are given in ppm and coupling
constants in Hz. Chemical shifts for 1H NMR spectra are referenced relative to
residual protium in the deuterated methanol (Euriso-top). High-resolution mass
spectra were recorded using a ThermoScientific Orbitrap Classic mass spectrometer.
UV-vis spectra were collected using a Varian Cary 50 Bio UV-vis spectrometer.
For solution spectra, a quartz cuvette (Hellma, 1 cm path length) was used. ATR-
FTIR spectra were recorded on a Nicolet iS50 spectrometer. Elemental analysis
was carried out by the Microanalysis Service of the Department of Chemistry,
University of Cambridge, using a Perkin-Elmer 240 Elemental Analyser. ICP-OES
measurements were conducted by the Microanalysis Service of the Department
of Chemistry, University of Cambridge, on a Thermo Scientific iCAP 7400 ICP-
OES DUO spectrometer. XPS was performed by Surface Analysis services at
the Cardiff Catalysis Institute, School of Chemistry, Cardiff University, on a
Thermo Fisher Scientific Kα+ spectrometer using a micro-focused monochromatic
Al X-ray source (72 W) over an area of approximately 400 microns, with argon
sputtering performed using a Thermo Scientific MAGCIS source operating in
the monatomic mode at 4 kV over a raster area of approximately 2 mm2. Data
analysis was performed in CasaXPS using a Shirley type background and Scofield
cross sections, with an energy dependence of −0.6.
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3.4.3 Synthesis and Characterisation of CotpyP

2,2’:6’,2”-terpyridine-4’phosphonic acid (tpyP; 30.0 mg, 9.6 × 10−5 mol) and
Co(BF4)2·6H2O (14.3 mg, 4.2 × 10−5 mol) were placed in a round bottom flask
under N2 atmosphere and solubilised with 6 mL of MeOH (a few drops of water can
be added to improve the solubility). The solution was stirred for 24 h at room tem-
perature during which the colour gradually turned from colourless to red-brown,
attesting to the formation of the cobalt bis(terpyridine) complex. Ethanol (4 mL)
was then added, followed by ethyl acetate to precipitate the complex. The solid
was filtered off on Millipore and washed with ethyl acetate. The solid was dried
under vacuum to afford 21 mg of CotpyP complex as a fine brown powder (58 %
yield). 1H NMR (MeOD, 500 MHz): δH (ppm) = 91.00 (bs), 52.39 (s), 38.82 (s),
32.86 (s), 9.74 (s); 31P NMR (MeOD, 202 MHz): δP (ppm) = 34.25; FT-IR (ATR):
σ (cm−1): 1604, 1558, 1480, 1416, 1166, 1140. HRMS (+ESI, m/z): calcd. for
C30H23O6N6

56Co1P2 [M-H+-2·BF4
−1]+: 684.0481; found, 684.0472. Anal. calcd.

for C30H24B2Co1F8N6O6P2: C, 41.95; H, 2.82; N, 9.78; P, 7.21; found: C, 41.76;
H, 3.22; N, 9.57; P, 7.32. UV-vis (MeOH): λmax (nm) = 320, 448, 510, 555.

3.4.4 Assembly of Molecular Electrodes

Fabrication of mesoITO and Si|mesoTiO2 Electrodes

FTO-coated glass sheets were cut into 1 cm × 3 cm pieces and cleaned by immersing
them in a solution of water, ammonia (35 %, Fisher Scientific) and hydrogen
peroxide (30 % w/v, Breckland Scientific Supplies) in a 5:1:1 v:v ratio at 70 °C for
30 min. The glass slides were subsequently sonicated in water and dried at room
temperature. An ITO suspension consisting of 20 wt % of ITO nanopowder in 5 M
acetic acid in ethanol was prepared and sonicated well. This was spin-coated onto
the cleaned FTO glass slides over a 1 cm × 0.8 cm area defined using Scotch® tape
(3M) as spacers, using a volume of 200 µL per slide and a spin speed of 1000 rpm
over 1 min. The solution was left to dry completely in air before removing the
tape and annealing in a Carbolite furnace under atmospheric conditions using
the following temperature program: heating from 25 °C to 400 °C (5 °C min−1),
holding at 400 °C for 30 min before slowly cooling down to room temperature in
the furnace chamber, to yield the resulting mesoITO electrodes. The preparation
of the Si|mesoTiO2 electrodes was conducted following the procedure outlined in
Chapter 2 section 2.4.2.
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Assembly of mesoITO|CotpyP and Si|mesoTiO2|CotpyP

Immobilisation of CotpyP on mesoITO and Si|mesoTiO2 was carried out by
soaking the electrodes in a methanolic solution of CotpyP (prepared by the drop-
wise addition of a MeOH solution of tpyP to a MeOH solution of Co(BF4)2·6H2O
to give a final concentration of 0.25 mM) for 16 h. The mesoITO|CotpyP and
Si|mesoTiO2|CotpyP electrodes were rinsed with MeOH and dried prior to use.
In the case of Si|mesoTiO2|CotpyP, the photocathodes were subsequently back-
contacted and insulated by an epoxy adhesive prior to further use. Sand paper
was used to abrade the surface of the electrode’s unpolished side before application
of a conductive silver paint (RS® Components 186-3593), after which an electrical
wire was connected to the dry silver using the same conductive silver paint. Upon
drying, an off-white opaque epoxy adhesive (Loctite® EA 9466) was applied on
both sides of the electrodes, leaving only the photoactive surface (S ≈ 0.2 cm2)
exposed. The electrodes were allowed to dry thoroughly for 40 h in air before
use. In the case of the control experiment using a Si|mesoTiO2|Co(BF4)2 elec-
trode, a solution of the Co(BF4)2·6H2O salt (0.25 mM) was used to sensitise the
Si|mesoTiO2 electrode instead of CotpyP.

Quantification of Catalyst Loading

The quantification of the amount of immobilised CotpyP (mole per geometrical
area) on the Si|mesoTiO2|CotpyP electrodes was evaluated in triplicate by ICP-
OES after digestion of Si|mesoTiO2|CotpyP electrodes (S ≈ 1 cm2 film area) in
aqueous HNO3 (70 %) overnight and dilution to 2 % v/v with Milli-Q® water.

3.4.5 Photoelectrochemical Methods

Photoelectrocatalysis Set-Up

All electrochemical experiments were performed with an Ivium CompactStat po-
tentiostat. A three-electrode configuration was employed in airtight compartments,
with a Pt mesh as the counter electrode and a Ag/AgCl electrode in either satu-
rated KCl(aq.) for aqueous experiments or in a solution with the same composition
as the electrolyte for organic-water mixture experiments as the reference electrode.
In organic-water mixtures, the RE was regularly referenced against the ferrocene
couple (Fc+/Fc). Variations in the potential of the Fc+/Fc couple in different
solvent mixtures were taken into account.37 The electrolyte was TBABF4 (0.1 M)
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in organic-water mixtures and KHCO3 (0.1 M, pH 6.7) in aqueous solutions. All
electrochemical measurements were performed at room temperature.

CVs were recorded with mesoITO-based working electrodes (WEs) in the
dark in one-compartment cells. The electrolyte solution was purged with N2 to
remove atmospheric O2. Linear sweep voltammograms and controlled potential
photoelectrolysis were performed on Si|mesoTiO2-based electrodes as the WEs. A
Newport Oriel Xenon 150 W solar light simulator (100 mW cm−2, AM1.5G with
IR water and UV (λ > 400 nm) filters) was used as the light source. Custom-
made airtight two-compartment photoelectrochemical cells were employed for
all photoelectrochemical measurements, where a glass frit or Nafion membrane
was used to separate the compartments for organic-water mixtures or aqueous
solutions, respectively. LSVs were conducted at a scan rate of 5 mV s−1 with
chopped light alternating between dark and light every 5 s. The photocurrent
onset potential, Eonset was defined as the potential at which a photocurrent density
of |J | = 10 µA cm−2 was achieved by the respective electrode. The applied potential
during CPPE was −1.0 V vs. Fc+/Fc or 0.0 V vs. RHE in organic-water or pure
water solutions, respectively. Continuous illumination was maintained, apart from
hourly dark chops lasting for 2 min each.

Product Quantification

Prior to all photoelectrochemical experiments, the electrolyte solution in both
compartments of the photoelectrochemical cell was purged with CO2 containing
2 % CH4 as an internal standard for gas chromatography measurements; the only
exception was in the case of N2 atmosphere control experiments, where the solution
was purged with N2 containing 2 % CH4. The amounts of gaseous CO and H2

produced were analysed by headspace gas analysis using a Shimadzu Tracera GC-
2010 Plus with a barrier discharge ionisation detector (BID). The GC was equipped
with a ShinCarbon micro ST column (0.53 mm diameter) kept at 40 °C using
helium carrier gas. Aliquots (50 µL) of the headspace gas were removed for GC
analysis at regular time intervals using a gas-tight syringe (Hamilton, GASTIGHT).
The amount of gas produced was quantified as described in Appendix A. Formic
acid was analysed by ion chromatography using a Metrohm 882 compact IC
plus ion chromatography system, with a solution of carbonate (4 mM) containing
acetone (50 mL L−1) as the eluent after calibration with solutions of different
known formate concentrations. The Faradaic efficiency of the photocathodes was
calculated by comparing the expected amount of total product as indicated by
the total charge passed through the electrode and the actual amount produced
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(see Appendix A). Analytical measurements were performed in triplicate and the
standard deviation of each data point is given in Table 3.2 (calculations described
in Appendix A).

Isotopic Labelling Experiment

CPPE of Si|mesoTiO2|CotpyP was performed under 6:4 MeCN:H2O condi-
tions with 13CO2 as the headspace gas. After 4 h, the photoelectrochemical
cell headspace was transferred to an evacuated gas IR cell (SpecAc, 10 cm path
length, equipped with KBr windows) and a high-resolution transmission spectrum
was collected on a Thermo Scientific Nicolet iS50 FT-IR spectrometer.
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Chapter 4

Mechanistic Studies on
Surface-Immobilised Cobalt
Bis(terpyridine) Catalyst

The contents of this chapter have been submitted for publication as a peer-reviewed
article. Results presented were obtained solely by the author of this thesis, with
contributions from others as outlined here: Julien Warnan is acknowledged for
synthesising the mono(terpyridine) catalyst CoCl2(tpy). Khoa H. Ly conducted
resonance Raman spectroelectrochemical measurements at the Technical University
of Berlin. Nina Heidary carried out infrared spectroelectrochemical measurements
with the author.

4.1 Introduction

In the previous chapter, the importance of the photocathode environment on the
photoelectrocatalytic performance of Si|mesoTiO2|CotpyP was already noted.
Further, it is important to realise that the performance of CotpyP in this
photocathode far exceeded that of any previously reported Co bis(terpyridine)
catalyst – whether in solution or immobilised on dark electrodes – in terms of
stability and activity.1 This is even more remarkable when one recognises that
the thermodynamic potential offered by the Si|mesoTiO2 electrode (ECB(TiO2)
∼ −0.1 V vs. NHE, pH 0) is rather small, especially when considering the significant
overpotential previously reported for cobalt bis(terpyridine) complexes in solution
(∼ −2.0 V vs. Fc+/Fc ≈ −1.4 V vs. NHE, pH 0).1,2 In order to gain a deeper under-
standing of the unexpected activity of our hybrid photocathode (i.e. apparent
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mismatch of driving force provided by the photoelectrode and literature reports
of the catalytic onset of cobalt bis(terpyridines)) and perhaps to provide further
explanation for the strong solvent-dependent behaviour we observed in Chapter
3, detailed mechanistic investigations were executed by (spectro)electrochemical
experiments, the results and implications of which are discussed in this chapter.

More specifically, CVs as well as potential-controlled ATR-IR and confocal
resonance Raman (RR) studies were conducted on CotpyP-modified mesoporous
ITO (mesoITO; particle size < 50 nm, film thickness 3 µm) electrodes. The com-
plementarity of the two spectroscopic techniques delivered a global (ATR-IR)
and specific (RR) monitoring approach to elucidate structural changes of the
symmetrical CotpyP catalyst under an applied potential. Notably, the spec-
troelectrochemical Raman studies conducted here are the first example of such
techniques applied to molecular catalysts immobilised on non-plasmonic surfaces,
while the spectroelectrochemical IR studies are the first instance of such tech-
niques applied to molecular catalysts immobilised on metal oxide surfaces, in any
context. Observations made from all of these experiments will be described first,
followed by a collective discussion of their implications as a whole, culminating as
a mechanistic interpretation of the surface-immobilised CotpyP catalyst.

4.2 Results and Discussion

4.2.1 Cyclic Voltammetry Studies

CVs of mesoITO|CotpyP electrodes were recorded in 9:1 MeCN:H2O (0.1 M
TBABF4) electrolyte solution under N2 (Fig. 4.1a and D.1). An anodic sweep
displayed a reversible redox wave at E½ = −0.12 V vs. Fc+/Fc (E1) that can be
assigned to the CoIII/CoII redox couple in accordance with similar values previously
observed.2 Upon scan reversal towards negative potentials, a quasi-reversible wave
emerges at E½ = −1.36 V vs. Fc+/Fc (E2). The current density of this wave at
E2 decreased upon consecutive scan cycles with the concomitant appearance of
a new reversible redox wave at E½ = −1.0 V vs. Fc+/Fc (E3). In agreement with
previous reports,2 waves at E2 can be assigned to the CoII/CoI redox couple and
the emerging wave at E3 is therefore attributed to the formation of a CoII/CoI

couple belonging to a new species that is more easily reduced than the original
complex. Notably, although the anodic wave at E3 can already be observed in
the first scan, the corresponding cathodic wave only appears in the second scan
(Fig. D.1). In contrast, the CoIII/CoII couple at E1 remained largely unchanged
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throughout cycling. When the electrolyte solution is switched to 9:1 DMF:H2O
from MeCN:H2O, a comparable voltammetric behaviour was observed (Fig. D.2),
indicating that the organic solvent - or at least its specific identity - does not seem
to be responsible for the couple at E3.

Fig. 4.1 (a) Consecutive CVs of mesoITO|CotpyP in 9:1 MeCN:H2O (0.1 M
TBABF4) with scans 1 and 7 being shown (red arrows indicate change in wave
intensities); scan 8 was recorded after a pause at open circuit potential. (b) CVs of
mesoITO|CotpyP in MeCN:H2O ratios of 9:1, 8:2, 7:3 and 6:4 (0.1 M TBABF4),
with scan 1 shown. Black arrows indicate scan start. Conditions: ν = 50 mV s−1;
N2 atmosphere; room temperature.

Increasing the water content of the electrolyte solution sequentially from
9:1 to 6:4 (MeCN:H2O mixtures) resulted in faster growth of the E3 redox
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couple (Fig. 4.1b), which points towards a water/proton-involving process for the
formation of the new species. Notably, running CVs after removing the applied
potential (at an open circuit potential of −0.5 V vs. Fc+/Fc) following an initial set
of consecutive scans in water-poor 9:1 MeCN:H2O showed the same voltammetric
response as the original 1st scan (Fig. 4.1a, compare scans 7 and 8). The latter
behaviour suggests that the process is more laboured in 9:1 MeCN:H2O and
apparently only accessible if certain conditions induced by electrode polarisation
are met; these are discussed further below.

CVs of mesoITO|CotpyP under a CO2 atmosphere show a catalytic on-
set reduction wave (E cat ∼ −1.03 V vs. Fc+/Fc) that is more pronounced in 6:4
MeCN:H2O compared to 9:1 MeCN:H2O (Fig. 4.2 and D.3), which is consistent
with its better activity in a more water-rich solution composition as previously
discussed for CPPE results in Chapter 3. Notably, the catalytic onset potential
occurs ∼1 V earlier than those generally reported for Co bis(terpyridine) catalysts
in solution.2 Waves observed for the oxidation of CoI at −0.96 V vs. Fc+/Fc under
these conditions may suggest residual [CoI] species, and/or the formation of a
Co-CO adduct as previously suggested.3

Fig. 4.2 CVs of mesoITO|CotpyP in (a) 9:1 MeCN:H2O in N2- and CO2-saturated
conditions, and (b) in 9:1 MeCN:H2O and 6:4 MeCN:H2O in CO2-saturated
conditions. Arrows indicate scan start. Conditions: 0.1 M TBABF4; ν = 50 mV s−1;
room temperature.

4.2.2 In-Situ Spectroelectrochemical Resonance Raman
Spectroscopy Studies

Confocal RR spectroelectrochemistry was employed to investigate the potential-
dependent features of the adsorbed catalyst at a molecular level in situ. The RR
spectra of dry mesoITO|CotpyP (in absence of solution) recorded at 413, 458,
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and 514 nm excitation wavelengths (λex) were dominated by bands located at 1355,
1483 and 1613 cm−1 with altered relative intensities depending on the employed
excitation wavelength (Fig. D.4; characteristic frequencies given in Table D.1) and
are consistent with previous reports for terpyridine-based complexes.4–6 High RR
intensities were obtained as a result of the high effective surface area resulting from
the mesoporous electrode architecture,5,7,8 and the strong electronic absorption
of the complex in the visible spectrum.9,10 Once again, structural preservation of
the complex upon surface immobilisation was confirmed by the spectrum of the
dry mesoITO|CotpyP electrode matching that of the CotpyP powder and not a
cobalt mono(terpyridine) (Fig. 4.3a and Table D.1). Continued conservation of the
structural bis-ligation upon placing the electrode in 9:1 MeCN:H2O solution (0.1 M
TBABF4) was further indicated by an unchanged RR band pattern (Fig. 4.3b).

Fig. 4.3 (a) RR spectra (λex = 413 nm) of dry mesoITO|CotpyP (in absence of
solution) compared to bis(terpyridine) CotpyP and mono(terpyridine) CoCl2(tpy)
powders. Good spectral agreement between the adsorbed CotpyP and the neat
CotpyP is observed. (b) Comparison between RR spectra (λex = 514 nm) of dry
mesoITO|CotpyP and mesoITO|CotpyP in 9:1 MeCN:H2O (0.1 M TBABF4) at
Eapp = −0.3 V vs. Fc+/Fc. An excellent match between both spectra is observed,
indicating that the bis(tpyP) ligation is maintained when the complex is immersed
in the electrolyte solution. The band at 1385 cm−1 (denoted with *) is assigned to
the CH3 rocking mode of MeCN,11 and does not overlap with any relevant signals
arising from CotpyP.

Potential-dependent confocal RR spectra were subsequently recorded with
mesoITO|CotpyP at Eapp between 0.5 V and −1.6 V vs. Fc+/Fc (Fig. 4.4a). At
positive potentials, a weakly pronounced spectral pattern with major bands
located at 1571 (not specifically labelled) and 1621 cm−1 was observed (Table D.2).
Lowering Eapp below 0.0 V vs. Fc+/Fc caused the disappearance of these bands with
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a concomitant rise of intense bands at 1358, 1485, 1552 and 1610 (not specifically
labelled) cm−1, which are in good agreement to those for the native [CoII] state
in the CotpyP powder (Fig. 4.3a). Further lowering Eapp below −1.0 V and
−1.6 V vs. Fc+/Fc resulted in bands rising at 1476, 1566 and 1603 cm−1 attributed
to the [CoI] state, with the simultaneous disappearance of the aforementioned
CoIItpyP bands. As these changes are minimal and were all fully reversible upon
changing the potential-step direction, they do not suggest irreversible alteration
of the complex’s symmetry and its metal’s first coordination sphere.

Fig. 4.4 Confocal RR spectroelectrochemistry of mesoITO|CotpyP (λex = 514 nm).
(a) RR spectra at different Eapp. (b) Relative intensities of the Co3+ (circle), Co2+

(square) and Co+ (triangle) redox species as a function of Eapp, with inflection
points at −0.18 and −1.32 V vs. Fc+/Fc. The relative intensities were derived
using component fit analysis of the RR spectra (Fig. 4.5). Note that due to the
intrinsically lower RR activity of Co3+ and Co2+ species causing an inaccuracy
in the calculation procedure of about 10 %, the relative intensities of Co2+ and
Co3+ at positive potentials do not reach full redox conversion conditions, i.e. 0
and 1, respectively. Conditions: 9:1 MeCN:H2O (0.1 M TBABF4, N2) at room
temperature.

Component spectra analysis was subsequently performed to assign the observed
spectral patterns to the complex in different redox states. The potential-dependent
RR spectra of mesoITO|CotpyP over the full potential window could be fitted to a
high degree of accuracy using three component spectra (Fig. 4.5; see Experimental
Section 4.4.3 for a detailed description). One of the component spectra fully
resembled the RR spectrum obtained for the dry mesoITO|CotpyP electrode (in
absence of solution; Fig. D.4 and 4.3b). To confirm that the spectral components
can indeed be assigned to three Co oxidation states, relative intensities of the
components were plotted against Eapp. This approach resulted in matching
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sigmoidal curves that indicate complete interconversion from one oxidation state
to another (Fig. 4.4b). The apparent redox potentials can be estimated from the
inflection points of these sigmoidal curves (−0.18 and −1.32 V vs. Fc+/Fc), and
were found to match those determined for CoIII/CoII (E1) and CoII/CoI (E2)
from voltammetric experiments (Fig. 4.1).

Fig. 4.5 Component fit analyses performed for RR spectra of mesoITO|CotpyP
(λex = 514 nm). Component fitting shown exemplarily for (a) −0.5 V vs. Fc+/Fc
and (b) −1.5 V vs. Fc+/Fc in N2-purged 9:1 MeCN:H2O (0.1 M TBABF4) at
room temperature. (c) Derived component fit spectra employed for fitting the
recorded RR spectra of mesoITO|CotpyP. The component spectra are named
after the assigned redox species, i.e. CotpyP in the oxidation states +1, +2, and
+3, respectively. MeCN/TBABF4 denotes the background.

Measurements recorded in CO2-saturated conditions revealed the same spectral
patterns as observed under N2 (Fig. 4.6). Lowering Eapp to the catalytic region
of −1.6 V vs. Fc+/Fc followed by stepping back to 0.5 V vs. Fc+/Fc demonstrated
full reversibility of the spectral features. Holding Eapp at −1.4 V vs. Fc+/Fc
for 10 min resulted in no significant alteration of the CoItpyP spectrum. It is
noted that catalytic intermediates are unlikely to be detectable in the experiment’s
timeframe due to their transient nature. These observations highlight the structural
integrity of CotpyP even after catalytic turnover, which is consistent with the
observations made from CVs (this chapter) as well as post-CPPE XPS and ATR-IR
measurements (Chapter 3).

Nevertheless, a singular band at 1556 cm−1 that exhibits altered intensities at
potentials more negative than −1.0 V vs. Fc+/Fc under N2 and CO2 atmospheres
was noted (Fig. 4.7). Component fit analysis showed that this band exhibits a
different potential-dependence to that of CoItpyP, suggesting that it involves
a vibrational mode that is sensitive to a potential-coupled process other than
mere reduction. Interestingly, this band was also found to be more pronounced
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Fig. 4.6 Potential-dependent confocal RR spectra (λex = 514 nm) of
mesoITO|CotpyP in CO2-purged 9:1 MeCN:H2O (0.1 M TBABF4) solu-
tion at different applied potentials at room temperature.

in anhydrous MeCN electrolyte solution. We speculate that the terpyridine’s
normal mode that gives rise to this band contains large vibrational contributions
from the deprotonated, unbound phosphonic acid group. As the introduction of
water or CO2 acidifies the solutions, protonation of this acid becomes likely at
[CoI]-affording potentials. This would therefore result in only a minor change in
the catalyst’s structure and conserve CotpyP’s molecular symmetry (a necessary
prerequisite for resonance Raman enhancement to be maintained), which would
explain the otherwise unchanged RR spectra at negative potentials. In this respect,
step-wise lowering of the potential to very negative potentials could lead to a
gradual positive shift of the phosphonic acid group’s pK a due to electrostatic
considerations.12,13 This would mean that the fraction of protonated CoItpyP
increases with lowered potentials, leading to suppression of the band rising at
1556 cm−1 and eventually affording its unique potential-dependence.

4.2.3 In-Situ Spectroelectrochemical Infrared Spectroscopy
Studies

ATR-IR spectroelectrochemical measurements were also conducted under varying
applied potentials, beginning at Eapp = −0.5 V vs. Fc+/Fc ([CoII]-affording poten-
tial) and proceeding step-wise from Eapp = −1.0 V through to −1.5 V vs. Fc+/Fc
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Fig. 4.7 Confocal RR spectra (λex = 514 nm) of mesoITO|CotpyP at
Eapp = −1.5 V vs. Fc+/Fc in N2- and CO2-purged 9:1 MeCN:H2O solution (0.1 M
TBABF4) at room temperature. For comparison, a RR spectrum at the same
potential of H2O-free MeCN solution (0.1 M TBABF4) is also shown. Upon
formation of [CotpyP]+, a decrease of the band at 1556 cm−1 was noted in wet
conditions, especially when purged with CO2. * marks the background Raman
rocking band of MeCN.
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([CoI]-affording potentials; Fig. 4.8). In agreement with the RR experiments,
ATR-IR measurements in dry N2, wet N2 and wet CO2 conditions likewise did not
detect major changes in CotpyP’s primary coordination sphere. This is indicated
by the similar spectral changes under both non-catalytic and catalytic conditions
as observed in the difference and second derivative spectra in the terpyridine
spectral region (blue regions of Fig. 4.9 and D.5, respectively), as (long-lasting)
severe alterations to the metal coordination sphere would have otherwise led to
more drastic changes in the spectra. Similarly, the reversibility of the spectra
after exposure to catalytic conditions, as indicated by the fact that the difference
spectrum in Fig. 4.9d (difference between pre-catalysis and catalysis spectra)
provides entirely inverse spectral features to those of Fig. 4.9c (difference between
post-catalysis and catalysis spectra), again confirmed the integrity of the catalyst
after catalysis.

Spectroelectrochemical ATR-IR allowed us to probe media-dependent changes
specifically in the phosphonate spectral region, affording a qualitative means to
monitor their role in situ under applied potentials. As can be seen from the ab-
sorbance spectra, addition of H2O (Fig. 4.8b) and, further, CO2 (Fig. 4.8c) results
in broadening of the band features in the phosphonate region – shown between
1250 and 900 cm−1, corresponding to contributions from the acid’s stretching
frequencies14 – indicating a reduction in symmetry at the phosphonate group that
would be in line with protonation at this site, as previously reported in ATR-IR
studies.14,15

Nevertheless, the broad band features of the phosphonate region are best
deconvoluted into their discrete components by computing the second derivatives
(Fig. 4.10) of the absorbance spectra. While no major changes in band intensi-
ties within this phosphonate region were observed upon reducing CoIItpyP to
CoItpyP under dry MeCN conditions (Fig. 4.10a), the addition of water in 9:1
MeCN:H2O, N2-purged electrolyte solution led to large spectral changes at [CoI]-
affording potentials across the entire phosphonate region (Fig. 4.10b).14,15 Under
CO2, similar but significantly weaker changes to that found under wet, N2-purged
conditions were also observed when lowering Eapp down to catalytic conditions
(Fig. 4.10c). Overall, these observed trends are supportive of protonation of the
phosphonate group upon addition of water under N2, and a shift in the acid’s
protonation kinetic equilibrium during catalysis in presence of CO2.
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Fig. 4.8 ATR-IR absorbance spectra of mesoITO|CotpyP at different applied
potentials in (a) N2-purged MeCN, (b) N2-purged 9:1 MeCN:H2O and (c) CO2-
purged 9:1 MeCN:H2O (0.1 M TBABF4 in all cases) at room temperature. All
spectra have been referenced to background spectra recorded from catalyst-free
mesoITO for each of the above conditions. Blue and yellow regions indicate the
terpyridine and phosphonate spectral regions, respectively.
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Fig. 4.9 (a-c) Difference spectra between ATR-IR absorbance spectra
taken of mesoITO|CotpyP (Fig. 4.8) at Eapp = −1.5 V vs. Fc+/Fc and at
Eapp = −0.5 V vs. Fc+/Fc, the latter prior to lowering to catalytic potentials,
in (a) N2-purged MeCN, (b) N2-purged 9:1 MeCN:H2O and (c) CO2-purged 9:1
MeCN:H2O (0.1 M TBABF4 in all cases) at room temperature. (d) Difference
spectrum between absorbance spectra taken at Eapp = −1.5 V vs. Fc+/Fc and at
Eapp = −0.5 V vs. Fc+/Fc, the latter after lowering to catalytic potentials, in CO2-
purged 9:1 MeCN:H2O (0.1 M TBABF4), demonstrating reversibility of the band
features after being under catalytic conditions. All spectra have been referenced
to background spectra recorded from catalyst-free mesoITO for each of the above
conditions. Blue and yellow regions indicate the terpyridine and phosphonate
spectral regions, respectively. Positive and negative bands represent increasing
and decreasing components, respectively.
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Fig. 4.10 Second derivatives of ATR-IR absorbance spectra in the phosphonate
spectral region taken of mesoITO|CotpyP at different Eapp (Fig. 4.8) in (a) N2-
purged MeCN, (b) N2-purged 9:1 MeCN:H2O and (c) CO2-purged 9:1 MeCN:H2O
(0.1 M TBABF4 in all cases) at room temperature. All spectra have been referenced
to background spectra recorded from catalyst-free mesoITO for each of the above
conditions. * indicates contributions from all possible P–O single bonds.
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4.2.4 Mechanistic Interpretation

The spectroscopic and electrochemical evidence above strongly suggests that the
complex’s bis(terpyridine) ligation is preserved under (photo)electrocatalytic CO2

reduction, and that catalysis does not involve irreversible structural alteration to
the metal’s first coordination sphere (Fig. 3.2, 3.4, 4.1a, 4.4a and 4.6). Considering
that the immobilised CotpyP displays an onset for CO2 reduction at a much more
positive potential than that previously observed in solution, and that formate has
previously been the only product from cobalt bis(terpyridine)-catalysed CO2 reduc-
tion in water,16 it is therefore proposed that the mechanism in our system proceeds
differently to that commonly reported for metal bis(terpyridine) complexes.1,2

Specifically, our catalytic mechanism involves retention of the bis-tpy ligation,
whereas previous reports of homogeneous Co bis(terpyridine)s suggested that they
always proceed via the irreversible loss of one terpyridine ligand to generate a
Co(I) mono(terpyridine).2 The contrasts between our proposed mechanism and
that of commonly-reported literature precedence are outlined in Fig. 4.11.

Fig. 4.11 Proposed catalytic mechanism and postulated intermediates for CO2-
to-CO reduction for immobilised CotpyP compared to the previously reported
pathway for homogenous [Co(tpy)2]2+ (adapted from ref. [2]). E1-E3 refer to
potentials recorded in 9:1 MeCN:H2O solutions of the indicated redox couples in
this study. R in A and B is respective to individual reports (this work and ref. [2].

The existence of a novel mechanism for immobilised CotpyP is also indicated
by the emergence of waves at E3 during CV experiments, which has not been
previously reported for cobalt bis(terpyridine)s. Moreover, the latter occurs at
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a potential that matches the CO2 reduction catalytic onset (Fig. 4.1 and 4.2),
suggesting that the E3-related species is non-innocent towards CO2 reduction. In
light of the nature of the changes observed in the RR and ATR-IR spectra, it is
probable that all chemical processes resulting from the redox steps at E1, E2 and
E3 occur without major disruption of the Co coordination sphere, thereby ruling
out ligand exchange possibilities. Rather, CV, RR and ATR-IR measurements
suggest a proton-involving pathway that likely involves the unbound phosphonate
group of the [CoI] complex. From these observations, we propose that the species
formed at E3 is a [CoI] complex bearing a diprotonated phosphonic acid (Fig. 4.11,
species C). This could be explained in two ways: (i) by the presumed increased
basicity of the phosphonate group in the [CoI] state as the π-symmetry of the
filled Co d-orbital is suggested to allow the electronic density to spread on the
π* levels of the phosphonated terpyridine ligand, a relatively good π-acceptor,
and (ii) by the phosphonic acid’s increasing pK a or decreasing local pH with
negative polarisation of the electrode from the surface potential effect.17 We deduce
that species C can be generated either via a suspected concerted proton-coupled
electron transfer process (PCET) from A or a chemical step from B, depending
on the water content of the electrolyte solution. The former mechanism was
observed at E3 in early CVs in water-rich solution, whereas C required several
CV scans to become significantly apparent in water-deficient medium such as 9:1
MeCN:H2O (Fig. 4.1b). We attributed this slow growth to a steady increase of
the local proton concentration at the electrode-solution interface upon cycling (as
previously observed for metal oxides), which would favour the PCET mechanism
and further allow for the observed cycle-dependent behaviour in Fig. D.1.18,19

This hypothesis is supported by the disappearance of wave E3 upon restoring the
electrode to its initial state by allowing equilibration at open-circuit conditions
(Fig. 4.1a, scan 8). As such, in such a water-poor medium, we attribute the origin
of the oxidation wave of C seen in the first scan to the protonation of B, in a
step-wise fashion.

On the other hand, the rapid formation of species C is promoted upon increas-
ing the acidity of the medium (by increasing water content and/or purging with
CO2), with the catalytic potential towards CO2 reduction matching the potential
of the formation of species C (Fig. 4.1 and 4.2). These observations ultimately
suggest that C is involved in the CO2 reduction mechanism and we thus postulate
that, upon reduction of the complex and coordination of CO2, D is a plausible
CO-releasing intermediate. Its formation would involve the de-coordination of
one or two pyridines to create a vacant coordination site and, subsequently, the
coordination of CO2 (such a de-coordination has in fact been recently calculated



138 4.3 Conclusion

to be possible for Co bis(terpyridines) by density functional theory computational
studies, albeit in a H2-evolution catalysis context).20 In fact, the d8 configuration
of [CoI] species is likely to favour a square planar or tetrahedral geometry, as well
as increase the lability of the ligand.21,22 Moreover, the pyridine de-coordination is
likely to be stabilised by protonation of its nitrogen atom from the diprotonated
phosphonic acid due to the latter’s lower pK a value.23 As a result, the deproto-
nated phosphonic acid could in effect act as a proton relay or H-bond source,
utimately facilitating C-O bond cleavage during catalysis. However, at this stage,
it is difficult to adjudicate whether the latter process would occur in C or only
after further reduction of the catalyst. Thus, the suggested mechanistic pathway
contrasts with previous reports and suggests exciting benefits of immobilising a
metal complex (such as the opportunity to operate in an aqueous solution) that
are not accessible in analogous homogeneous systems.16,22,24,25

4.3 Conclusion

In conclusion, intriguing insights into how the CotpyP catalyst is permitted
to enter its reduced and pre-catalytic state were presented by in-depth cyclic
voltammetry as well as in situ ATR-IR and RR spectroelectrochemical experiments,
the latter being the first of their kind for spectroelectrochemical studies. The
proposed formation of a key intermediate (species C) is revealed that creates an
alternative and novel CO2 reduction mechanism without requiring the loss of one
terpyridine, which is in sharp contrast to the conventional understanding for metal
bis(terpyridine) catalysts. Also key is the apparent protonation of a phosphonic
acid group, which could facilitate eventual relay of this proton and the opening
up of a coordination site at the Co metal centre.

This unexpected mechanistic pathway enabled CotpyP to perform CO2 re-
duction on Si|mesoTiO2 (Chapter 3) thanks to a dramatically lower catalytic
onset (almost 1 V), and consequently led to improved stabilities and a TON
four times higher than previously reported for Co terpyridine complexes.1 This
unexpected performance enhancement was ultimately afforded by the synergy of
having a phosphonic acid functional group alongside the possibility to operate
the system under aqueous conditions – the latter having been conferred by first
immobilising the catalyst. In addition to shedding insight on how our own complex
behaves, these experiments also illustrate the power and precision offered by in situ
vibrational spectroscopic techniques in the wider context of better understanding
molecular catalyst-based solar fuel devices.



4.4 Experimental Section 139

4.4 Experimental Section

4.4.1 Materials

Chemicals purchased for analytical measurements were of the highest available
purity. FTO-coated glass sheets were purchased from Sigma Aldrich (SnO2/F,
7 Ω sq−1 sheet resistance, 300 × 300 × 2 mm). ITO nanopowder (< 50 nm particle
size; BET = 27 m2 g−1; 90 % In2O3, 10 % SnO2) was obtained from Sigma Aldrich.
KHCO3 and Co(BF4)2·6H2O (96 %) were purchased from Alfa Aesar and 2,2’:6’,2”-
terpyridine-4’phosphonic acid was purchased from HetCat, Switzerland (98 %).
TBABF4 was purchased from Sigma Aldrich (≥ 99.0 %, electrochemical grade).
Methanol and acetonitrile were both distilled over calcium hydride before use.
All aqueous experimental solutions were prepared with ultrapure Milli-Q® water
(18.2 MΩ cm at 25 ◦C). Monoterpyridine [CoCl2(tpy)] was prepared following a
previously-reported procedure.26

The mesoITO|CotpyP electrodes used for the mechanistic studies described
in this chapter were prepared according to the procedure outlined in Chapter 3
Experimental Section 3.4.4.

4.4.2 Cyclic Voltammetry Methods

All CV experiments were performed with an Ivium CompactStat potentiostat.
A three-electrode configuration was employed in an airtight one-compartment
cell, with TBABF4 (0.1 M) as the electrolyte in a range of MeCN:H2O solutions.
The CE was a Pt mesh and the RE was a Ag/AgCl electrode in a solution with
the same composition as the electrolyte (i.e. 0.1 M TBABF4 in either 9:1 or 6:4
MeCN:H2O) separated from the cell’s electrolyte solution with a Vycor frit. The
RE was regularly referenced against the ferrocene couple (Fc+/Fc). Variations in
the potential of the Fc+/Fc couple in different solvent mixtures were taken into
account.27 The electrolyte solution was purged with N2 or CO2 prior to taking
measurements to remove atmospheric O2. All electrochemical measurements were
performed at room temperature.

4.4.3 Spectroelectrochemical Resonance Raman Methods

Resonance Raman measurements of mesoITO|CotpyP were carried out in an
airtight one-compartment quartz cell, with TBABF4 (0.1 M) as the electrolyte
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in 9:1 MeCN:H2O solution (N2- or CO2-purged). The CE was a Pt wire and the
RE was a Ag/AgCl0.1 M H2SO4 electrode (DriRef, WPI). A multi-channel MetrOhm
MicroAutoLab potentiostat was used, alongside an xy-stage (OWISoft) on which
the electrochemical cell was moved during measurements to avoid laser-induced
sample degradation.

RR measurements were conducted using the 413 nm line of a Kr ion laser
(Sabre), and the 458 nm and 514 nm lines of an Ar ion laser (Coherent Innova
300c). A Horiba LabRamII confocal Raman spectrometer equipped with a liquid
N2-cooled CCD detector (Symphony) was employed. The laser light was focused
onto the sample using a 20 × objective (Nikon, 20 ×, NA 0.05).

Analysis of the spectra was performed using a home-made software (Qpipsi)
and component fitting analyses were performed following published procedures.8,28

To derive the component spectra, RR spectra of mesoITO|CotpyP obtained using
514 nm excitation and recorded at very positive (0.5 V vs. Fc+/Fc), intermediate
(−0.5 V vs. Fc+/Fc) and very negative (−1.5 V vs. Fc+/Fc) potentials were consid-
ered first. These spectra were each expected to be spectrally dominated by the
CotpyP species in only one oxidation state ([CoIII], [CoII] and [CoI], respectively).
The spectra were iteratively fitted using Lorentzian bands by varying their absolute
intensities, half-widths and frequencies until a full reproduction of the spectra was
achieved. The resulting bands were grouped to afford a component spectrum, i.e.
three spectra were derived in total. RR spectra measured at all other potentials
thereafter were fitted using the so-derived component spectra, allowing only a
variation by a fitting parameter factor GF, i.e. by varying the spectral contribution
of a respective component spectrum to the overall RR spectrum.

Group intensities were obtained by multiplying GF with a prominent, highly
intense band found in the respective component spectrum to obtain the intensity
of the respective component spectrum i, I i. The relative intensity for a component
spectrum i among a total of j component spectra, I i, rel, was calculated using the
following equation:

I i, rel = I i∑j
i=1 I i

(4.1)
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4.4.4 Spectroelectrochemical Infrared Spectroscopy Meth-
ods

Spectroelectrochemical ATR-IR measurements were carried out on mesoITO|-
CotpyP prepared on a Si ATR prism as follows. An ITO suspension consisting
of 10 wt % of ITO nanopowder in 5 M acetic acid in ethanol was prepared and
sonicated well. This was spin-coated onto the flat surface of the Si ATR prism
over the complete area of 3 cm2, using a volume of 50 µL and a spin speed of
1000 rpm over 1 min. The solution was left to dry completely in air before annealing
at 400 °C for 30 min (5 °C min−1) under atmospheric conditions. CotpyP was
adsorbed from 1 mL of the catalyst stock solution in MeOH (0.25 mM) for 45 min
at room temperature. After the adsorption process was completed, the catalyst
solution was removed from the ATR cell and the electrode rinsed several times
with MeOH.

Spectroelectrochemical ATR-IR measurements were performed in a single-
reflection PIKE ATR-IR setup and a customised ATR-IR spectroelectrochemical
cell using an angle of incidence of 60 °. The electrochemical studies were carried out
in a three-electrode system with the mesoITO|CotpyP film as WE, a Ag/AgCl
electrode (in a solution with the same composition as the electrolyte) as RE, and a
Pt wire as CE. Potentials were applied using an Ivium CompactStat potentiostat.
The ATR-IR spectra were recorded in a spectral range from 4000 to 900 cm−1

(note that the range below 900 cm−1 was inaccessible due to strong absorption
by the Si ATR prism) with a spectral resolution of 4 cm−1 on a Bruker Vertex 70
spectrometer equipped with a photovoltaic MCT detector. A total of 200 scans
were co-added for one spectrum, requiring an accumulation time of 1.5 min. All
measurements were carried out at room temperature, under either N2 or CO2

overpressure.

ATR-IR spectra were evaluated using the OPUS 5.5 software. Absorbance and
difference spectra (A) were generated according to the Lambert-Beer equation:

A = −log
Isample

Ireference
(4.2)

where I sample denotes the sample spectrum and I reference denotes the respective
reference spectrum for either absorbance or difference spectra. Baseline corrections
of the absorbance spectra and second derivative spectra were generated by means
of the OPUS 5.5 software data analysis tools.
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Chapter 5

Rational Polymer Design
Towards Tuneable Molecular CO2
Reduction Catalysis

The contents of this chapter have been submitted for publication as a peer-reviewed
article. Results presented were obtained solely by the author of this thesis, with
contributions from others as outlined here: Julian Vigil synthesised the polymers
and shared cyclic voltammetry experiments with the author. Julien Warnan shared
ICP-OES measurements with the author and Julian Vigil. Esther Edwardes Moore
prepared Ti|IO-TiO2 electrodes. Andreas Wagner and Kenichi Nakanishi prepared
the ALD-deposited TiO2 layer on top of the Si wafers.

5.1 Introduction

Selective CO evolution and, more generally, energy-to-fuel conversion by elec-
trocatalysts in water remains a major goal towards realising a sustainable and
closed carbon cycle.1 To this end, molecular catalysts have been developed taking
inspiration from impressive natural archetypes, such as CO and formate dehy-
drogenase enzymes.2,3 While still dominated by precious metal-based complexes,
tremendous efforts have recently been focused towards designing Earth-abundant
3d transition metal-based (Co, Ni, Fe and Mn) catalysts, as has been described
above in Chapter 1.4,5 Often limited by their instability and/or insolubility, as
well as the low solubility of CO2 and competing H2 evolution in water, the large
majority of these latter complexes have been studied in organic solvents. Con-
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sequently, examples of 3d metal-based complexes performing CO2 reduction in
aqueous environments remain scarce.

Since early reports of Ni cyclam and Lehn’s Re catalysts, optimisation of molec-
ular design towards improved product selectivity has been conducted primarily
by tailoring the primary coordination sphere of the metal to promote interactions
with CO2. Alternative strategies have incorporated catalysts with electrodes such
as carbon nanotubes or carbon cloth in order to provide a more hydrophobic
environment conducive to CO2 utilisation.6,7 For CO2 reduction in water, such
molecular-based hybrid systems have almost exclusively been developed with
carbon-based materials.8–10 Considering their intrinsic semiconducting and water-
stable properties, metal oxides represent an alternative class of promising cathode
materials and have been successfully exploited both in colloidal schemes and as
cathode substrates towards H2 evolution, including in the works described above
in Chapters 2-4.8,9 However, their natural hydrophilicity and propensity towards
hydrogen bonding generally promote H+ reduction over CO2 reduction.

In the previous two chapters, a system comprising a Co-based catalyst im-
mobilised on a Si|mesoTiO2 scaffold to yield a photoelectrode capable of CO2

reduction in aqueous conditions was described. Immobilisation of the molecular
electrocatalyst onto the photoelectrode was an important first step in ensuring
that aqueous operating solutions could be accessed by the water-insoluble catalyst.
Moreover, the performance of this system was shown to be heavily influenced by
changes in its external environment – namely, the proportion of MeCN and H2O
in the electrolyte solution, which was thought to bring about consequences such
as CO2 availability in the vicinity of the electrode as well as band-bending effects.

In this chapter, the development of the first rationally designed polymers
towards selective CO evolution and their incorporation into porous TiO2-based
architectures to produce precious metal-free metal oxide cathodes for CO evolu-
tion are described. Building on the above-described utilisation of CotpyP as an
electrocatalyst towards photoelectrochemical reduction of CO2 in aqueous environ-
ments, we tailored coordination polymer scaffolds capable of immobilisation onto
TiO2 electrodes, tuneable crosslinking, and improved selectivity over the molecular
counterparts. Although only a few reports on the use of coordination polymers in
molecular CO2 reduction catalysis are available,11,12 we recently demonstrated that
copolymers can provide several advantages over molecular species with comple-
mentary properties towards optimised H2 evolution performance, as was discussed
in Chapter 1 section 1.4.3.13 By embedding a CO2 reduction catalyst into a ratio-
nally designed copolymer, the work described in this chapter aims to demonstrate
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that tuning the catalyst environment (outer coordination sphere) is a promising
strategy in an attempt to emulate the environment that surrounds the metal
centre in CO2 reductases.

5.2 Results and Discussion

5.2.1 Polymer Synthesis

Based on the design principles outlined above, two low molecular weight copolymer
scaffolds were synthesised with three monomers each: (i) a terpyridine (tpy) ligand
for coordination to the metal centre; (ii) a phosphonic acid moiety for robust
anchoring on metal oxide surfaces; and (iii) a functional group conducive to
selective CO production.

The initial tpy-phosphonate ester copolymer (5, Fig. 5.1a) was obtained by
free-radical polymerisation of the synthesised methacrylate-bearing tpy (1) and
diethyl phosphonate (2) monomers in stoichiometric combination with a standard
methyl methacrylate monomer (3). The phosphonate ester moieties in 5 were
subsequently deprotected to yield the corresponding phosphonic acid groups in
the final copolymer scaffold (p1, Fig. 5.1a). p1 was then dissolved in MeOH and
complexed with Co(II) by addition of Co(BF4)2 (P1x, where x represents the
number of equivalents of Co per 2 equivalents of tpy in p1; Fig. 5.1a).

p2 was synthesised and isolated in a similar molecular weight according to the
same procedure as for p1, but starting from monomer 4 rather than 3 (Fig. 5.1a).
The polymer was subsequently coordinated with Co in bis(tpy) stoichiometry to
yield P21.

The Co-coordinated polymers are depicted schematically in Figure 5.1b, show-
ing the functions of each monomer, the role of the polymer backbone near the
active complexes, and an interplay between Co coordination and cross-linking of
polymer chains. All synthetic procedures and characterisation (1H, 13C and 31P
NMR; elemental analysis, HRMS, ATR-FTIR; gel permeation chromatography
(GPC)) of the monomers and polymers are provided in the Experimental Section
5.4.3.
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Fig. 5.1 (a) Synthetic route to the Co-coordinated polymers: i) 2,2’-azobis(2-
methylpropionitrile) (AIBN), THF, 70 ◦C, 16 h; ii) (1) bromotrimethylsilane
(TMS-Br), DCM, 0 ◦C, 16 h, (2) MeOH, 4 h; iii) Co(BF4)2·6H2O, MeOH, 16 h.
Yields are provided in the Experimental Section. (b) Schematic representation
of the P1x and P2x polymers with respective functional groups and phosphonic
acid anchoring moieties.
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5.2.2 Cross-Linkage Modulation in P1x Polymers

Physical and Electrochemical Characterisation

p1 was first coordinated with bis(tpy) stoichiometry (i.e. 1:2, Co:tpy) to yield P11,
which was isolated and purified for electroanalytical characterisation. Under inert
N2 atmosphere, the cyclic voltammogram of a 95:5 v:v DMF:H2O solution of P11

(0.5 mM Co) with 0.1 M TBABF4 as electrolyte showed reversible electrochemical
features between 0.0 and −2.0 V vs. Fc+/Fc, and the onset of irreversible cathodic
current at −2.2 V vs. Fc+/Fc (Fig. 5.2a). Square wave voltammetry (SWV) was
subsequently used to improve the ratio of Faradaic to capacitive current and
elucidate the half-wave potentials (E½) of electrochemical features observed using
cyclic voltammetry. The most positive waves (E½ = −0.46, −0.56 V vs. Fc+/Fc)
are attributed to the CoIII/II couple, followed by two waves also separated by
∼0.1 V (E½ = −1.52, −1.63 V vs. Fc+/Fc) for the CoII/I couple (Fig. 5.2b).14,15

We speculate that the origin of the two discrete features for both Co-based
redox processes may be due to an environmental or solvent-dependent effect, as
discussed below. Finally, two tpy-based ligand reductions were observed at −1.83
and −2.37 V vs. Fc+/Fc. E½ for the first ligand reduction corresponds well with
the onset of current enhancement in the presence of CO2 (Fig. 5.2a), confirming
that the reduction of tpy triggers CO2 reduction catalysis when in solution.14

Fig. 5.2 (a) Cyclic voltammograms under N2 and CO2 atmosphere on a glassy
carbon electrode in a 95:5 v:v DMF:H2O (0.1 M TBABF4) solution of P11
(0.5 mM Co), 100 mV s−1; (b) SW voltammogram under N2 atmosphere and
identical conditions to (a), cathodic scan beginning at 0.2 V vs. Fc+/Fc. The
response of a glassy carbon electrode in a polymer-free electrolyte solution under
identical conditions is also shown. Arrows indicate scan starts.
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Next, the interplay between Co loading, coordination equilibrium and crosslink-
ing in the P1x polymers was investigated using UV-vis spectroscopy. Spectra
were collected for the uncoordinated p1 polymer and a series of Co-coordinated
P1x polymers in MeOH, where x was varied from 0.6 to 5 (Fig. 5.3). Upon the
addition of 0.6 eq Co to the p1 polymer (P10.6), three well-resolved absorption
maxima were observed at 440, 505 and 550 nm, attributed to metal-to-ligand
charge transfer (MLCT) transitions.16 When the concentration of Co was increased
to 1:2 (Co:tpy; P11), the Co(II) bis(tpy) MLCT transitions were retained and the
solution absorbs broadly at λ < 600 nm. At concentrations of Co corresponding
to mono(tpy) stoichiometry (P12) and a further excess of Co (P15), the spectra
showed a concomitant loss of the Co bis(tpy) MLCT transitions and the emergence
of a broad absorption centred around 380 nm (Fig. 5.3, inset). Strong absorption
in the UV at λ < 400 nm is characteristic of charge transfer from five-coordinate
Co(II) mono(tpy) complexes.17 These results indicate a dynamic coordination
equilibrium within the polymeric matrix, with a transition from primarily bis(tpy)
coordination in the P10.6 and P11 polymers to mono(tpy) coordination in the P12

and P15 polymers, likely accompanied by a reduction in the degree of cross-linking.

Fig. 5.3 UV-vis spectra of the uncoordinated p1 (0.5 mM tpy) and Co-coordinated
P1x polymers in MeOH (0.25 mM Co); inset: reduced zoom view showing increased
broad absorption at ∼380 nm with Co loading.

The P1x polymers were immobilised on fluorine-doped tin oxide-supported
inverse opal indium tin oxide electrodes (FTO|IO-ITO; 6 µm thick, ITO particle
size < 50 nm) by immersion of the latter into solutions of the polymers. Such
IO-ITO electrodes were originally optimised for the integration of large structures
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(e.g. proteins)18 and were used here to accommodate a high loading of the
polymers in its 3D architecture, as the large pores of the inverse opal scaffold are
size-compatible with the polymers.

Fig. 5.4 Sequential electroanalytical characterisation of immobilised (a) P10.6,
(b) P11, (c) P12 and (d) P15 polymers on FTO|IO-ITO electrodes: initial SW
voltammogram (top), followed by 20 cyclic voltammetry cycles (middle) and a
final SW voltammogram (bottom); anhydrous DMF (0.1 M TBABF4), N2-purged,
100 mV s−1. Arrows indicate scan starts.

The immobilised P1x polymers were characterised using CV and SWV in
anhydrous DMF (Fig. 5.4) and 95:5 v:v DMF:H2O (Fig. 5.5) electrolyte solutions.
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Fig. 5.5 Sequential electroanalytical characterisation of immobilised (a) P10.6,
(b) P11, (c) P12 and (d) P15 polymers on FTO|IO-ITO electrodes: initial SW
voltammogram (top), followed by 20 cyclic voltammetry cycles (middle) and a
final SW voltammogram (bottom); 95:5 v:v DMF:H2O electrolyte solution (0.1 M
TBABF4), N2-purged, 100 mV s−1. Arrows indicate scan starts.
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Following an initial SW voltammogram, the electrode was cycled 20 times by CV
to monitor changes in the coordination environment of Co in the immobilised
polymer. In anhydrous DMF, the FTO|IO-ITO|P11 electrode showed two sta-
ble reversible waves corresponding to the CoIII/II and CoII/I couples (E½ = −0.1
and −1.15 V vs. Fc+/Fc; Fig. 5.4b). By contrast, the initial SW voltammogram
for the FTO|IO-ITO|P12 electrode showed two primary features at −0.85 and
−1.35 V vs. Fc+/Fc, which subsequently decayed with cycling (Fig. 5.4c). A final
SW voltammogram indicated a complete loss of these features and the correspond-
ing emergence of redox couples at −0.1 and −1.15 V vs. Fc+/Fc. The initial waves,
particularly the shifted CoII/I wave at −1.35 V vs. Fc+/Fc,19,20 are indicative of
Co mono(tpy) complexes and suggest that the more stable Co bis(tpy) complex
is formed with cycling, accompanied by a loss of excess Co ions (confirmed by
elemental analysis, as discussed below). The redox behaviour and stability of the
immobilised P10.6 and P15 polymers were analogous to P11 and P12, respectively
(Fig. 5.4a and d).

In the presence of H2O, the immobilised P10.6 and P11 polymers demonstrated
similar redox behaviour and stability (Fig. 5.5). Unlike in anhydrous DMF,
however, two coupled features for both Co-based redox processes were observed
(separated by 200-300 mV), analogous to the cyclic voltammograms of P11 in
solution (Fig. 5.2b). The immobilised P12 and P15 polymers again show a
transition from mono(tpy) to bis(tpy) coordination with cycling (Fig. 5.5). The
cathodic current for the FTO|IO-ITO|P15 electrode at −2.0 V vs. Fc+/Fc is also
significantly enhanced relative to the other immobilised P1x polymers, which
suggests the large excess of Co ions results in Co-based or H+ reduction at the
electrode surface, independent of the polymeric matrix.

Electrocatalytic CO2 Reduction

The P1x polymers were subsequently immobilised on Ti foil-backed inverse opal
TiO2 electrodes (Ti|IO-TiO2; 15 µm thick, TiO2 particle size 10-30 nm; Fig. 5.6) for
evaluation of their electrocatalytic CO2 reduction performance. Ti foil was chosen
over FTO as the supporting substrate owing to its greater stability under reducing
conditions. The quantity of Co loaded per geometric surface area, measured by
ICP-OES, was found to increase approximately proportionately to the Co:tpy ratio
in the immobilised polymers (Table 5.1). ATR-FTIR measurements confirmed
the preservation of the polymer’s molecular integrity upon surface immobilisation
(Fig. 5.7).
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Fig. 5.6 SEM images of the Ti|IO-TiO2 electrodes, as viewed (a) from the top
surface and (b) in cross-section.

Fig. 5.7 ATR-FTIR spectra of P11 as a powder (black trace), and after immobili-
sation on IO-TiO2 before (blue trace) and after (red trace) 4 h CPE.
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Table 5.1 Quantification of Co loaded onto surface of Ti|IO-TiO2|P1x and Ti|IO-
TiO2|P2x electrodes as measured by ICP-OES. Loadings are given per geometric
surface area.

Polymer x Co loadings on Ti|IO-TiO2
(P1x or P2x) (nmol cm−2)

P1

0.6 2.7 ± 0.0
1 10.1 ± 1.0
2 17.8 ± 2.8
5 36.5 ± 0.6

P2 1 9.9 ± 0.0

The electrocatalytic CO2 reduction activity of these electrodes was deter-
mined by controlled potential electrolysis (CPE) with an applied potential of
−1.3 V vs. Fc+/Fc in CO2-saturated 6:4 v:v MeCN:H2O electrolyte solution (0.1 M
TBABF4). These electrolyte solution conditions were previously found to be
optimal for the analogous phosphonated molecular Co bis(tpy) catalyst CotpyP
immobilised on TiO2, as described in Chapter 3 section 3.2.2. In addition, cur-
rent enhancement from the Ti|IO-TiO2|P11 electrode was observed to begin at
potentials close to −1.3 V vs. Fc+/Fc in the presence of CO2 under such conditions
(Fig. E.1). Gaseous products CO and H2 were quantified by gas chromatography
whereas formate was measured by ion chromatography, for which the latter was
found to be below the detection limit in all cases.

While the stability of each electrode was found to be similar regardless of
Co loading (Fig. 5.8), striking differences in activity and turnover numbers were
observed (Fig. 5.9 and Table 5.2). After 4 h of CPE, the total amounts of product
increased from a total of 0.34 µmol cm−2 for Ti|IO-TiO2|P10.6 to 1.54 µmol cm−2

for Ti|IO-TiO2|P12. Upon increasing the Co loading further (Ti|IO-TiO2|P15),
activity decreased to only 0.56 µmol cm−2 of product, resulting in a Gaussian
relationship between absolute activity and Co loading. However, given that the
Co loading on these electrodes varied widely (Table 5.1), the TONs present a
vastly different picture of activity. The maximum TON (126, of which 78 is CO)
was observed for the polymer with the lowest Co loading, Ti|IO-TiO2|P10.6, and
the other polymers yielded progressively lower total TONs with a corresponding
increase in Co loading.

Control CPE experiments were performed on the polymer-free Ti|IO-TiO2

bare electrode (Fig. E.2) and metal-free Ti|IO-TiO2|p1 electrode (Fig. 5.8, black
traces) under CO2, and finally the Ti|IO-TiO2|P11 electrode under N2 (Fig. E.3).
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Fig. 5.8 Quantities of CO (solid lines) and H2 (dashed lines) produced by Ti|IO-
TiO2|P1x, including Co-free p1. Conditions: 6:4 MeCN:H2O (0.1 M TBABF4),
Eapp = −1.3 V vs. Fc+/Fc, CO2-saturated conditions, room temperature.

These experiments produced no CO or H2, confirming that both CO2 and proton
reduction must be carried out by the coordinated P1x polymers (note that the
lack of H2 produced by Ti|IO-TiO2|P11 under N2 can be explained by a higher
pH of the electrolyte solution compared to that under CO2, the latter of which
would facilitate H+ reduction). Isotopic labelling experiments conducted with a
13CO2-saturated solution also confirmed CO2 to be the source of the CO product
(determined by gas-phase IR; Fig. E.4). Both the stable activity of these electrodes
(Fig. 5.8) and ATR-FTIR measurements taken after CPE (Fig. 5.7) attest to the
preservation of the molecular integrity of the coordinated P1x polymers under
catalytic conditions.
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Fig. 5.9 Results from CPE of Ti|IO-TiO2|P1x electrodes after 4 h: product
distribution (formate not detected in all cases), Co-based TONs (blue), Co
surface loadings (as determined by ICP-OES, green) and anchor concentration
(as determined by the known concentration of the phosphonic acid anchor in
the P1x immobilisation solution, red). The x-axis is presented on a log10 scale
according to x (P1x). Product distribution from CPE of Ti|IO-TiO2|Co(BF4)2
has been included for comparison. Conditions: 6:4 MeCN:H2O (0.1 M TBABF4),
Eapp = −1.3 V vs. Fc+/Fc, CO2-purged, room temperature.
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When considered together with the coordination equilibrium in the polymeric
matrix shown using UV-vis and electroanalytical methods (see above), the CPE
results suggest that the greatest Co-based activity (i.e. TON) can be achieved
when Co centers are primarily in a bis(tpy) coordination environment (Fig. 5.9
and Table 5.2). As the population of mono(tpy) complexes increases with Co
loading, TONs decrease, suggesting that Co mono(tpy) complexes in the polymeric
matrix are less active towards CO2 reduction under such conditions. Thus, in
the case of Ti|IO-TiO2|P11 and Ti|IO-TiO2|P12, a mixture of mono(tpy) and
bis(tpy) environments results in a trade-off between absolute amount of product
obtained [1.54 µmol cm−2 (Ti|IO-TiO2|P12) > 1.04 µmol cm−2 (Ti|IO-TiO2|P11)]
or TON [103 (Ti|IO-TiO2|P11) > 87 (Ti|IO-TiO2|P12)] after 4 h. Notably, this
observation that Co bis(tpy) complexes in the polymeric matrix are more active
than mono(tpy) complexes at low overpotentials is in line with the previously
discussed findings for immobilised Co bis(tpy) catalyst CotpyP.

Despite containing a greater Co loading, the Ti|IO-TiO2|P15 electrode pro-
duced far lower TONs than the other electrodes due to the predominantly
mono(tpy) coordination. The low activity of this electrode is likely attributable
to a minimal amount of Co bis(tpy) complexes that form after initial leaching of
excess Co ions from the electrode. Such a transition was observed for FTO|IO-
ITO|P12 and FTO|IO-ITO|P15 electrodes upon cycling in DMF-based electrolyte
solutions, as discussed above. To quantify the loss of Co under relevant catalytic
conditions, the Co loading was determined by ICP-OES for a FTO|IO-ITO|P15

electrode before and after cycling to −1.3 V vs. Fc+/Fc in 6:4 v:v MeCN:H2O
electrolyte solution. After 20 cycles, stable voltammograms were obtained and
the Co loading on the cycled electrode decreased by 75 % relative to the pristine
electrode (Table E.1). Finally, the inactivity of excess Co ions towards CO2

reduction was confirmed by performing CPE with a bare TiO2 electrode soaked in
a Co(BF4)2 solution (Fig. 5.9). In this case, a large amount of H2 and no CO was
produced, confirming that the activity seen from Ti|IO-TiO2|P15 arose from only
coordinated Co within the polymer matrix. Modest Faradaic efficiencies recorded
for the Ti|IO-TiO2|P1x electrodes (Table 5.2) may be attributed to fundamental
limitations of the Co bis(tpy) complex,19 unproductive charge transfer pathways
along the polymer backbone, as well as capacitive currents from TiO2 charging
and reduction of trapped O2 within the mesoporous network.21

In summary, by modulating the Co loading and therefore the distribution of
Co coordination environments within the polymeric matrix, the electrocatalytic
activity towards CO2 reduction could be tuned and optimised. In addition to
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demonstrating the versatility of the polymer platform, these studies confirmed
that predominantly Co bis(tpy) coordination favours catalysis, while highlighting
the importance of striking the balance between total Co loading and active Co
centres.

5.2.3 Tuneable Selectivity with Functional Co-Monomer

Electrochemical Characterisation and Electrocatalytic CO2 Reduction

To take further advantage of this versatile platform for polymer synthesis, the
methyl methacrylate monomer in p1 was replaced with a long alkyl chain to yield
the polymer p2 (Fig. 5.1a). The n-decyl methacrylate monomer (4) was selected
to provide a hydrophobic environment even more conducive towards selective CO2

reduction over competing H+ reduction (Fig. 5.1a).

Fig. 5.10 (a) Cyclic voltammograms under N2 and CO2 atmosphere on a glassy
carbon electrode in a 95:5 v:v DMF:H2O (0.1 M TBABF4) solution of P21 (0.5 mM
Co), 100 mV s−1; (b) SW voltammogram under N2 atmosphere and identical
conditions to (a) for P21 and P11, cathodic scan beginning at 0.2 V vs. Fc+/Fc.
The response of a glassy carbon electrode in a polymer-free electrolyte solution
under identical conditions is also shown. Arrows indicate scan starts.

The redox behaviour of the P21 polymer is analogous to P11, both in solution
(Fig. 5.10) and immobilised on FTO|IO-ITO electrodes (Fig. 5.11). Cyclic and
SW voltammograms of a 95:5 v:v DMF:H2O solution of P21 showed features
for both Co-based redox processes (−0.3 to −0.7 V vs. Fc+/Fc, CoIII/II; −1.4 to
−1.7 V vs. Fc+/Fc, CoII/I), attributed to the Co bis(tpy) complex, and two ligand-
based processes (−1.8 and −2.4 V vs. Fc+/Fc), the first of which triggers catalysis
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Fig. 5.11 SW voltammograms on the FTO|IO-ITO|P11 and FTO|IO-ITO|P21
electrodes in the cathodic direction at 100 mV s−1, under N2 atmosphere in (a)
anhydrous DMF electrolyte solution (0.1 M TBABF4), and (b) 95:5 v:v DMF:H2O
electrolyte solution (0.1 M TBABF4). Arrows indicate scan starts.

in the presence of CO2 (Fig. 5.10a). SW voltammograms of a FTO|IO-ITO|P21

electrode in anhydrous DMF and 95:5 v:v DMF:H2O electrolyte solutions also
confirmed the bis(tpy) coordination on the electrode, with two waves associated
with both CoIII/II (0 to −0.5 V vs. Fc+/Fc) and CoII/I (−1.1 to −1.6 V vs. Fc+/Fc)
couples (Fig. 5.11).

Upon immobilisation of P21 onto Ti|IO-TiO2 electrodes in the same manner as
for the P1x polymers, the CO2 reduction activity of the resulting Ti|IO-TiO2|P21

cathodes indeed revealed a distinct difference in the product selectivity from P21

compared to P11 (Fig. E.5 and 5.12, Table 5.3). While the total product and
TONs (the Co loading on Ti|IO-TiO2|P21, as measured by ICP-OES, was within
error to that of Ti|IO-TiO2|P11; Table 5.1) were similar between the two polymers
after 4 h of CPE, Ti|IO-TiO2|P21 produced significantly more CO and less H2

than Ti|IO-TiO2|P11, leading to a CO/H2 ratio of 5.3 for the former compared
to 3.2 for the latter. This difference is even greater at t = 2 h, when the selectivity
ratio of Ti|IO-TiO2|P21 reaches 6.0, corresponding to a CO selectivity of 86 %.
Once again, control experiments under N2 produced no CO or H2 (Fig. E.6)
and isotopic labelling experiments confirmed CO2 as the origin of CO (Fig. E.7).
Furthermore, ATR-FTIR confirmed the preservation the molecular integrity of
P21, both upon immobilisation and after CPE (Fig. 5.13).

The product selectivity achieved with P21 is not only improved relative to that
of P11 but is also a stark improvement on the selectivity obtained with molecular



162 5.2 Results and Discussion

Fig. 5.12 Quantities and Co-based TONs of CO (solid lines) and H2 (dashed
lines) produced by Ti|IO-TiO2, Ti|IO-TiO2|P11 and Ti|IO-TiO2|P21 under CPE.
Conditions: 6:4 MeCN:H2O (0.1 M TBABF4), Eapp = −1.3 V vs. Fc+/Fc, CO2-
saturated conditions, room temperature.

Table 5.3 Controlled potential electrolysis results from Ti|IO-TiO2|P11 and
TiO2|P21 electrodes after 4 h. CPE conditions: 6:4 MeCN:H2O (0.1 M TBABF4),
Eapp = −1.3 V vs. Fc+/Fc, CO2-purged, room temperature.

Polymer
Product TONCo

Selectivity
(µmol cm−2) (CO/H2)

CO H2 CO H2

P11
0.79 ± 0.11 0.25 ± 0.08 78 ± 13 25 ± 8 3.2 ± 1.1Total = 1.04 ± 0.14 Total = 103 ± 17

P21
0.97 ± 0.11 0.18 ± 0.03 98 ± 11 18 ± 4 5.3 ± 1.2Total = 1.15 ± 0.12 Total = 116 ± 12
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Fig. 5.13 ATR-FTIR spectra of P21 as a powder (black trace), and after immo-
bilisation on IO-TiO2 before (blue trace) and after (red trace) 4 h CPE.

CotpyP, which produces CO at only 69 % selectivity (CO/H2 = 2.3) on the same
electrode (Fig. E.8). This is therefore a testament to the proof-of-principle that
chemical modification in the outer coordination sphere of a molecular catalyst, by
its incorporation into a rationally designed polymer matrix, is an effective strategy
to improve performance without the need for severe synthetic modifications to the
catalyst’s primary ligand structure.12,13 Moreover, in this case, product selectivity
was gained, and not at the expense of other performance parameters like catalytic
activity or stability.

Photoelectrocatalytic CO2 Reduction on Si|IO-TiO2

As P21 was identified to be the most active polymer, a photocathode based
on p-type silicon was fabricated with P21 as the surface-immobilised catalyst
to yield a CO2-reducing hybrid photocathode. This was made possible by the
previously-reported engineering of an inverse opal TiO2 layer, which presents a
high surface area for catalyst loading while interfacing with light-harvesting Si.22

In order to protect the Si from surface passivation in the aqueous electrolyte
solution, a ∼4 nm thick TiO2 layer was first deposited by ALD prior to deposition
of IO-TiO2.
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Fig. 5.14 (a) LSVs under chopped illumination of Si|IO-TiO2 and Si|IO-TiO2|P21
photocathodes (arrow indicates scan start); (b) Product distribution and (c)
Faradaic efficiency from CPPE of Si|IO-TiO2 (product only) and Si|IO-TiO2|P21 at
Eapp = −1.0 V vs. Fc+/Fc. Conditions: 1 Sun (AM1.5G, 100 mW cm−2, λ > 400 nm),
6:4 MeCN:H2O (0.1 M TBABF4), CO2-saturated conditions, room temperature.
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Linear sweep voltammograms under chopped illumination were conducted on
the resulting Si|IO-TiO2|P21 photocathode in the same electrolyte solution as
that used for the Ti|IO-TiO2|P21 cathodes (CO2-saturated 6:4 MeCN:H2O, 0.1 M
TBABF4; Fig. 5.14a). A catalytic onset at −0.5 V vs. Fc+/Fc and a photocurrent
density of 450 µA cm−2 at −1.0 V vs. Fc+/Fc were observed, the latter of which
compares favourably to the 150 µA cm−2 achieved by a polymer-free Si|IO-TiO2

control electrode.

Controlled potential photoelectrolysis at Eapp = −1.0 V vs. Fc+/Fc under simu-
lated solar irradiation on Si|IO-TiO2|P21 produced CO at ∼80 % product selec-
tivity with a low FE over 6 h (Fig. 5.14b-c). This low FE is coherent with the
electrocatalysis results and highlights the need for a more inert or conductive
polymer backbone and/or more efficient electron transfer between the surface and
the polymer. The catalyst-free Si|IO-TiO2 photoelectrode produced no CO or H2,
and neither did Si|IO-TiO2|P21 under a N2 atmosphere.

5.3 Conclusion

In conclusion, rationally designed coordination polymers have been demonstrated
as a versatile platform to achieve tuneable electrocatalytic CO2 reduction in
aqueous conditions. By first modulating the degree of crosslinking via Co loading
in the polymer matrix, an equilibrium between mono(tpy) and bis(tpy) complexes
was established that ultimately favours the more stable bis(tpy) complex and
therefore electrocatalytic CO evolution. Second, the choice of the co-monomers
was aimed towards the provision of an artificially engineered environment for
the active Co bis(tpy) complex to improve CO2 reduction selectivity. Selective
CO production was ultimately demonstrated by the improvement of the H2:CO
product ratio from 1:2 (for the analogous molecular catalyst) to 1:6 for the
polymer containing a hydrophobic alkyl chain conducive to CO2 utilisation. The
synergy of the polymer functionality with inverse opal electrode architectures
was further demonstrated on Si|IO-TiO2 photoelectrodes, where selective solar-
driven CO2 reduction was achieved. The strategy presented here calls for further
development of catalyst-containing polymers with tailored functionality towards
catalytic activity and selectivity, stability and charge transfer.
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5.4 Experimental Section

5.4.1 Materials

All chemicals purchased from commercial suppliers were of the highest available
purity and were used without further purification unless otherwise noted. FTO-
coated glass sheets (SnO2/F, 7 Ω sq−1 sheet resistance, 300 × 300 × 2 mm) were
purchased from Sigma Aldrich, Ti foil (0.25 mM thick, 99.5 %) was purchased
from Alfa Aesar, and p-type boron-doped silicon wafers (resistivity of 1-10 ohm cm;
<100>; 500 µm thickness; single-side polished) were purchased from University
Wafer. Polystyrene spheres (10 µm) were purchased from Polysciences Inc. and
TiO2 anatase nanoparticles (10-30 nm diameter, 99.5 %) were purchased from
SkySpring Nanomaterials Inc. Methacryloyl chloride and Co(BF4)2·6H2O were
purchased from Alfa Aesar; 4’-hydroxy-2,2’:6’,2”-terpyridine was purchased from
HetCat, Switzerland; bromotrimethylsilane, diethyl (hydroxymethyl) phosphonate,
2,2’-azobis(2-methylpropionitrile) (AIBN), methyl methacrylate (3) and n-decyl
methacrylate (4) were purchased from Sigma Aldrich. TBABF4 was purchased
from Sigma Aldrich (≥ 99.0 %, electrochemical grade). All aqueous solutions
were prepared with ultrapure Milli-Q® water (18.2 MΩ cm at 25 ◦C). 13CO2 (> 99
atom % 13C) was purchased from Sigma Aldrich. Dichloromethane (DCM), diethyl
ether (Et2O), tetrahydrofuran (THF), triethylamine (Et3N), methanol (MeOH)
and acetonitrile (MeCN) were distilled before use. Column chromatography was
carried out over silica gel 60 (0.04-0.06 mm mesh, Material Harvest) or SephadexTM

LH-20 resin (18-111 µm, GE Healthcare). AIBN was recrystallised from MeOH
prior to use and stored at −25 ◦C and in the absence of ambient light. Commercial
methyl methacrylate (3) and n-decyl methacrylate (4) monomers were filtered
over Al2O3 (90 standardised, Merck Millipore) prior to use to remove stabilisers.

5.4.2 Physical Characterisation

1H, 13C and 31P NMR spectra were recorded on a Bruker 400 MHz or 500 MHz
DCH cryoprobe spectrometer at room temperature. Chemical shifts for 1H and
13C NMR spectra are referenced to residual signals from the deuterated solvent.
High-resolution mass spectra were recorded using a ThermoScientific Orbitrap
Classic mass spectrometer. UV-vis spectra were collected using a Varian Cary 50
Bio UV-vis spectrometer with quartz cuvettes (Hellma, 1 cm path length). ATR-
FTIR spectra were recorded on a Thermo Scientific Nicolet iS50 spectrometer.
Elemental analysis was carried out by the Microanalysis Service of the Department
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of Chemistry, University of Cambridge, using a Perkin-Elmer 240 Elemental
Analyser. ICP-OES measurements were conducted by the Microanalysis Service
of the Department of Chemistry, University of Cambridge, on a Thermo Scientific
iCAP 7400 ICP-OES DUO spectrometer. The surface morphology of electrodes
was analysed using a Tescan MIRA3 FEG-SEM. The weight-average molecular
weight (Mw), number-average molecular weight (Mn) and polydispersity (PD)
of the polymers were determined by gel permeation chromatography (GPC) in
DMF (0.1 M LiBr, 2 mg mL−1 polymer), with a 0.7 mL min−1 flow rate and 100 µL
injection volume, using a Shimadzu UFLC chromatograph at 65 ◦C with a SPD-
M20A UV detector calibrated with polystyrene (PS) standards. Samples were
filtered over 0.45 µm nylon filters prior to injection.

5.4.3 Synthesis and Characterisation of Monomers and
Polymers

Compound 1. To a solution of 4’-hydroxy-2,2’:6’,2”-terpyridine (0.37 g,
1.5 mmol) and dry Et3N (1.1 mL, 7.5 mmol) in 11 mL dry DCM at 0 ◦C under
N2 atmosphere, methacryloyl chloride (0.15 mL, 1.6 mmol) was added dropwise.
The reaction mixture was stirred overnight and warmed from 0 ◦C to RT. The
mixture was diluted with DCM and washed with 5 % NaHCO3 (× 2), DI H2O and
saturated brine solution and dried over MgSO4. The crude product was filtered
and concentrated under reduced pressure. Purification by re-crystallisation and
washing with cold ethyl acetate and hexane afforded the product as a white solid
(0.419 g, 88 %) (m.p. 125 ◦C). 1H NMR (CDCl3, 400 MHz): δ/ppm = 8.69 (bm,
2H, py), 8.63 (bm, 2H, py), 8.30 (s, 2H, py), 7.87 (m, 2H, py), 7.34 (m, 2H,
py), 6.41 (bm, 1H, CH2), 5.82 (bm, 1H, CH2), 2.09 (bm, 3H, CH3). 13C NMR
(CDCl3, 400 MHz): δ/ppm = 164.8, 160.2, 157.7, 155.5, 149.3, 137.1, 135.6, 128.3,
124.3, 121.5, 114.5, 18.5. HRMS (ESI, m/z) calculated for C19H15O2N3 [M+H]+:
318.1237; found: 318.1234. EA (%) calculated for C19H15O2N3: C, 71.91; H, 4.76;
N, 13.24; found: C, 71.63; H, 4.87; N, 12.99. ATR-FTIR σ/cm−1: 1738 (νC=O),
1637 (νC=C), 1584 (νpy), 1563 (νpy).
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Compound 2. To a solution of diethyl (hydroxymethyl)phosphonate (1.61 mL,
10.9 mmol) and dry Et3N (7.6 mL, 54.5 mmol) in 44 mL dry DCM at 0 ◦C under
N2 atmosphere, methacryloyl chloride (1.01 mL, 10.36 mmol) was added dropwise.
The reaction mixture was stirred overnight and warmed from 0 ◦C to RT. The
mixture was diluted with DCM and washed with 5 % NaHCO3 (× 2), DI H2O,
and saturated brine solution and dried over MgSO4. The product was filtered
and concentrated under reduced pressure, affording a colourless oil (2.23 g, 91 %).
The product was used without further purification. 1H NMR (CDCl3, 400 MHz):
δ/ppm = 6.18 (bm, 1H), 5.64 (bm, 1H), 4.44 (d, J = 8.6 Hz, 2H), 4.18 (m, 4H),
1.97 (bm, 3H), 1.34 (t, J = 7.1 Hz, 6H). 13C NMR (CDCl3, 400 MHz): δ/ppm =
166.5, 135.4, 127.1, 62.9, 58.0, 56.4, 18.4, 16.6, 16.5. 31P NMR (CD2Cl2, 400 MHz):
δ/ppm = 18.6. HRMS (ESI, m/z) calculated for C9H17O5P [M+H]+: 237.0886;
found: 237.0879. EA (%) calculated for C9H17O5P: C, 45.77; H, 7.25; found: C,
44.61; H, 7.40. ATR-FTIR σ/cm−1: 1726 (νC=O), 1638 (νC=C), 1252 (νP=O), 1018
(νP–OR).

Polymer 5. Compounds 1 (60 mg, 0.2 mmol), 2 (45 mg, 0.2 mmol) and AIBN
(9 mg, 0.06 mmol) were transferred to a dry Schlenk flask under N2 atmosphere.
Dry THF (3.75 mL) was added to the flask with stirring, followed by 3 (20 µL,
0.2 mmol) dropwise; O2 was finally removed from the mixture by three freeze-
pump-thaw cycles. The flask warmed to RT and was transferred to a pre-heated
oil bath at 70 ◦C with stirring overnight. After cooling to RT, the crude product in
THF was concentrated to 1 mL and dropped into 50 mL hexane to precipitate the
copolymer. The solid was filtered and washed with hexane and Et2O to remove
unreacted monomers. The product was isolated and dried under high vacuum,
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affording a white solid (85 mg, 68 %). 1H NMR (CDCl3, 400 MHz): δ/ppm =
8.8-8.4 (bm, 4H), 8.4-8.2 (bs, 2H), 7.9-7.6 (bm, 2H), 7.4-7.1 (bm, 2H), 4.4-4.0
(bm, 7H), 3.7-3.5 (bm, 11H), 2.4-0.6 (bm, 36H). Molar monomer ratio (x:y:z)
determined by integrating the 1H NMR signals from aromatic tpy protons (8.8-
7.1 ppm), 2 CH2 protons (4.4-4.0 ppm) and 3 CH3 protons (3.7-3.5 ppm): 1:1.1:3.6.
31P NMR (CDCl3, 400 MHz): δ/ppm = 18.8. EA (%) found: C, 60.88; H, 7.04; N,
4.89. ATR-FTIR σ/cm−1: 1728, 1567,1403, 1246. GPC (PS standard, 2 mg mL−1

in DMF + 0.1 M LiBr): Mn = 2.11 kDa, PD = 3.98.

Polymer p1. To a solution of polymer 5 (40 mg) in 2 mL dry DCM at 0 ◦C
under N2 atmosphere, bromotrimethylsilane (16 µL, 0.1 mmol, 2.5 eq relative to
the number of moles of phosphonate units in 5 using molar monomer ratios from
1H NMR) was added dropwise. The reaction mixture was stirred overnight and
warmed from 0 ◦C to RT. Dry MeOH (1 mL, 25 mmol) was then added directly
to the reaction mixture at RT with stirring for 4 h. The crude product was
concentrated and re-dissolved in a 1:1 v:v EtOH:DCM mixture and dropped into
50 mL hexane to precipitate the copolymer. The solid was filtered and washed
with hexane. The product was isolated and dried under high vacuum, affording a
light pink solid (38 mg, 95 %). 1H NMR (CD3OD, 400 MHz): δ/ppm = 9.2-7.8
(bm, 10H), 4.4-4.0 (bs, 2H), 3.9-3.5 (bm, 12H), 2.4-0.5 (bm, 40H). Molar monomer
ratio (x:y:z) determined by integrating the 1H NMR signals from aromatic tpy
protons (9.2-7.8 ppm), phosphonic acid methylene CH2 protons (4.4-4.0 ppm) and
3 CH3 protons (3.9-3.5 ppm): 1:1:4. 31P NMR (DMSO-d6, 400 MHz): δ/ppm =
14.1. EA (%) found: C, 47.6; H, 5.77; N, 4.05. ATR-FTIR σ/cm−1: 1722, 1593,
1429, 1266. GPC (PS standard, 2 mg mL−1 in DMF + 0.1 M LiBr): Mn = 3.3 kDa,
PD = 1.60.

Polymer 6. Polymer 6 was synthesised according to the procedure for 5, but
with monomers 1 (45 mg, 0.1 mmol), 2 (34 mg, 0.1 mmol) and 4 (32 mg, 0.1 mmol)
and AIBN (7 mg, 0.04 mmol). After cooling to RT, the crude product in THF
was concentrated to ∼1 mL and dropped into 50 mL hexane to precipitate the
copolymer. The solid was filtered and washed with hexane to remove unreacted
monomers. The product was isolated and dried under high vacuum, affording a
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white solid (50 mg, 45 %). 1H NMR (CDCl3, 400 MHz): δ/ppm = 8.8-8.1 (bm,
6H), 7.9-7.6 (bm, 2H), 7.4-7.0 (bm, 2H), 4.5-3.9 (bm, 8H), 2.5-0.5 (bm, 43H).
Molar monomer ratio (x:y:z) determined by integrating the 1H NMR signals from
aromatic tpy protons (8.8-7.0 ppm), the 4.5-3.9 ppm region (6H per 2, 2H per 4)
and the 2.5-0.5 ppm region (5H per 1, 11H per 2, 24H per 4): 1:1:1.2. 31P NMR
(CDCl3, 400 MHz): δ/ppm = 18.7. EA (%) found: C, 63.70; H, 7.11; N, 5.82.
ATR-FTIR σ/cm−1: 2922, 1728, 1565, 1402, 1251. GPC (PS standard, 2 mg mL−1

in DMF + 0.1 M LiBr): Mn = 2.1 kDa, PD = 2.19.

Polymer p2. The polymer p2 was synthesised according to the procedure
for p1, but with polymer 6 (40 mg) and 15 µL bromotrimethylsilane (0.1 mmol).
The copolymer was precipitated upon the addition of excess MeOH, filtered, and
washed with MeOH. The product was isolated and dried under high vacuum,
affording a light pink solid (25 mg, 63 %). 1H NMR (CD2Cl2/CD3OD, 400 MHz):
δ/ppm = 9.5-7.3 (bm, 10H), 4.5-3.9 (bm, 2H), 2.5-0.5 (bm, 38H). Molar monomer
ratio (x:y:z) determined by integrating the 1H NMR signals from aromatic tpy
protons (9.5-7.3 ppm), the 4.5-3.9 ppm region (2H per 4) and the 2.5-0.5 ppm
region (5H per 1, 5H per phosphonic acid, 24H per 4): 1:1:1.2. 31P NMR (DMSO-
d6, 400 MHz): δ/ppm = 13.8. EA (%) found: C, 50.0; H, 5.50; N, 5.14. ATR-FTIR
σ/cm−1: 2925, 1725, 1597, 1428, 1251. GPC (PS standard, 2 mg mL−1 in DMF +
0.1 M LiBr): Mn = 3.1 kDa, PD = 1.36.

Coordination of the polymers p1 and p2 with Co(II). The coordinated
P1x and P21 copolymers were prepared by the addition of 1-2 mL dry MeOH
to a flask, under N2 atmosphere, containing a stoichiometric combination of the
corresponding dry p1 or p2 copolymer scaffold and Co(BF4)2·6H2O, and stirred
overnight. A portion of the reaction volume was removed and added to dry
MeOH to give a final Co(II) concentration of 0.25 mM for immobilisation. This
immobilisation solution was stored in the dark at RT. In the case of P11 and
P211, the remaining reaction volume was dropped into an excess of Et2O to
precipitate the coordinated copolymer. The solid was filtered, washed with Et2O,
and dried under high vacuum to yield the coordinated copolymer as a red-brown
powder.

CotpyP. CotpyP was synthesised according to the procedure described in
Chapter 3 section 3.4.3.
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5.4.4 Assembly of Electrodes

Fabrication of FTO|IO-ITO Electrodes

FTO|IO-ITO electrodes were fabricated according to a previously-reported proce-
dure.18

Fabrication of Ti|IO-TiO2 Electrodes

A mixed dispersion of TiO2 anatase nanoparticles (10-30 nm diameter) and
polystyrene beads (750 nm diameter, 2.54 % w/v suspension in water) was prepared
as follows: TiO2 anatase nanoparticles (36 mg) were dispersed by sonication in a
water/MeOH mixture (4:1 v:v) (346 µL) for 2 h using a Bandelin Sonorex Digiplus
sonicator. The dispersion of polystyrene spheres (1000 µL) was centrifuged, the
supernatant removed, and the polystyrene pellet re-dispersed in MeOH (1000 µL).
The polystyrene dispersion was centrifuged again, the supernatant removed, and
the dispersion of TiO2 nanoparticles added to the polystyrene pellet. The mixture
was further diluted by the addition of the water/MeOH mixture (4:1 v:v) (346 µL)
and then vortexed and sonicated for 5 min in ice-cold water (< 5 ◦C) to give the
polystyrene–TiO2 dispersion, which was used immediately. The Ti foil (7 × 12
× 0.25 mm) was sonicated sequentially in isopropanol and ethanol for 30 min.
A parafilm ring was placed onto the substrate to define the geometrical surface
area for the IO-TiO2 films, and the polystyrene–TiO2 dispersion was drop-cast
onto this pre-defined area. An amount of 5 µL of the described polystyrene–TiO2

dispersion on a 0.28 cm2 geometrical surface area corresponds to a 15 µm thick
IO-TiO2 structure. The electrode was allowed to dry for at least 4 h before the
parafilm was removed. The electrodes were heated in a Carbolite furnace at a rate
of 1 ◦C min−1 from room temperature to 500 ◦C and annealed at this temperature
for 20 min before slowing cooling down to room temperature.

Fabrication of Si|IO-TiO2 Electrodes

The Si|IO-TiO2 photoelectrodes were prepared in two steps - atomic layer deposi-
tion of a thin TiO2 layer followed by deposition of an inverse opal TiO2 layer –
according to previously-described procedures.22

First, the Si wafer were cleaned in isopropanol, dried under a N2 airflow, etched
for 2 min in buffered oxide etch (6:1 v:v of 40 % NH4F in water and 49 % HF),
rinsed in water and dried under N2. The wafer was loaded at 60 ◦C into the



172 5.4 Experimental Section

ALD chamber (Cambridge Nanotech Savannah S100 G1), which was immediately
evacuated to prevent oxide formation, before being ramped to 200 ◦C. TiO2 was
deposited in a multi-pulse mode at 200 ◦C as described in detail previously.23

Titanium(IV) isopropoxide (TTIP), volatilised at 90 ◦C, was used as the precursor
and DI H2O vapour as the oxidant. Both TTIP and H2O doses were set equally
at 1.45-1.65 Torr·s. The precursor and oxidant were delivered sequentially to the
reaction chamber separated by 15 s of purging with 20 sccm of N2 to prevent a
CVD-like reaction. TTIP was pulsed first in the sequence to minimise any initial
oxidation. The total number of cycles was set to 115 to achieve an atomic layer
deposition of approximately 4 nm thick TiO2 layers.

The IO-TiO2 layer was assembled on top of the Si|ALD-TiO2 surface (1 cm ×
2 cm) following a previously reported co-assembly procedure for hierarchical indium
tin oxide.18 Briefly, TiO2 nanoparticles (P25, 36 mg) were dispersed by sonication
in a 4:1 v:v MeOH:H2O mixture (360 µL) for 3 h. A dispersion of polystyrene beads
(1.2 mL; 2.54 % w/v suspension in water; 750 nm bead diameter) was centrifuged
to remove the supernatant. The P25 nanoparticle solution was added to the
polystyrene pellet, and sonicated for 5 min in ice-cold water (< 5 ◦C) to give the
polystyrene-P25 dispersion. This dispersion (5 µL) was drop-cast onto the Si|TiO2

surface (0.178 cm2 geometrical surface area) to fabricate a 10 µm thick IO-TiO2

layer. The electrodes were sintered at 450 ◦C for 2 h under an Ar atmosphere
(ramping rate 1 ◦C min−1 from room temperature).

Assembly of FTO|IO-ITO|-, Ti|IO-TiO2|- and Si|IO-TiO2|polymer elec-
trodes

Immobilisation of all polymers on all types of electrodes was carried out by soaking
the electrodes in a methanolic solution of the respective polymer (prepared by
the dropwise addition of a MeOH solution of either p1 or p2 to a MeOH solution
of Co(BF4)2·6H2O to give a final Co concentration of 0.25 mM) for 16 h. In the
case of the metal-free control experiment, a MeOH solution of the polymer in the
absence of the Co salt (with the polymer in the same concentration as was used
for the metal-complexed solution) was used to sensitise the electrodes instead. In
the case of Ti|IO-TiO2- and Si|IO-TiO2-based electrodes, the (photo)cathodes
were subsequently back-contacted and insulated by an epoxy adhesive prior to
further use. Sand paper was used to abrade the surface of the electrode’s back side
before application of a conductive silver paint (RS® Components 186-3593), after
which an electrical wire was connected to the dry silver using the same conductive
silver paint. Upon drying, an off-white opaque epoxy adhesive (Loctite® EA 9466)
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was applied on both sides of the electrodes, leaving only the photoactive surface
(S ≈ 0.1-0.2 cm2) exposed. The cells were allowed to dry thoroughly for 40 h in air
before use.

Quantification of Catalyst Loading

The quantification of the amount of immobilised polymer (mole Co per geometrical
area) on the electrodes was evaluated in triplicate by ICP-OES after digestion
of the electrodes (≈0.56 cm2 film area for Ti|IO-TiO2 and 0.28 cm2 film area for
FTO|IO-ITO) in aqueous HNO3 (70 %) overnight and dilution to 2 % v/v with
Milli-Q® water.

5.4.5 Electrochemical Methods

General Methodology

Electrolysis experiments were performed on an Ivium CompactStat potentiostat
and CV and SWV experiments were performed on a BioLogic VSP potentiostat.
A three-electrode configuration was employed in an airtight cell, with a Pt mesh
CE and a Ag/AgCl RE in an electrolyte solution of the same composition as that
used for all dry DMF and mixed DMF:H2O and MeCN:H2O experiments. The
potential of the RE was referenced daily against the ferrocene/ferrocenium couple
(Fc+/Fc) in the corresponding electrolyte solution. The supporting electrolyte was
TBABF4 (0.1 M) in all electrolyte solutions. All electrochemical measurements
were performed at room temperature.

Dark Electrochemical Characterisation

Cyclic and square wave voltammetry experiments were performed in the cell
described above with either a glassy carbon WE, or a polymer-free (blank) or
polymer-modified FTO|IO-ITO WE. The electrolyte solution was purged with
either N2 or CO2 for 20 min to remove atmospheric O2 and saturate the solution.
For SWV, scans proceeded in the cathodic direction from the positive potential
limit after a 30 s equilibration time. For CV, scans began as indicated in each
figure, either (i) at the open circuit potential and initially proceeded in the anodic
direction to the positive potential limit, or (ii) at the positive potential limit and
in the cathodic direction during sequential SWV-CV studies. For solution-based
experiments, the isolated P11 and P21 copolymers were re-dispersed in a mixture
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of DMF and DI H2O (95:5 v:v DMF:H2O), with 0.1 M TBABF4, at 0.5 mM Co(II)
concentration.

(Photo)Electrocatalytic Studies

Controlled potential electrolysis was performed on Ti|IO-TiO2-based electrodes as
the working electrodes in the dark, while LSVs and controlled potential photo-
electrolysis under simulated solar irradiation were performed on Si|IO-TiO2-based
electrodes as the working electrodes. Custom-made airtight two-compartment
electrochemical cells with a glass frit to separate the compartments were em-
ployed for all experiments. A Newport Oriel Xenon 150 W solar light simulator
(100 mW cm−2, AM1.5G containing IR water and UV (λ > 400 nm) filters) was
used as the light source for photoelectrocatalytic studies on Si|IO-TiO2-based
electrodes. LSVs were conducted at a scan rate of 5 mV s−1 with chopped light
alternating between dark and light every 5 s. The catalytic onset potential is
defined as the potential at which a photocurrent density of |J | = 5 µA cm−2 was
achieved by the respective electrode. The applied potential during CP(P)E was
−1.3 V vs. Fc+/Fc or −1.0 V vs. Fc+/Fc for Ti|IO-TiO2- or Si|IO-TiO2-based elec-
trodes, respectively. For CPPE, continuous illumination was maintained, apart
from hourly dark chops lasting for 2 min each.

Product Quantification

Prior to all (photo)electrochemical experiments, the electrolyte solution in both
compartments of the photoelectrochemical cell was purged with CO2 containing
2 % CH4 as an internal standard for gas chromatography (GC) measurements;
the only exception was in the case of N2 atmosphere control experiments, where
the solution was purged with N2 containing 2 % CH4. The amount of gaseous
CO and H2 produced was analysed by headspace gas analysis using a Shimadzu
Tracera GC-2010 Plus with a barrier discharge ionisation detector (BID). The
GC was equipped with a ShinCarbon micro ST column (0.53 mm diameter) kept
at 40 ◦C using helium carrier gas. Aliquots (50 µL) of the headspace gas were
removed for GC analysis at regular time intervals. Formic acid was analysed by ion
chromatography using a Metrohm 882 compact IC plus ion chromatography system
but any amount produced was found to be below the detection limit. The Faradaic
efficiency of the cathodes was calculated by comparing the expected amount of
total product as indicated by the total charge passed through the electrode and the
actual amount produced. Analytical measurements were performed in triplicate
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and the standard deviation of each data point is given in the tables and denoted
by error bars in the graphs.

Isotopic Labelling Studies

CP(P)E of Ti|IO-TiO2|P11 and Ti|IO-TiO2|P21 electrodes were performed with
13CO2 as the headspace gas. After 4 h, the electrochemical cell headspace was
transferred to an evacuated gas IR cell (SpecAc, 10 cm path length, equipped with
KBr windows) and a high-resolution transmission spectrum was collected on a
Thermo Scientific Nicolet iS50 FT-IR spectrometer.
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Chapter 6

Conclusions

6.1 Summary

The aim of this thesis was to develop molecular photocathodes towards solar fuel
synthesis in aqueous conditions using only Earth-abundant components, both as
a means towards low-cost photoelectrochemical devices and also as a platform
from which to demonstrate and explore the benefits of molecular catalyst surface
immobilisation.

First, the fabrication of a functional, versatile p-silicon|mesoporous titania
(Si|mesoTiO2) photoelectrode was established. The function of the mesoporous
TiO2 is multi-fold: (i) to stabilise Si against severe SiOx formation in the presence
of air and water, which would have otherwise eventually rendered the photoelec-
trode inactive, (ii) to provide a high-surface-area scaffold capable of simultaneously
loading a large amount of molecular catalyst, and (iii) to act as an electron-selective
conduit between the underlying light harvester and the surface-immobilised cat-
alyst. The Si|mesoTiO2 electrode was prepared using a simple doctor-blading
method immediately following HF-etching of the Si wafer, followed finally by a
multi-step sintering process under air. Despite the lack of more complex deposi-
tion methods and exposure to air during annealing, this method proved effective
at maintaining a stable connection between the Si and TiO2, as evidenced by
the photoelectrode’s constant photovoltage of +0.4 V vs. RHE and an analogous
TiO2-free Si electrode being inactive after treatment under similar conditions.

The metal oxide nature of TiO2 lends itself well to anchoring by functional
groups such as acids. In our case, phosphonic acid-functionalised molecular cata-
lysts featured throughout this thesis as a consequence of both readily available
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coordination complexes as well as the superior stability that phosphonates afford
under slightly acidic operating conditions over carboxylates. Beginning with H2

evolution, a DuBois-type catalyst, NiP, and a cobalt diimine-dioxime catalyst,
CoP3 – both of which bear phosphonic acid moieties – were immobilised on
Si|mesoTiO2 to yield the corresponding photoelectrodes. Both molecular pho-
tocathodes performed in pH 4.5 aqueous conditions to the same (if not slightly
better) degrees as their solution-based counterparts in the literature, and rep-
resent the first reports of molecular-based proton-reducing photocathodes on Si
operating in water. Moreover, Si|mesoTiO2|NiP was found to be active for over
24 h, yielding a turnover number of ∼1000 and a Faradaic efficiency nearing 90 %,
setting a new benchmark for molecular H2 evolution photocathodes and making
it the best-performing system for an immobilised DuBois-type catalyst in terms
of photocurrents and TONs. The biocompatibility of TiO2 as a material and the
versatility of the photoelectrode scaffold was further demonstrated by incorpo-
ration of a naturally-occurring [NiFeSe]-hydrogenase enzyme onto Si|mesoTiO2.
This photocathode also displayed high photocurrents and Faradaic efficiencies
but was ultimately limited by the mismatch in size between the enzyme and the
electrode’s pores, which led to enzyme desorption and therefore unsustainable
activity beyond a couple of hours.

An interesting, unforeseen phenomenon that was observed with the Si|mesoTiO2

motif was a charging up behaviour, whereby it appears that photogenerated elec-
trons can remain relatively long-lived (on the order of several minutes) in the
conduction band of TiO2 when in the absence of an efficient catalyst at the
surface. The charging up and discharging of the TiO2 CB was studied by multiple
electrochemical techniques, including a comparison between catalyst-free and
catalyst-modified electrodes, and the deliberate addition of an electron acceptor
into solution in order to observe a forced discharge of the TiO2 CB. These experi-
ments demonstrated that the well-known ability of mesoTiO2 to trap electrons can
be exploited in our Si|mesoTiO2 architecture, representing the first application of
this phenomenon via the fabrication of a device capable of storing visible light-
generated electrons on an electrode. The realisation of these long-lived electrons
following photoexcitation of the Si|mesoTiO2 electrode could allow one to envision
devices that are capable of temporal decoupling between the photo-production
of the electric charge and its utilisation in the form of electricity or chemical
synthesis.

Having demonstrated the robustness and versatility of the Si|mesoTiO2 ar-
chitecture, we took this platform further and developed a CO2 reduction pho-
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tocathode using a previously-unreported, phosphonic acid-modified cobalt(II)
bis(terpyridine) electrocatalyst, CotpyP. CotpyP can be synthesised in a simple
one-step self-assembly process combining a Co(II) salt and the phosphonate-
containing terpyridine ligand, the resulting solution of which can be used to
directly modify an immersed electrode. Si|mesoTiO2|CotpyP represents the first
molecular photocathode free of precious metal components in any conditions
(organic and aqueous alike). This photocathode was found to perform CO2 re-
duction in MeCN:H2O mixtures of varying ratios with selectivity primarily for
CO2 reduction products (CO and formate), where a 6:4 v:v MeCN:H2O ratio
was found to yield the optimum performance (TON = 381, FE = 77 %, lasting
for > 24 h), setting a new benchmark for molecular CO2 photocathodes. Several
explanations were given to rationalise why such an optimum at median water
concentrations was observed; these include a shifting thermodynamic landscape
where E°’(CO2/CO) changes with MeCN:H2O ratios, CO2 solubility and hence
availability in MeCN vs. in H2O, and effects at the TiO2|electrolyte interface
(band-bending, H+ concentration etc.). These reasons go further to explain why
the observed activity and product selectivity worsened upon switching to purely
aqueous conditions. Nevertheless, despite improvements in performance being pos-
sible, the achievement of CO2 reduction in 100 % water with a precious metal-free
photocathode is in itself a significant milestone.

An in-depth mechanistic investigation was thereafter launched in response to
two observations: (i) the apparent energy mismatch between the photovoltage de-
liverable by the Si|mesoTiO2 electrode and the catalytic overpotential required of
solution-based cobalt bis(terpyridine)s reported in the literature, and (ii) the molec-
ular integrity of CotpyP on our photoelectrode even after long-term photoelec-
trocatalysis. These findings are at odds with literature precedence, which suggests
the need to lose an entire equivalent of terpyridine to form the mono(terpyridine)
species that thereafter catalyses CO2 reduction at potentials negative enough
to reduce the ligand. A mixture of (spectro)electrochemical techniques were
employed on surface-immobilised CotpyP to investigate this discrepancy. All
results confirmed the retention of the metal complex’s bis(terpyridine) ligation
even after being subject to catalytic conditions. Crucially, evidence pointed to-
wards a small change in the structure of the catalyst that both maintained this
bis(terpyridine) symmetry and also responded to changes in the water content
of the solution. Direct evidence that this change is located at the phosphonic
acid moiety of the catalyst was given by spectroelectrochemical IR, ultimately
leading to a proposed mechanism that is in sharp contrast to that for reported Co
bis(terpyridine)s in solution (homogeneous conditions). Namely, in our case, the
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loss of a terpyridine is apparently unnecessary, as protonation of the phosphonic
acid results in an internal proton source that yields a pyridinium capable of
stabilising an open coordination site at the Co metal centre for the approach of
CO2. This mechanism is seemingly possible as a result of both having the in-built
acid in close proximity to the Co centre, as well as immobilising the catalyst in
the first place in order to access a sufficient concentration of protons in water-rich
solutions. Ultimately, this led to the aforementioned earlier catalytic onset and
better electrocatalytic performances, while enabling aqueous CO2 reduction with
our hybrid photocathode.

Finally, with the aim of demonstrating that catalyst performance can be
influenced without directly modifying its primary coordination sphere, we took
this work with CotpyP further by rationally designing polymers that incorporate
three elements in their co-monomers: (i) the cobalt bis(terpyridine) motif as the
CO2 reduction catalytic centre, (ii) a phosphonic acid moiety to anchor onto
metal oxide surfaces, and (iii) an additional functional group to induce variations
in the catalyst’s outer coordination sphere environment. These polymers were
immobilised on inverse opal-type electrodes designed specifically to accommodate
large molecules. First, the ability to modulate cross-linkage of the polymer scaffold
with varying populations of mono(terpyridine) and bis(terpyridine) populations
and subsequently tune its electrocatalytic performance was demonstrated. Second,
the rational design of the polymer’s functional group was also aimed towards the
provision of an artificial environment for the active complex that would influence
product selectivity, which was ultimately demonstrated by the improvement of a
H2:CO product ratio of 1:2 (molecule) to 1:6 (polymer). The best performing poly-
mer was also immobilised on a Si|inverse-opal TiO2 scaffold and was demonstrated
to be able to achieve solar-driven, selective CO2 reduction.

In conclusion, we set out to demonstrate that molecular photocathodes that
are stable and efficient in aqueous conditions towards reductive solar fuel synthesis
can be achieved in a straightforward manner. In addition to achieving this
milestone and setting new literature benchmarks for photocathode performance
along the way, intriguing insights were also made with respect to influences on
mechanistic pathways that might have only come about as a consequence of
surface-immobilising these catalysts. The scope for further improvement in device
performance by means of influencing its external environment rather than the
catalytic core itself was also demonstrated.
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6.2 Outlook

There continues to be great scope for the continued development of precious metal-
free molecular photocathodes towards solar fuel synthesis. Going forward, we can
envision several areas of improvement that would benefit overall performance.

While p-type silicon has proven to be a profitable choice as an Earth-abundant
light-harvesting material in the work described in this thesis, one of its primary
limitations arises from one of its strengths: its relatively small energy band gap
enables its utilisation of long-wavelength photons – even in the infrared – but
ultimately results in a relatively positive conduction band potential and therefore
a small photovoltage. The low-cost method by which we chose to deposit the TiO2

interlayer under aerobic conditions also likely contributed to the low photovoltage
of the resulting photoelectrode. Although this sufficed for the molecular catalysts
that were employed in this thesis, it will limit the scope of catalysts that can be
used with the Si|TiO2 scaffold, especially for CO2 reduction, where some of the
most recently published state-of-the-art molecular catalysts require overpotentials
that our electrode would be unable to deliver. We could therefore envision a
similarly simple approach towards utilising semiconductors with larger band
gaps (e.g. Cu2O), where surface stabilisation against aqueous conditions and the
presentation of a high surface area scaffold may also be achieved in one step as
they were in this work.

Another key area of improvement would be the CO2 reduction performances
of these devices in pure water – in terms of both absolute activity and product
selectivity. The reasons suspected to explain the less-than-optimal performance of
Si|mesoTiO2|CotpyP in pure water have already been discussed, and may serve
as launching points from which to design better systems. One way in which we
tried to do this was to use a polymer matrix that both embedded the catalyst
as well as provided a hydrophobic environment for it, which led to improved
product selectivity for CO2 reduction products. This strategy presents endless
possibilities for future work, where one might envision the incorporation of several
other functionalities in the system simply by assigning a co-monomer to impart
each of these desired properties. Options include proton relays to help both
proton reduction mechanisms and proton-dependent CO2 reduction mechanisms;
light-absorbing molecules (e.g. a dye) to yield an “in-house” light harvester in the
polymer; and other moieties like amines that would serve to entrap CO2 directly
in the vicinity of the catalyst. However, in order to realise the full potential that
catalyst-embedding polymers can offer, the electrode-polymer interface needs to
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be improved. The low Faradaic efficiencies we observed in our CO2-reducing metal
oxide-polymer cathodes were the most significant bottleneck towards achieving
higher performances. Therefore, working towards understanding and addressing
this would be an obvious first step towards more elegant, optimised systems.



Appendix A

General Data Analysis Methods

The methods used to treat and analyse data throughout this thesis are outlined
in this Appendix.

A.1 Data Treatment

Throughout this thesis, analytical measurements have been performed in trip-
licate, most notably when quantifying the amount of product obtained from
(photo)electrocatalysis. The data were treated as follows to give the mean and
standard deviation for each data point.

For a sample of j observations xi (where typically j = 3), the unweighted
mean value, x0, was calculated using the equation

x0 =
j∑

i=1

xi

j
(A.1)

and the standard deviation, σ, was calculated using the equation:

σ =

√√√√ j∑
i=1

(xi − x0)2

(j − 1) (A.2)
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A.2 Gas Product Quantification

Throughout this thesis, GC was used to quantify the amount of gaseous product
(H2 and/or CO) produced. The GC trace gives peaks for the product(s) produced,
alongside peaks for N2 or CO2 (depending on which was the purging gas used)
and the internal standard, CH4. The amount of product produced was quantified
by comparison to the CH4 internal standard using the calculation below.

The molar quantity of the produced gas (nx, where x = H2 or CO) can be
calculated using the relative integration areas of the product gas (Ax) and the
internal standard (ACH4), the fixed molar quantity of the internal standard purged
into the photoelectrochemical vessel prior to the experiment (nCH4), and the GC
instrument’s calibrated response factor of the product gas relative to the internal
standard (RF x):

nx = Ax

ACH4

· 1
RF x

· nCH4 (A.3)

The molar quantity of the CH4 internal standard (present always in the vessel
at 2 % as a result of the gas cylinders used for purging), nCH4 , can be estimated
using the ideal gas law and knowledge of the electrochemical vessel’s gas headspace
volume, V headspace, as follows:

nCH4 = 2pV headspace

100RT
(A.4)

where p is pressure, T is absolute temperature, and R is the gas constant; the
former two take values for standard room temperature and pressure.

Using H2 as an example as the product of interest, substitution of A.4 into
A.3 would lead to

nH2 = AH2

ACH4

· 1
RF H2

· 2pV headspace

100RT
(A.5)

Faradaic efficiency, FE, is calculated by comparing the expected amount of
product, nexpected, to the actual amount produced, nx.

nexpected = ne-F

Q
(A.6)
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where F is the Faraday constant, Q is the amount of charge passed through the
electrode, and ne- corresponds to the number of moles of electrons needed to yield
one mole of product, which is 2 in our case according to the following equations:

2H+ + 2e− −−−→ H2 CO2 + 2H+ + 2e− −−−→ CO+H2O

Therefore,
FE = nxQ

2F
(A.7)

Turnover numbers and turnover frequencies are expressed in units of molx·
molcatalyst

−1 and molx·molcatalyst
−1·h−1, respectively, where x is once again the

product in question.
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Appendix to Chapter 2

B.1 Supplementary Figures

Fig. B.1 UV-visible spectra of CoP3 (black) and NiP (red) solubilised in methanol
in the presence of tetrabutylammonium hydroxide (0.1 M), measured at room
temperature.
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Fig. B.2 LSVs of Si (black), Si|mesoTiO2 (blue), Si|mesoTiO2|CoP3 (green),
Si|mesoTiO2|NiP (red) and Si|mesoTiO2|Pt (grey) electrodes under continuous
illumination. Arrow indicates scan start and direction. Conditions: aqueous
acetic acid solution (0.1 M, pH 4.5), UV-filtered simulated solar light irradia-
tion (AM1.5G, 100 mW cm−2, λ > 400 nm), N2 atmosphere, room temperature,
ν = 5 mV s−1.

Fig. B.3 CPPE trace for bare Si electrode at Eapp = 0.0 V vs. RHE under
continuous illumination with an hourly dark chop lasting for two min each.
Conditions: aqueous acetic acid solution (0.1 M, pH 4.5), UV-filtered simulated
solar light irradiation (AM1.5G, 100 mW cm−2, λ > 400 nm), N2 atmosphere,
room temperature.
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Appendix to Chapter 3

C.1 Supplementary Figures

Fig. C.1 Photographs of typical electrodes at various stages of preparation towards
the final Si|mesoTiO2|CotpyP photocathode. In brief, the Si wafer is etched
with HF acid, followed by immediate deposition and sintering of a mesoTiO2 film.
CotpyP sensitisation is carried out by immersion of the Si|mesoTiO2 electrode
into a solution of the catalyst. Finally, back contact preparation and epoxy
insulation of inactive areas yield the final photocathode.
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Fig. C.2 Control experiments comparing the photoelectrocatalytic behaviour of
Si|mesoTiO2 with Si|mesoTiO2|CotpyP photocathodes: (a) quantities of CO,
formate and H2 formed during CPPE, and (b) FEs (cumulative over the duration
of the CPPE) for the three different products. Note that the corresponding
J -t traces are given in Fig. 3.7a. Conditions: 6:4 MeCN:H2O (0.1 M TBABF4);
Eapp = −1.0 V vs. Fc+/Fc ; 1 Sun (AM1.5G, 100 mW cm−2, λ > 400 nm); CO2-
saturated conditions; room temperature.

Fig. C.3 (a) TON and product quantities and (b) FE (cumulative over dura-
tion of CPPE) for CO, formate and H2 production by Si|mesoTiO2|CotpyP
photocathode for 24 h of CPPE. Conditions: 6:4 MeCN:H2O (0.1 M TBABF4);
Eapp = −1.0 V vs. Fc+/Fc ; 1 Sun (AM1.5G, 100 mW cm−2, λ > 400 nm); CO2-
saturated conditions; room temperature.
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Fig. C.4 Close-up of J -t traces from first 3 h of CPPE with Si|mesoTiO2 (black
trace) and Si|mesoTiO2|CotpyP (red trace) photocathodes under continuous
illumination and an hourly 2 min dark chop. Following “charging up” in the light,
evidence of anodic discharging in the dark of the bare Si|mesoTiO2 electrode
appears (blue circle), as we have previously reported with this scaffold and as
discussed in Chapter 2 section 2.2.7. Full J -t trace for 8 h CPPE is given in
Fig. 3.7a. Conditions: 6:4 MeCN:H2O (0.1 M TBABF4); Eapp = −1.0 V vs. Fc+/Fc
; 1 Sun (AM1.5G, 100 mW cm−2, λ > 400 nm); CO2-saturated conditions; room
temperature.
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Fig. C.5 Control experiments comparing the photoelectrocatalytic behaviour of
Si|mesoTiO2|CotpyP under N2 and CO2 atmospheres: (a) J -t traces under
continuous light illumination with an hourly 2 min dark chop, (b) quantities of CO,
formate and H2 formed during CPPE, and (c) FEs (cumulative over the duration
of the CPPE) for the three different products. Conditions: 6:4 MeCN:H2O (0.1 M
TBABF4); Eapp = −1.0 V vs. Fc+/Fc ; 1 Sun (AM1.5G, 100 mW cm−2, λ > 400 nm);
room temperature.
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Fig. C.6 Control experiments comparing the photoelectrocatalytic behaviour of
Si|mesoTiO2|Co(BF4)2 and Si|mesoTiO2|CotpyP: (a) J -t traces shown for the
first 20 min, highlighting the initial period of growth suggestive of deposition
from Co(BF4)2 and therefore catalysis performed by a heterogeneous catalyst, (b)
quantities of H2, CO and formate formed across 8 h, and (c) FEs (cumulative
over the duration of the CPPE) for the three different products across 8 h of
CPPE. Conditions: 6:4 MeCN:H2O (0.1 M TBABF4); Eapp = −1.0 V vs. Fc+/Fc
; 1 Sun (AM1.5G, 100 mW cm−2, λ > 400 nm); CO2-saturated conditions; room
temperature.





Appendix D

Appendix to Chapter 4

D.1 Supplementary Tables

Table D.1 Frequencies (ν̃, cm−1) of prominent RR bands of CotpyP adsorbed on
mesoITO electrodes in comparison to those obtained for powders of [CoIItpyP]
and [CoIICl2(tpy)].

CoIItpyP CoIItpyP CoIICl2(tpy)
on mesoITO electrode powder powder

1355 1355 1339
1483 1483 1470
1493 1493 -
1554 1554 1570
1579 1579 1581
1609 1613 1602

Table D.2 Frequencies (ν̃, cm−1) of prominent RR bands ofCotpyP adsorbed
on mesoITO electrodes at different Eapp in N2-purged 9:1 MeCN:H2O (0.1 M
TBABF4). Lowering the electrode potential Eapp from positive to negative values
afforded a redox transition of the complex from CoIII to CoII to CoI with unique
marker frequencies as derived from component fitting analysis. Note that the
table columns have no relation to one another across their rows.

CoIIItpyP CoIItpyP CoItpyP
1571 1358 1476
1621 1485 1566

1552 1603
1610
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D.2 Supplementary Figures

Fig. D.1 Consecutive CVs of mesoITO|CotpyP in 9:1 MeCN:H2O (0.1 M TBABF4)
with the arrow indicating the scan start. Small black arrows indicate changing
peak intensities. Conditions: ν = 50 mV s−1; N2 atmosphere; room temperature.

Fig. D.2 Consecutive CVs of mesoITO|CotpyP in 9:1 DMF:H2O (0.1 M TBABF4)
with the arrow indicating the scan start. Small black arrows indicate changing
peak intensities. Conditions: ν = 50 mV s−1; N2 atmosphere; room temperature.
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Fig. D.3 CV of mesoITO|CotpyP in comparison to mesoITO as a control in 6:4
MeCN:H2O (0.1 M TBABF4) in CO2-saturated conditions. Arrow indicates scan
start. Conditions: ν = 50 mV s−1; room temperature.

Fig. D.4 Confocal RR spectra of dry mesoITO and mesoITO|CotpyP (in absence
of solution) recorded at three different excitation wavelengths λex = 413, 458 and
514 nm.
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Fig. D.5 Second derivatives of ATR-IR spectra (full regions of Fig. 4.10) taken
of mesoITO|CotpyP at different Eapp (Fig. 4.8) in (a) N2-purged MeCN, (b)
N2-purged 9:1 MeCN:H2O and (c) CO2-purged 9:1 MeCN:H2O (0.1 M TBABF4 in
all cases) at room temperature. All spectra have been referenced to background
spectra recorded from catalyst-free mesoITO for each of the above conditions.
Negative bands represent band components and their intensities. Blue and yellow
regions indicate the terpyridine and phosphonate spectral regions, respectively.
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Appendix to Chapter 5

E.1 Supplementary Tables

Table E.1 Quantification of Co loaded on surface of FTO|IO-ITO|P15 electrodes
(thickness ≈ 6 µm) before and after CV cycling in 6:4 MeCN:H2O (0.1 M TBABF4),
as measured by ICP-OES. Loadings are given per geometric surface area.

Co loading on FTO|IO-ITO|P15
(nmol cm−2)

Before cycling 17 ± 2
After cycling 4.3 ± 0.3
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E.2 Supplementary Figures

Fig. E.1 Cyclic voltammograms on the FTO|IO-ITO|P11 electrode under N2
and CO2 atmosphere in 6:4 v:v MeCN:H2O electrolyte solution (0.1 M TBABF4),
100 mV s−1. The response of a polymer-free FTO|IO-ITO electrode under CO2
atmosphere and otherwise identical conditions is also shown. Arrow indicates scan
start.

Fig. E.2 Control experiment comparing the quantities of CO (solid lines) and
H2 (dashed lines) produced by polymer-free Ti|IO-TiO2 and Ti|IO-TiO2|P11
cathodes. Conditions: 6:4 MeCN:H2O (0.1 M TBABF4), Eapp = −1.3 V vs. Fc+/Fc,
CO2-saturated conditions, room temperature.
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Fig. E.3 Control experiment comparing the quantities of CO (solid lines) and H2
(dashed lines) produced by Ti|IO-TiO2|P11 cathodes under N2 and CO2 atmo-
spheres. Conditions: 6:4 MeCN:H2O (0.1 M TBABF4), Eapp = −1.3 V vs. Fc+/Fc,
room temperature.

Fig. E.4 Isotopic labelling control experiment: IR spectra of samples of the
gaseous products taken after 4 h of CPE of Ti|IO-TiO2|P11 under a 12CO2
and a 13CO2 environment. Conditions: 6:4 MeCN:H2O (0.1 M TBABF4),
Eapp = −1.3 V vs. Fc+/Fc, room temperature.
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Fig. E.5 J -t traces of CPE performed on by Ti|IO-TiO2, Ti|IO-TiO2|P11
and Ti|IO-TiO2|P21. Conditions: 6:4 MeCN:H2O (0.1 M TBABF4),
Eapp = −1.3 V vs. Fc+/Fc, CO2-saturated conditions, room temperature.

Fig. E.6 Control experiment comparing the quantities of CO (solid lines) and H2
(dashed lines) produced by Ti|IO-TiO2|P21 cathodes under N2 and CO2 atmo-
spheres. Conditions: 6:4 MeCN:H2O (0.1 M TBABF4), Eapp = −1.3 V vs. Fc+/Fc,
room temperature.
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Fig. E.7 Isotopic labelling control experiment: IR spectra of samples of the
gaseous products taken after 4 h of CPE of Ti|IO-TiO2|P21 under a 12CO2
and a 13CO2 environment. Conditions: 6:4 MeCN:H2O (0.1 M TBABF4),
Eapp = −1.3 V vs. Fc+/Fc, room temperature.

Fig. E.8 Co-based TONs of CO (solid lines) and H2 (dashed lines) produced
by Ti|IO-TiO2|P11, Ti|IO-TiO2|P21 and Ti|IO-TiO2|CotpyP under CPE. Note
that Co loading on Ti|IO-TiO2|CotpyP electrodes was measured by ICP-OES
to be 26.1 ± 0.9 nmol cm−2. Conditions: 6:4 MeCN:H2O (0.1 M TBABF4),
Eapp = −1.3 V vs. Fc+/Fc, CO2-saturated conditions, room temperature.
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