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Abstract

Artificial photosynthesis utilises solar-light for clean fuel Hz production and is emerging
as a potential solution for renewable energy generation. Photocatalytic systems that
combine a light harvester and catalysts in one-pot reactor are promising strategies
towards this direction. Yet, most of the reported systems function by consuming

excess amount of expensive sacrificial reagents, preventing commercial development.

In this thesis, carbon nitrides (CNx) have been selected as non-toxic, stable and
low-cost photocatalysts. CNx are first introduced as efficient light harvesters, to couple
alcohol oxidation with proton reduction, in the presence of a Ni-based molecular
catalyst. This system operated in a single compartment while the oxidation and
reduction products were collected in the solution and gaseous phases, respectively,
demonstrating a closed redox system. In the presence of an organic substrate and
absence of a proton reduction catalyst, photoexcited CNx was found to accumulate
long-lived “trapped-electrons”, which enables decoupling oxidation and reduction
reactions temporarily and spatially. This allows solar Hz generation in the dark,
following light exposure, replication light and dark cycle of natural photosynthesis in
an artificial set-up. The stability of the designed system was found to be limited by the
Ni-based molecular catalyst, and the spectroscopic studies revealed electron transfer
from CNx to catalyst as the kinetic bottleneck. Graphene based conductive scaffolds
were introduced to the CNx-Ni system, to accelerate the rate of electron transfer from
CNx to the Ni catalyst. Time-resolved spectroscopic techniques revealed that
introducing these conductive binders enabled better electronic communication

between CNx and Ni, resulting in significantly enhanced photocatalytic activity.

To improve the solar-light utilisation and the photocatalytic performance of bulk
CNx, a straightforward ultra-sonication approach was introduced. This pre-treatment
was found to break aggregates of bulk CNx, and the resulting activated CNx had
significantly improved activity. The activated CNx showed record activities per gram of
the material used, for Hz evolution with a molecular Ni catalyst. The use of abundant
waste sources instead of organic substrates was investigated in the presence of
activated CNx. The system demonstrated to photoreform purified and raw
lignocellulose samples into Hz in the presence of various Hz evolution catalysts over a

wide range of pH.
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Chapter 1
Introduction

1.1 Overview

The threatening shortage in global energy supply, increasing environmental concerns
as well as economic factors greatly emphasise the need to find alternative clean,
cheap and renewable energy sources, that could either replace or minimise the
demand for fossil fuels.'? Today, more than 80% of total energy is produced from fossil
fuel sources and it is predicted that at the current consumption rate, these sources will
diminish in the next 50-100 years.'? The use of fossil fuel feedstocks has resulted in
increased greenhouse gas emission, especially CO2, which has been identified as the
main driving force of global warming and climate change.? It is also predicted that
global energy consumption will double by 2050, therefore there is a great need to

develop low-cost technologies with large-scale applications to tackle this problem.%4

1.2 Hydrogen

H2 has been identified as the most promising energy carrier candidate and potential
transportation fuel to replace currently used non-renewable fossil derived fuels. Hz is
a clean energy source that possesses a very high combustion enthalpy (-286 kJ
mol™) and can be used directly in fuel cells, producing H20 as the only oxidation
product.® With the rapid development of fuel cell technologies, H2 fuelled cars are now
commercially available and they may play a crucial role in reducing CO2 emission in

the future.® Globally, more than 50 million tonnes of H2 are produced and used by

1



industry every year.” The main use of Hz is for NH3 production, the key raw material
used for fertilisers, while it is also being used as a common reactant in the chemical

industry and in oil refining process to produce light carbon-based fuels.?

Although hydrogen is the most abundant element in the universe, the stocks in
Earth are limited and thus needs to be produced in massive scales.” Currently large
scale Hz production is carried out using the steam-gas reforming process, in which
CHa4 obtained from fossil fuels is converted into Hz (Equation 1.1).” To obtain purified
H2 from syngas (CO and Hz mixture), CO is subsequently converted into CO2 and H2
by water-gas shift reactions (Equation 1.2). This process produces large amounts of
CO:2 as the side product, reaching on average 7 kg of CO:2 per kg of Hz generated.®

Nigcar, A
CH, + H,0 2" (€0 + 3H, (1.1)
Cu,,e, A
CO+H,0 257 €0, + H, (1.2)

In order to meet the growing energy demands of the global society, a
sustainable strategy needs to be developed to produce H: as energy carrier from
renewable sources at low cost, while eliminating the formation of any undesired side
products. The most promising way forward is to utilise water as the feedstock for clean
H2 generation. For this purpose, water splitting into its components Hz and Oz has

attracted significant research focus.

1.3 Water electrolysis

Water splitting is a promising approach for sustainable H2 generation from highly
abundant water, yet it is a thermodynamically uphill reaction with an energy input
demand of 237.2 kJ mol™.1%-12 |n electrochemical terms, this corresponds to a
minimum cell potential of 1.23 V, but in reality much higher cell voltages are required
to overcome additional energy loses during water electrolysis.*® Electrolysis include
water oxidation and proton reduction half-reactions occurring at the anode and

cathode, respectively (Equations 1.3-1.5).



2H* +2¢~ —> H, (E° =0V vs. RHE) (1.3)

2H,0 —> 0, + 4H* +4e~  (E° = 1.23 V vs. RHE) (1.4)

2H,0 —> 2H, + 0, (E° = -1.23 V vs. RHE) (1.5)

The intricate nature of the water oxidation reaction involves multiple electron
and proton transfers that are believed to be the main obstacles in achieving efficient
water splitting systems.** In addition, to lower the cost of H2 evolution via water
splitting, the ultimate goal is to replace the external electrical energy input with a
sustainable energy source. Amongst all the renewable energy sources, solar energy
is the most feasible and attractive to replace the electrical input. This is because the
sun delivers enough energy to Earth in an hour to cover the anthropogenic global
energy consumption annually.* Efficient utilisation of small portion of solar energy is
the most promising strategy towards satisfying the energy needed by water splitting.
Therefore, solar-light driven water splitting is one of the strategies towards sustainable

solar-fuel Hz production from water.

1.4 Photocatalytic water splitting

1.4.1 Natural photosynthesis

In nature, plants are perfectly functioning ‘power stations’ that are efficiently converting
solar energy into chemical energy. Plants have evolved a complex architecture to
utilise solar light to convert naturally abundant CO2 and H20 into carbohydrates and
O:2 respectively, through a series of light and dark reactions cycles; via nature’s major
energy generation process, which is known as “natural photosynthesis”.1®> Natural
photosynthesis is accomplished by a series of enzymes, which are energetically and
kinetically orchestrated to harvest light, produce charge carriers and subsequently

carry out physiological redox reactions.

In the photosynthetic Z-Scheme, solar light is absorbed by photosystem | and
I (PSI and PSII), which contain multiple chlorophyll pigments to harvest light
efficiently. Solar light irradiation of the reaction centre P680 found in PSII, leads to
generation of photoexcited electrons and holes (Figure 1.1).1® The holes are used up
to oxidise H20 to Oz at MnsCa cluster, which is the oxygen evolving complex (OEC).

The photoexcited electrons are delivered to PSI through several electron mediators,
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Figure 1.1. Schematic representation of (a) natural and (b) artificial photosyhthesis.
Arrows represent the direction of electron flow. Abbreviations: OEC, oxygen evolving
complex; PSII, photosystem II; Qa, plastoquinone A; Qs, plastoquinone B; Cyt,
cytochrome bef; PSI, photosystem I; FNR, ferredoxin-NADP* reductase (FNR); NADP,
nicotinamide adenine dinucleotide phosphate; ED, electron donor; Ox. cat., oxidation
catalyst; Med., mediator; PS, photosensitiser, Red. cat., reduction catalyst, EA,

electron acceptor.



plastoquinone A (Qa), plastoquinone B (Qs) and cytochrome bef (Cyt). In PSI, the
second photoexcitation takes place at the reaction centre P700, in which the
photogenerated electrons are used to reduce nicotinamide adenine dinucleotide
phosphate, NADP*, to NADPH (biological hydrogen) by ferredoxin-NADP* reductase
(FNR). NADPH is then used as both proton and electron source in “dark” (light-
independent) Calvin cycle to convert CO: into carbohydrates.1®

Inspired by the efficiency of fundamental steps in natural photosynthesis, which
are light harvesting, charge generation and delivery of the photogenerated charge
carriers to catalytically active sites, great research efforts have been invested in
developing artificial photosynthetic schemes for water splitting.’

1.4.2 Artificial photosynthesis

Artificial photosynthesis mimics the key functions of natural photosynthesis with the
aim to develop inexpensive systems that can efficiently produce solar fuels using
synthetic light harvesters and catalysts, while tackling the bottleneck solar-to-fuel
efficiencies of natural photosynthesis (< 2%).1” The scope of artificial photosynthesis
is not limited to H2 production from water splitting, but many other reactions are also
studied including solar-light-driven organic transformations,'® CO: reduction to CO

and N2 conversion to NH3.19-21

In order to replicate the multi-component array of natural photosynthesis at the
synthetic level, three main components are essential; a photosensitiser (PS), a water
oxidation catalyst (WOC) and a water reduction catalyst (WRC), (Figure 1.1). The
efficient capture of solar-light by the PS is a crucial step in providing the required
energy of minimum 1.23 eV to overcome the uphill nature of the water splitting
reaction. Upon excitation with light, an electron in the LUMO or valence band (VB) of
PS is excited to the HOMO or conduction band (CB) of the PS, forming an excited
state (PS*) and the photogenerated holes on PS are quenched by a water oxidation
catalyst (WOC) to form Oz, while the photogenerated electrons are transferred to WRC
to generate H2.1-12 |t is an essential requirement for the charge transfer from the PS
to the WOC and WRC to occur in faster timescales than the charge recombination in
PS, while the charge transfer can directly happen via collusion of components or can

be assisted with redox mediators.1322.23



There are a number of strategies in designing artificial photosynthesis
schemes, which include photovoltaic electrolysis, photoelectrochemical cells and
photocatalytic systems.?* For the purpose of this thesis, photocatalytic systems will be
studied in which the photosensitiser(s) and catalyst(s) are mixed in a single pot,
eliminating the need for expensive wiring or conductive substrates.'1?425 This
approaches use all components dissolved in the medium used (homogeneous) or
some insoluble parts may form a suspension (semi-heterogeneous). Hybrid systems
are also common containing some soluble (homogenous) and some insoluble

components (heterogeneous).

The first example of water splitting reaction was reported in 1972 using TiO2 as
the light harvester (see Section 1.5.2).26 Water splitting is a promising approach to
produce H:z sustainably from the unlimited source of H20, while H20 oxidation to Oz is
recognised as the kinetically demanding half-reaction, which involves four electron and
proton transfers.?’ This process leads to production of explosive gas mixtures of O2
and Hg, therefore multi compartment design is essential to separate these gasses.
There is also the possibility of O2 and Hz back reaction to generate H20.27 In addition,

many WRCs are Oz sensitive and Oz has limited commercial applications.?8-30

To overcome the complex nature of water splitting reaction, it has often been
studied as two half-reactions, oxidation or reduction half reaction in isolation, in the
presence of sacrificial reagents.?”:3 In these systems, sacrificial scavengers are used
to minimise electron-hole recombination, where they act as charge traps by irreversibly
reacting with the charge carriers, which are electrons and holes for oxidation and
reduction half reactions, respectively. Despite the great interest in oxidative artificial
photosynthetic schemes, this thesis focuses on reductive ones and exclusively on

photocatalytic solar-fuel H2 production.

1.4.3 Sacrificial reagents for solar-fuel H2 evolution

It is difficult to couple catalysts and conditions required for a closed redox system, in
which simultaneous oxidation and reduction reactions are carried out to selectively
produce a single oxidation and a single reduction product with stoichiometric amounts
in a single pot.?> For that reason, sacrificial reagents have been extensively used to
isolate and study Hz evolution half-reaction in photocatalytic systems. Under these

conditions, a sacrificial electron donor reagent is consumed constantly to produce Hz,
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while the H2 and O2 back reaction to H20 is suppressed, due to use of a sacrificial
reagent. The unselective oxidation of donor reagents under sacrificial conditions
produce destructive radicals and a cocktail of non-innocent oxidation products, which
are usually not monitored or characterised, demonstrating an uncontrolled and

unsustainable approach.*!

Various organic compounds including alcohols, amines and acids are being
used as ED to produce H2 photocatalytically under sacrificial conditions.3? Methanol
(MeOH) is one of the most commonly used EDs, yet the consumption of MeOH for Hz
generation will only be sustainable if it is obtained from waste sources.?’” MeOH
undergoes single electron oxidation reaction as it quenches the photogenerated hole
on the PS forming a *CH20H radical. This highly reactive radical can then undergo
further oxidation to form HCHO through e~ injection to the CB of the PS, through a
process known as current doubling effect, generating two CB electrons per hole.3334
In the presence of a WRC, these e~ will be used for H2 production, increasing overall
the yield of Hz formation. This mechanism is likely to occur in sacrificial H2 production
systems employing commonly used alcohol donors with hydrogen atoms at a-position

with respect to OH group (ethanol, butanol).?’

It is challenging to find single-electron donors that do not produce destructive
radical species after one-electron oxidation, while commonly used tertiary amine
donors, triethylamine (TEA), triethanolamine (TEOA) and ethylenediaminetetraacetic
acid (EDTA), also suffer from this.3* Upon single electron oxidation of these reagents,
nitrogen centred cationic radicals are formed.®>3¢ Deprotonation of these radicals with
another molecule of the ED generate strongly reducing carbon-based radicals, which
will rapidly undergo second electron transfer to the PS. Therefore, it is not the starting
material acting as the ED but the radical species generated, which contribute to the
overall photocatalytic H2 production.®® These reactive radicals are also destructive for

other components of the system, typically towards catalysts.3’

Ascorbic acid (AA) is another attractive ED as it is water soluble and it functions
at slightly acidic and neutral pH in comparison to TEA and TEOA that work best under
basic conditions.3! The oxidation product of AA, dehydroascorbic acid (DHA), is an EA
and therefore AA/DHA couple represents a reversible EA/ED cycle. However, as the

concentration of DHA increases in the reaction solution during solar-driven H:z



production, DHA starts to compete with the WRC to collect photoexcited electrons
from the PS, terminating the proton reduction reaction.3®

Introduction of sacrificial reagents to study Hz production half reaction brings
along the problems of increased cost, formation of reactive intermediates and possible
“short-cut” reactions that interfere with the fuel forming reaction. Therefore, the need
remains to move away from non-innocent sacrificial reagents and to design alternative

water splitting systems.

In order to overcome the limitations of sacrificial donors, an alternative
approach is to design closed redox systems and couple proton reduction with selective
organic oxidation reactions (useful organic transformations). The other possible
approach is to use abundant, cheap and sustainable donors (waste) to drive solar-fuel
H2 production. This eliminates the need for any commercially available products to

drive the oxidation half of the scheme (see Section 1.7).

The work in this thesis focuses on designing hybrid systems for these two
alternative water splitting approaches in the presence of carbon-based light harvester
and a variety of proton reduction catalysts. In the following sections, state-of-the-art
photocatalytic systems with commonly used light harvesters, proton reduction
catalysts and alternative approaches for sustainable Hz evolution will be established.

1.5 Photosensitisers

Nature uses pigments to absorb a wide spectrum of light during natural photosynthesis
while in artificial photosynthetic schemes, pigments are replaced with synthetic light
harvesters. Fundamentally, a photosensitiser should absorb solar light efficiently,
preferably visible-light (A > 400 nm), and provide fast charge transfer to catalytic active
sites, while suppressing competitive charge-hole recombination. The band gap and
band positions of artificial light harvesters (molecular dyes and semiconductors) are
critical in providing enough driving force for solar-light-driven reactions.323°
Furthermore, photostability, low cost and low-toxicity are other desirable features of a

photosensitiser.
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Figure 1.2. Structures of ruthenium tris-2,2’-bipryidine [Ru(bpy)s]** and Eosin Y
molecular dyes.

1.5.1 Molecular dyes

Molecular dyes are commonly used photosensitisers of photocatalytic systems and
they are designed by mimicking naturally occurring light absorbing centres, such as
chlorophylls. Most of the studied inorganic molecular dyes consist of precious metal

centres (iridium, ruthenium and rhenium) and aromatic ligands.*°

Dyes such as [Ru(bpy)s]®>* are amongst the most studied metal-based
photosensitisers, especially for dye-sensitised solar cells** with long-lived excited
states, due to their metal to ligand charge transfer (MLCT) states (Figure 1.2).4243 The
bipyridine (bpy) backbone can be modified with different functional groups, allowing
solubility in a wide range of solvents, as well as enabling covalent linkage or anchoring
with different surfaces or catalysts.?24445 Despite the well-defined absorption band and
high efficiencies as photosensitisers, these precious-metal-based dyes suffer from
high cost and low molar absorption coefficient, limiting their large-scale application.*6:4
In addition these dyes can generate highly reducing or oxidising intermediate species,

reducing the stability of the system.4647

Metal-free organic dyes have also been used in the field of photocatalysis for
H2 evolution in conjunction with a variety of catalysts.#®-> Molecular dyes provide
flexibility to engineer side chains and anchoring groups, allowing fine-tuning of their
solubility, electrochemical properties and absorption profiles.?25253 |n comparison to
metal-based dyes, organic dyes such as xanthene-based Eosin Y, have high molar

absorption coefficients and long-lived triplet excited states due to the heavy-atom
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effect (Figure 1.2).52% Organic dyes are free of precious metals, making them
alternatives to traditionally used expensive metal-based dyes, but they typically have

low photostabilities.4950.55

1.5.2 Semiconductors

Semiconductors have the same principles of light absorption and charge separation
as natural photosynthesis.®® Unlike molecular dyes, semiconductors have broad
absorption spectra and better photostability with a capacity to accumulate multiple
charges.1%%’ Since the ground-breaking water splitting report of Honda and Fujishima
in 1972 using TiOz, the potential of semiconductors to drive photocatalytic reactions
took a great amount of research interest.?® TiOz is a widely studied inexpensive and
stable semiconductor with a band gap of 3.0-3.2 eV, absorbing light mainly in the UV-
region of the solar spectrum (A < 400 nm).585° Although the CB of TiO2 (-0.29 V vs.
NHE, pH 0) lies above the potential of proton reduction, the driving force it can provide
is small..®61 The VB of TiO2 lies at a very positive potential, therefore the
photogenerated holes are highly oxidising, producing reactive oxygen species (02",
HO"), that can be destructive towards the components of the system.62.63

Dye-sensitisation of TiO2 with visible light absorbing dyes is a popular approach
to increase visible light utilisation of TiO2 nanopatrticles as well as to extend the lifetime
of the charge separated states.?>6* Visible-light irradiation excites the dye and the
photogenerated electron of the dye is subsequently injected into TiO2 CB, which acts
as a reservoir for long-lived electrons (Figure 1.3).132365 These electrons can then be
transferred to a catalyst to carry out a reduction reaction, replicating the electron relay
in natural photosynthesis.?? A commonly used dye for this purpose is phosphonated
[Ru(bpy)s]?*, RuP, that can immobilise to TiO2 surface through the anchoring

groups.236¢

The RuP dye-sensitised TiO2 has been used for solar-light-driven proton
reduction in the presence of Co-based catalysts (Figure 1.3).5567 More recently,
precious metal-free light harvesters, including carbon nitride,%® carbon dots,%® and
organic molecular dyes, have also been used as sensitisers for TiO2 to drive

photocatalytic H2 evolution.
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Figure 1.3. Schematic representation of a RuP sensitised TiO2 hybrid system for

sacrificial Hz production in the presence of a Co catalyst.

Many other semiconductor materials have been utilised for photocatalytic
applications (Figure 1.4).5%70 Band edges of CdS, CdSe and ZnS are well positioned
for water splitting, while there is only enough driving force for reduction or oxidation
half-reactions for the majority of other semiconductors. CdS is an example of visible
light absorbing quantum dots (QDs), with tuneable size and band positions.’*"? CdS
have been utilised in proton reduction as well as for CO2 reduction systems due to its
highly-reducing photogenerated electrons.”>"6 The photogenerated electrons in ZnS
are also highly reducing (-1.85 V vs. NHE, pH 7), while due to its wide band gap, it

does not show visible light absorption.’”

Yet, these metal chalcogenides lack the photostability of TiO2 nanopatrticles due
to sulphide auto-oxidation by the photogenerated holes in the semiconductor.'178 The
photo-oxidation consequently decomposes these metal chalcogenides, while
introducing sulphite electron donors often supress this unwanted oxidation
pathway.”®8 CdSe has a narrower band gap than CdS, therefore, it utilises visible
light better, while still suffers from auto-oxidation.”#” However, the fundamental
drawback of CdS, CdSe and ZnSe QDs is their toxicity, which limits their use and

large-scale application.8!

BiVO4 is a narrow band gap semiconductor (2.4 eV) with strong visible light
absorption (A < 540 nm) and photostability.?? It is commonly used in oxidation reactions

including Oz evolution and organic transformation due to highly oxidising VB holes.8384

11



-2.0+ 3.7eV
A
-1.07 2.4 eV 2.7 eV 27 ey
L] — . e
3.2 eV [ 1.7 eV | ——
? 00deeecd e 24eV e ]
w 28ev b E (H'/H)
z I
Q4104+
TT [ | WSRETS RO pon WINPT | SPRYSISPURI | SNPROOTSUSIUN FUSUIRSINUIS | PUPRONSTSUIEN) NUSSURTVIUNIIN| POIONRUOT
[ E (02/H0)
+2.04 _—— CaSe
HZNCN NCN
CN
TiO, Vo4
| |
WO,

Figure 1.4. Band energy diagram for selected semiconductors showing VB (blue) and
CB (purple) energies.®®’° Dashed lines indicate the potentials for proton reduction and
water oxidation versus normal hydrogen electrode (NHE) at pH O.

WOz is also a semiconductor frequently used for solar-light-driven oxidation reactions
although it suffers from photocorrosion.®®> Both BiVO4 and WOs are inactive towards
H2 evolution due to mismatch between their CB positions and proton reduction
potential .t

Carbonaceous materials, carbon dots (CDs) and carbon nitrides (CNx), are
emerging as the new-generation, low-cost, non-toxic and easy-to-synthesise light
harvesters. In comparison to traditional semiconductors, these materials are metal-

free and are very attractive for large-scale application.

CDs are 2-10 nm in size and contain a carbon-based core with a diverse
degree of graphitisation, while the surface of the CDs is capped with oxidised groups
(alcohols and carboxylic acids) making them soluble in aqueous media.8-88 CDs are
highly fluorescent particles with strong light absorption in the UV region which tail into
the near-visible region and have been heavily used for in vivo biological
applications.®:%° CDs can be synthesised in multi-gram scale either by “bottom-up” or
“top-down” approaches, through thermal decomposition of organic precursors (citric
acid),®* or exfoliation of pre-ordered graphitic structures (graphene oxide),

respectively.®? CDs have been shown to work for CO2 reduction,®® and H2 evolution
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under sacrificial conditions in the presence of enzymatic or molecular catalysts
reaching up to specific activity of 7,950 pmol Hz (g CD)™ h™1.94-%7 While CDs benefit
from high solubility and easy surface functionalisation, the recycling of dots after
photocatalysis is difficult from a single pot containing all the components, which usually
makes them single-use semiconductors. Furthermore, in depth characterisation of this
new class of material is lacking and structural optimisation at molecular level is
challenging.® For photocatalytic applications, graphitic CNx is an attractive material
with well-understood structural details and reusability (recyclability) due to its

hydrophobic nature.
Carbon Nitride

Graphitic CNx has been known for almost 200 years. It was first obtained as yellow
residue by Berzelius in 1835 and named as “melon” by Liebig.98°° CNx can be easily
synthesised by thermal condensation of low-cost nitrogen-rich commercially available
precursors including cyanamide, dicyanamide, urea and melamine at high
temperature (> 500 °C) at very low costs (< 0.1 $ g™1).100-102 CNy possesses a 2D
stacked structure with a nitrogen heteroatom-substituted graphite layer, formed from
C and N sp? hybridisation. Two different building blocks have been suggested as the
repeating unit in a single layer of CNx, which are condensed s-triazine (C3sNs) and tri-
s-triazine (CsN7, heptazine).1°® Theoretical calculations and experimental evidence
demonstrated that CeN7 is energetically more stable and widely accepted as the
building block in a single chain of CNx structure.%4-16 |ndividual polymeric chains of
CNx orient themselves in a way that every second chain is inverted, fitting like a lock
and key to each other, resulting in strong -1 interactions between chains as well as

strong hydrogen bonding between NH2 groups and NH edge groups.1°?

Polymeric CNx is non-toxic and metal-free.'%” CNx shows thermal stability (>
600 °C) and is insoluble in many conventionally used solvents (water, alcohol, THF,
DMF), establishing chemical stability and application as a heterogeneous
photocatalyst.1%6:108 polymeric CNx shows visible light response due to a moderate
band gap separation of 2.7 eV (A < 460 nm), while the band edge positions (Figure
1.4), CB (-1.3 V vs. NHE, pH 7) and VB (+1.4 V vs. NHE, pH 7), make its application

feasible in both oxidative and reduction photocatalytic reactions.199-111
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As a semiconductor, CNx provides enough driving force for the water splitting
reaction. In 2009, for the first time, Antonietti and his co-workers demonstrated
photocatalytic H2 and Oz evolution under sacrificial conditions in the presence of
CNx.112 This re-visit to the historical semiconductor CNx, has attracted great research
interest in order to utilise this sustainable material with huge potential in different

photocatalytic applications.13

More recently, a solar-driven closed water splitting system has been
demonstrated using CNx by photodeposition of multiple co-catalysts on the surface-
active sites of the material. Simultaneous H2 and O2 evolution was achieved in 2:1
ratio while the need for sacrificial reagents was eliminated.'** The quantum efficiency
of the system was determined as 0.3% (A = 405 nm) and there was a need for precious
metal catalysts for the system to function. A photocatalytic system consisting of CNx
and CDs has also been reported for water splitting via stepwise two electron transfer
reactions.''® First, CNx absorbs visible light and converts H20 to H202 and H2, then
the CDs disproportionate H202 into Oz and H20. The CNx-CD hybrid showed better
visible light absorption than bare CNx and a quantum efficiency of 16% (A = 420 nm)

was achieved.11®

Photocatalytic reduction of CO:2 into hydrocarbon fuels over CNx has also been
reported under sacrificial conditions, by depositing CNx with noble metal co-catalyst
(Pt). Mixture of reduction products including CHs4, CH3sOH and HCHO were detected
with low yields.'® Co-based molecular catalysts were also used in conjunction with
CNx for COz2 reduction to CO, but the system was limited by the further application of
CO. More recently, a hybrid system consisting of CNx and a binuclear Ru(ll) complex,
demonstrated conversion of CO2 into formate through a Z-scheme electron-transfer
mechanism.’” The system showed around 98% selectivity towards formate formation,

a common intermediate molecule for chemical industry.117.118

Many examples of solar-light driven proton reduction under sacrificial
conditions have also been reported with CNx as the light harvester.11®12! |n the
presence of CNx and an electron donor, EDTA, with a Ni-based molecular catalyst,
NiP (Figure 1.5), a specific activity of 437.1 + 43.7 umol H2 (g CNx)™* h™* was
reached.?? Under only visible light irradiation (A > 420 nm), 36% of this initial activity
towards photocatalytic Hz-evolution was maintained. This is due to limited visible light

absorption ability of CNx, leaving room for further improvements.1??
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Figure 1.5. Schematic representation of photocatalytic H2 production in the presence

of CNx, NiP and EDTA as the sacrificial electron donor.

The organic nature of CNx material offers a variety of structural modification
directions. Huge advances have been made in the CNx field and materials reaching
specific activities of 20,000 pumol H2 (g CNx)™ h™t and 37,680 pumol H2 (g CNx)™ h™t
have been reported for Hz-evolution under sacrificial conditions with Pt as the co-

catalyst.100.123

As a semiconductor, CNx have already been wused for pollutant
degradation!'1:124125  and organic transformations.'?6-128 The examples given
represent a wide spectrum for photocatalytic applications of the polymeric CNx. Yet,
the performance of CNx is mainly limited by the fast charge recombination, insufficient
utilisation of visible light (A > 460 nm) and small active surface area available for
interfacial reactions in semi-heterogeneous systems.'12122.129 |n order to overcome
these limitations, different strategies have been developed, aiming to improve the
photocatalytic activity of CNx by tuning its structure, composition and properties. Some
of the possible approaches are to use different precursors as the building blocks,3%-
132 engineer structures with  different  morpohologies,*®3-1%6  construct

heterojunctioning,*®-14! and to introduce metal or non-metal doping.142-144

An alternative strategy is to modify surface termination groups and defect sites
in CNx structure that have been identified as vital reaction centres for photocatalysis. %8
Lotsch and co-workers designed a range of heptazine-based structures by altering the
amine (-NHz) end-groups found in the benchmark CNx structure (from this point

onwards, amine-terminated CNx will be referred to as "2NCNx). Amongst all tested, the
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Figure 1.6. Thermal condensation of "2NCNx to NCNCNx in the presence of KSCN.

cyanamide surface-functionalised CNx, N°NCNx, showed the best photocatalytic
activity, which was prepared by thermal treatment of "2NCNx and KSCN (Figure 1.6).14°
Polymeric nature of the material was preserved after the KSCN treatment, while the

surface terminating —NH2 groups were replaced with -NCN moieties.'#

The Hz production activity of N°NCNx was tested in methanol solution with Pt as
the co-catalyst. The system maintained its activity over 70 h and a Hz production rate
of 24.7 umol h™! was reached, showing 12 times better activity than the benchmark
H:NCNx.14> The enhanced activity was attributed to longer-lived charge separated
states due to built-in potential differences across chains, as well as the improved

charge transfer from more exposed active sites of N°NCNy to the co-catalyst.4°

Following the initiation of this project, N°NCNx was only used for Hz-evolution
under sacrificial conditions. In addition, carbon-based semiconductors were never
used in the literature for alternative water splitting systems defined earlier: (1)
simultaneous selective organic oxidation and proton reduction, (2) solar-driven waste

conversion into Ho.

1.6 H: evolution catalysts

In order to generate a molecule of Hz, two protons and two photoexcited electrons are
required. Light harvesters can only provide small driving force for this conversion and

in the absence of a catalyst, the kinetics of this reaction will be very slow.

Inspired from natural photosynthesis, many WRCs have been designed and
used in the artificial schemes to catalyse H:2-evolution reaction. WRCs are
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fundamentally required to be photostable, inexpensive, selective towards proton
reduction and function under mild conditions preferably in aqueous media. Roughly,
these catalysts can be divided into three categories; heterogeneous catalysts,

enzymes and molecular catalysts.

1.6.1 Heterogeneous catalysts

For the Hz-evolution reaction, platinum is the benchmark WRC, due to its optimum
hydrogen adsorption energy allowing rapid proton reduction and Hz desorption.146.147
It is usually deposited in the metal nanoparticle form on the surface of the light
harvesters, including TiOz2 and HaNCNy,!'2148 via in situ photoreduction of a Pt
precursor, typically H2PtCls. As a noble metal, Pt shows stability over a wide range of
reaction conditions while suffering from high cost and low abundance.'#® Selectivity is
another significant drawback of Pt, as under aerobic conditions, there will be
competition between oxygen and proton reduction.® Therefore, a need remains to
find precious metal-free catalysts that are inexpensive when designing sustainable

systems for large-scale application.

As an alternative to Pt, first row transition metal salts (Ni, Fe and Co) can also
undergo in situ photoreduction to form catalytically-active metal sites. In conjunction
with CNx, photodeposited Ni co-catalyst from NiClz salt has been demonstrated to
function as active site for H2 evolution.'> CdS QDs have also been shown to work
efficiently for proton reduction in the presence of Co co-catalysts using CoCl2 and
Co(NOz3)2 as the catalytic precursors.”® Yet, identification of heterogeneous
nanoparticles that form upon degradation of metal salts is still challenging, as these

species are not stable.'>?

Recently metal dichalcogenide materials, such as MoS2 have attracted great
research interest as WRC.'% Computational and experimental studies indicate that
the exposed sulphur edge groups are catalytically active towards proton reduction
while the basal phase is inactive.'>*1% MoS: has been shown to work efficiently as a
catalyst under homogenous and semi-heterogeneous conditions in the presence of a
wide range of light harvesters, including Ru dyes, %6 H2NCNy,157 TiO2,1%8 and CdS.159.160

Therefore, metal salts can be utilised as precursors for WRCs in photocatalytic

systems, providing an inexpensive and easy-to-assemble approach. Yet, the photo-
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induced reduction of these precursors generally introduce a delay, induction period,
prior to catalysis, while it remains difficult to define the catalytically active species.'6!

1.6.2 Enzymes

In nature, hydrogenase (Hz2ase) enzymes reversibly catalyse the reduction of protons
to Hz with very high activities, reaching turn over frequencies (TOFs) up to 9,000 s™1,162
These enzymes contain only earth-abundant metals iron and nickel in their active sites
and function with minimum overpotential.56:163.164 Different types of H2ases have been
used in hybrid systems including RuP sensitised TiO2,%6 CdS,165166 H:NCN,, 122 and
H:NCNx sensitised TiO2.58 These semi-biological systems showed variety of activities,

while in the presence of CdS QDs a TOF of 900 s™! was reached.16®

Despite the model systems reported using Hzases as WRC in photocatalytic
schemes, efficient utilisation of this biocatalyst is challenging. It is an expensive
process to extract and purify Hzases.'®” Most of these enzymes are highly oxygen-
sensitive, requiring extreme care under anaerobic conditions when handling.t®
Despite the small size of catalytically-active sites, enzymes are very bulky in
comparison to metal nanopatrticles or small molecular catalysts.®® In addition, H>ases
have a fragile framework and only function under certain reaction conditions and pH.1¢’
Therefore, utilisation of enzymes as WRC for real-life applications is challenging, but

the structural information serves as a guide when designing synthetic catalysts.

Hoases are categorised according to the metal centres found in their active
sites.'®’ [FeFe]-H:ases and [NiFe]-Hzases are the only ones active towards H2-
evolution (Figure 1.7).1%° As their characteristic features, there are sulphur bridges
between bimetallic centres and CO and CN- ligands.1’-172 Active sites of Hoases are
bound to protein matrix that facilitates electron transfer to and from metal centres.16”
[NiFe]-Hzases generally have better O2-tolerance than [FeFe]-Hzases but they are
more biased towards H2 oxidation than H* reduction.'’”® The arginine residue in the
outer coordination sphere of [NiFe]-Hzases is positioned above the Ni and Fe metal
centres and the amine group facilitates proton transfer to active site.'’* [FeFe]-Hz2ases
with the bridgehead amine group, show the highest Hz evolution rate.*”> The flexible
pendant amine shuttles protons to the Fe centre and this unique feature is crucial for
the high activity of the [FeFe]-Hzases. All the structural information obtained from

enzymes can be synthetically implemented in designing catalysts inspired from nature.
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Figure 1.7. Structures of the active sites of [FeFe]-Hz2ase and [NiFe]-Hzase. The grey
arrows indicate the metal coordinates sites for Hz. The outer coordination sphere with
arginine residue is represented with an arc and an amine group, respectively, for

[NiFe]-H2ase. Abbreviations: [FeaSa4], iron-sulphur cluster; Cys, cysteine.

1.6.3 Molecular catalysts

Since the structures of Hzases have been resolved, replicating active sites of this
“hydrogen-processing” enzymes attracted great attention. Numerous iron complexes
have been synthesised for proton reduction as molecular mimics of the [FeFe]-Hzase
active site.1” Photocatalytic systems which incorporated these complexes (Figure 1.8)
required large overpotentials (> 500 mV) and showed very low TOFs.176177 On the
other hand, due to the fragile framework of [NiFe]-Hzase mimics, the activity observed
usually arises form heterogeneous metal precursors deposited on the semiconductor
formed upon degradation of the molecular catalysts.”17° In addition, this bimetallic-
nature-inspired complexes require organic-aqueous reaction mixtures to function,
while being highly O: intolerant.'’® These findings indicate that, simply replicating the
catalytically active site from a macromolecule does not necessarily mean that all of the
desired features are preserved. Therefore, significant research effort has been shifted
towards designing simple molecules in which the key functional features of Hzases are

implemented for efficient proton transfer and reduction mechanism.

Bio-inspired cobalt complexes with diglyoxime ligand framework, known as
cobaloximes, are amongst the most studied catalysts for Hz-evolution (Figure 1.8).
These complexes, as molecular mimics of vitamin Biz, are easy to synthesise,
functionalise and show high initial rates at low overpotentials.18%181 Cobaloxime

complexes with phosphonated anchoring group demonstrated to work under agueous
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Figure 1.8. Schematic representations of the nature-inspired molecular catalysts.

Abbreviations: L, ligand; R, alkyl or aryl groups.

conditions in the presence RuP-sensitised TiO2 nanopatrticles, reaching a TOF of 19
h~1 (Figure 1.3).5” Cobaloxime complexes are amongst the few synthetic catalysts that
have been reported to sustain Hz production in the presence of O2, an essential
requirement for full water splitting.*®182 As a general drawback, these complexes have
poor stability, due to equatorial ligands being prone to degradation and the axial
ligands becoming labile during catalysis, therefore detaching from the metal

Different strategies have been considered to improve the stability of these
complexes, such as equatorial ligand engineering and coordination to polymeric

scaffolds, at the expense of rate or high overpotential requirements.185-187

Another first-row transition metal which attracted great scientific interest in
designing bio-inspired complexes is nickel. Dubois and co-workers developed a series
of mononuclear Ni-bisdiphosphine based molecular catalysts with a general formula
of [Ni(P2N2)2]?* (Figure 1.8).188.18% Same as in nature, these catalysts are capable of
reducing protons and oxidising Hz (Figure 1.9), while functioning at low overpotentials
(200 mV).188.189 |nitially these complexes were used for electrocatalytic H2 production,
reaching up to TOF of 100,000 s, competing with the activities of Hoases.191°1 The
H2 production is initiated by reduction of the Ni-centre followed by protonation of an
amine. The superior activity of this class of catalyst arises from the strategically
positioned flexible amines, which deliver protons to reduced Ni centre, replicating the
proton relay found in the active site of Hzases.'®11%2 The Ni-centre then undergoes
second reduction forming a nickel-hydride intermediate (Figure 1.9), followed by
protonation. Consequently, H-H bond is formed, releasing Hz and recovering catalyst.
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Figure 1.9. Mechanism for H* reduction and Hz oxidation by Dubois type molecular
catalysts with a general formula of [Ni(P2N2)2]?*. Reprinted with permission from J.
Phy. Chem. C, 2012, 116, 3171-3180. Copyright (2012) American Chemical Society.

Even though the initially designed complexes were active for Hz production
under electrocatalytic conditions, organic solvents and the addition of strong acids

were essential.193.194

Photocatalytic H2 production under sacrificial conditions was first reported using
the [Ni(P2N2)2]?* catalyst in the presence of [Ru(bpy)s]?* or Eosin Y.1** The system
functioned in the presence of H2O/MeCN (1:1) solvent mixture and AA as the electron
donor reaching a TOF up to 20 h™! with a turn over number (TON) of 450 after 24 h of

irradiation.194

More recently, [Ni(P2N2)2]?* type catalysts which function under fully agqueous
conditions have been synthesised by incorporating phosphonic acid groups on the
ligand framework, NiP, (Figure 1.5).#°* Under homogenous conditions with RuP, NiP
and AA as the sacrificial donor, a TOF of 406 h™tand TON of 700 after 2 h of irradiation
were reached.*® NiP has also been utilised in semi-heterogeneous photocatalytic
systems as a proton reduction catalyst in the presence of H2NCNy (Figure 1.5),1%? and
dye-sensitised TiO2.4%°t Homogenous systems using NiP as WRC in the presence of

CDs have also been reported.®*°® In addition, the phosphonic acid moieties on NiP
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act as anchors enabling immobilisation on metal oxide surfaces, expanding the use of

NiP into photoelectrochemical cells for Hz-evolution. 8519519

The stability of the systems utilising NiP is wusually limited due to
photodegradation (UV irradiation) and decomposition of the catalyst with the radicals
generated upon oxidation of sacrificial electron donors. These problems have been
recently addressed by using CDs in the presence of clean donor system, which
eliminates the formation of destructive radicals.3”*°” NiP showed record-high activity,
reaching a TON of 1,094 after 24 h of irradiation, while maintaining its activity over 5

days under visible light irradiation.3’

It is important to maintain an inert atmosphere for systems involving NiP, as it
is intolerant towards Oz, the phosphine groups undergo irreversible oxidation,
terminating its activity.1821%8 Still, Dubois-type catalysts are the state-of-the-art

molecular complexes for photocatalytic H2-evolution systems.

1.7 Strategies for sustainable Hz production

Despite the great research effort put forward for solar-fuel H2 generation, the systems
reported to date heavily rely on sacrificial reagents. Under these conditions, excess
amounts of electron donors are constantly consumed for Hz production. Additionally,
the role of oxidation products formed upon consumption of these reagents is often
unclear and underestimated. In order to design sustainable Hz production systems,

there is a need to move away from uncontrolled oxidation of sacrificial donors.

One methodology would be to replace electron donor oxidation half-reactions
with industrially important organic transformations, aiming to form oxidation products
with higher value than the starting substrates and to couple this with H2 production.®%-
201 Photocatalytic systems for organic substrate oxidation under sacrificial conditions
have been previously reported. In the presence of Ru-based oxidation catalyst,
[Ru(bpy)s]?* or BiVOs as the light harvester and sacrificial electron acceptor
[Co(NH3)sCl]?*, oxidation of benzylic alcohols was achieved, with the highest

conversion yield of 449%.83202

Organic substrate oxidation (substituted benzyl alcohol) in the presence of TiO2
has also been reported using O2 as the sacrificial electron acceptor.?2°3-208 |n the
presence of dye-sensitised TiO2 with an oxidant TEMPO, (2,2,6,6-tetramethyl-1-
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piperidinyloxy), up to 100% conversion vyield was achieved for 4-methoxy
benzylalcohol after 15 h of irradiation.?%* Despite the high conversion yields with TiOz,
these systems operated under high pressure of Oz and organic solvents were used to

enhance the solubility of O2.203:204,207

Without the need for an additional oxidation catalyst, "2NCNx has also been
demonstrated to function as a photocatalyst for the oxidation of amines, alcohols,
alkanes and hydrocarbons in the presence of 02.108:127.209 After 2 h of irradiation full 4-
methoxy benzylalcohol conversion to aldehyde was achieved, but same as TiOz2, the

system functioned under high pressure of O2 and in organic solvents.?%°

Nevertheless, a need remains to replace the sacrificial electron acceptors with
a WRC as the final electron acceptor for H2 production. This closed redox system
would enable simultaneous solar-chemical and solar-fuel formation with stoichiometric
amount of oxidation and reduction products. In addition, the products will be separated
in situ as the oxidation product will stay in solution while H2 will be collected in the

headspace.

Subsequent to the start of this project, there was only one example of a
photocatalytic system which coupled organic transformation and proton reduction in a
single reactor. This homogeneous multicomponent system used Ru and Ir-based light
harvesters, a Ru and Fe-based oxidation and reduction catalysts, repectively.?%0
Although simultaneous styrene oxidation to benzaldehyde and H2 production was
detected, the yield of styrene conversion was less than 6%, and the mechanism
behind this complex catalytic cycle was not clear.?® These results indicate the
importance of designing a simple system, preferably with minimum number of

inexpensive components.

The second possible approach for sustainable solar-fuel Hz production, is to
use abundant, cheap and sustainable donors (waste).?!! The ultimate goal is to
replace all of the commercially available chemicals, when designing a system with
large-scale application with waste materials. It is estimated that the United States has
the capacity to produce one billion tons of dry biomass per year, enough to replace
30% of the country’s current gasoline consumption annually.?'? Utilisation of
lignocellulose, the most abundant form of biomass, as the ED has the potential to

produce clean and renewable Ha. Lignocellulose has a multi-component structure,
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composed of cellulose, hemicellulose and lignin, which has evolved to prevent its
degradation.?'324 Due to the complex nature of lignocellulose, it is kinetically

challenging to oxidise at ambient conditions.

Photocatalytic reforming of biomass implements the basics of water splitting but
instead of water oxidation, biomass oxidation quenches the photogenerated holes,
while the electrons are used for H2 evolution. Despite the uphill nature of water
splitting, biomass reforming is almost an energy-neutral reaction.?'* Only a handful of
examples are available for direct photoreforming of unprocessed biomass, as the
research heavily relied on processed biomass derivatives including glucose,?*®
glycerol,?'® and 5-hydroxymethylfurfural.?*” This is due to the high insolubility of raw
substrates, as well as the strong light scattering and absorbing nature of the biomass

components.

The first examples of unprocessed biomass photoreforming used TiO:2 in the
presence of Pt as the co-catalyst.?'821% The biomass substrates including turf, cherry
wood, laver and algae were all successfully reformed under alkaline conditions (5 M
KOH). The activities reported were low, 4—18 pumol Hz (g TiO2)™* h™%, while introducing
oxidation catalyst (RuO2) almost tripled the activity.?'821° Photoreforming under
elevated temperature also showed to increase the rate of Hz production with

T|02 220,221

More recently, raw biomass photoreforming at 25 °C with visible light absorbing
CdS has been reported.??? The system operated under strongly alkaline conditions (10
M KOH) to enhance the solubility of raw biomass samples and to improve the stability
of the CdS QDs. In the presence of sawdust and wooden branch as the electron
donors, activities of 750 umol Hz (g CdS)™ h™ and 5,100 pmol Hz (g CdS)™* h™* were
reached, respectively.???

High H2 evolution rates were reached with a Co/CdS/CoOx photocatalytic
system without the need for any precious metals. Yet, the system operated under
strongly basic conditions (pH~15) in the presence of a toxic Cd-based light harvester.
Therefore, there is a great interest in developing photoreforming systems that function

under aqueous conditions while eliminating expensive or toxic components.
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1.8 Project outline

As detailed in the introduction, artificial photosynthesis represents a sustainable route
for storing solar energy in chemical bonds to be used on demand. For photocatalytic
applications, inexpensive, easy-to-synthesise, scalable and non-toxic materials are
crucial as solar light harvesters. CNx present a great number of advantages over other
traditionally used light harvesters and their potential as photocatalysts for a wide
spectrum of reactions had already been explored under sacrificial conditions. Prior to
the start of this project, carbon nitride had not been used as a photocatalyst for closed
redox systems carrying out two useful chemical transformations in a single reactor,
simultaneous organic oxidation and proton reduction, eliminating the need for
sacrificial reagents. In addition, there were not any raw biomass photoreforming

studies using carbon-based light harvesters.

The aim of this work was to use carbon nitride as the light harvester for these
two sustainable H:-evolution strategies. In Chapter 2, the general procedures for
preparing the materials and photocatalytic experiments are detailed. The experimental
set-ups and physical characterisation techniques used throughout this work are
explained. In addition, the methods to quantify and characterise the oxidation and
reduction products are discussed. Spectroscopic methods to follow the charge transfer

kinetics in the hybrid systems designed are also discussed.

The first goal objective was to design a photocatalytic system for simultaneous
substrate oxidation and proton reduction in the presence of N°NCNx and NiP under N2
atmosphere (Chapter 3). This photocatalytic system demonstrates solar-fuel and
solar-chemical synthesis under simulated solar light irradiation in a single pot. The
product formation over time was monitored and the limiting factors behind this redox

system were identified.

It was found that N°NCNx was able to oxidise organic substrates even in the
absence of NiP, by storing electrons in the heptazine framework. This unusual
behaviour was further studied to develop a better understanding on these trapped
electrons (Chapter 4). This ability enabled decoupling oxidation and reduction
reactions in the light and dark cycles, overcoming the diurnal availability of sunlight.
Therefore, replicating natural photosynthesis in a single pot artificial set-up. The

mechanism behind the full redox system was investigated and transient absorption
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spectroscopy was used to understand the photophysics behind this system. The
kinetics of each charge transfer reactions were studied and the extraction of

photoexcited electrons from N°NCNx was found to be the slowest, rate limiting, step.

In Chapter 5, graphene oxide and reduced graphene oxide were introduced as
conductive scaffolds to enhance the rate of electron extraction from NNCNy in a full
closed redox system. Significant enhancement in photoactivity, up to 3-times, were
observed in the presence of graphene oxide and reduced graphene oxide in
comparison to bare N°NCNx. For the first time, a wide range of optical spectroscopic
techniques, namely time-resolved photoluminescence, transient absorption
spectroscopy and photoinduced absorption spectroscopy, were used to understand
the interaction in these heterojunctions while the kinetics behind the improved

photocatalytic activities were investigated.

In Chapter 6, the activity of bulk N°NCNx was enhanced by ultra-sonication,
which enabled breaking aggregates of bulk N°NCNx. The activated N°NCNx showed the
highest Hz production rate in the field of carbon nitrides, reaching up to 39 mmol H2
(NNCNx)™ h™. This activated material was subsequently used for photoreforming
purified lignocellulosic component and raw biomass samples over a wide range of pH
(2-15) and in the presence of molecular and heterogenous Hz-evolution catalysts. This
is the first report on utilising carbon-based light harvester for abundant waste biomass

photoreforming.

Finally in Chapter 7, the work presented in this thesis is summarised and
possible future directions are envisaged. In particular, the possibility of expanding the
photoreforming into plastics and other types of waste is described. The use of waste
metals as Hz-evolution catalysts and abundant waste sources as precursors for
synthesis of photocatalysts are among the targets towards sustainable Hz production.
The main goal is to design a system that functions in large-scale without the need for

any commercially purchased components.
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Chapter 2

Experimental section

The author of this thesis carried out all of the work described in this section unless
specified otherwise. Xin Fang synthesised graphene oxide and reduced graphene
oxide. XPS measurements were recorded by Dr. Mitsuharu Konuma at Kratos
Analytical, Manchester. BET measurements were performed by Ailun Huang at
University of Cambridge. TEM and SEM images were recorded by Dr. Heather F.
Greer at University of Cambridge. Time-resolved spectroscopic techniques were
performed and analysed by Dr. Robert Godin and Chiara Jeay-Bizot at Imperial

College London.

2.1 Materials

All of the reagents were purchased from commercial suppliers and used without further
purification. The buffer solutions were prepared using analytical grade reagents and
titrated to the desired pH with a pH meter (Mettler Toledo; SevenEasy).

Synthesis of NiP and CNx. ""NCNx was prepared by heating melamine at 550 °C for
12 h under Ar atmosphere following a published procedure.! The yellow solid obtained
was then thoroughly ground using a pestle and mortar prior to further analysis and
applications. N°NCNx was prepared from ground "2NCNx and KSCN (weight ratio of 1:2;
dried overnight at 140 °C under vacuum) and heated at 400 °C for 1 h and then at 500

°C for 30 min under Ar as previously reported.? After cooling to room temperature the
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residual KSCN was removed by washing with water and the product was dried under
vacuum at 60 °C.?

Preparation of GO and RGO. A modified Hummer’'s method was used to synthesise
graphene oxide (GO).2 In the preoxidation step, H2SO4 (20 mL) was slowly heated up
to 80 °C followed by the addition of K2S20s (4.2 g) and P20s (4.2 g) with vigorous
stirring. Graphite powder (5 g, Alfa Aesar, 325 mesh) was then added to the solution
and the temperature was kept at 80 °C for 4.5 h followed by cooling down to room
temperature. The mixture was diluted with water and left overnight. The mixture was
repeatedly washed with deionised water (1 L) and centrifuged at 10,000 rpm followed

by drying under air overnight to obtain a pre-oxidised product graphite oxide.

For the second oxidation step, H2SO4 (58 mL) was kept at O °C followed by the
slow addition of graphite oxide (2.5 g) with vigorous stirring. Then, KNOs (1.25 g) and
KMnOs (8 g) were slowly added while the temperature was kept below 10 °C. The
mixture was then heated up to 35 °C and stirred for 2 h. After that, the mixture was
diluted with water (58 mL) and stirred for 2 h, followed by addition of water (350 mL)
to obtain a dark solution. H202 (25 mL, 30%) was added dropwise to the solution and
kept overnight for stratification. The supernatant was decanted, and the gel sediment
was washed with water and centrifuged with HCI for 5 times to remove the metal
oxides. Then, the product was washed multiple times with water to remove any water
soluble impurities. Finally, the product was sonicated for 30 min and the resulting dark
brown GO was dried at 50 °C for 24 h. The reduction of GO to reduced graphene oxide
(RGO) was carried out by adding 5 mg GO powder into a L-ascorbic acid solution (50

mL, 1 mg mL™1) and stirred vigorously for 48 h, following a published procedure.*

2.2 Physical characterisation techniques

UV-vis absorption spectroscopy was performed on a Varian Cary 50 UV-vis
spectrophotometer using 1 cm pathway quartz cuvettes. Photoluminescence emission
spectra of N°NCNx samples were recorded on a FS5 spectrofluorometer (Edinburgh
Instruments) equipped with an integrating sphere. The spectra were generated using
a Fluoracle software supplied with the instrument. Samples of NCNCNx were pressed
onto an indium foil for X-ray photoelectron spectroscopy (XPS) and the spectra were
collected on an Axis Ultra (Kratos Analytical, Manchester) XPS instrument with charge

neutralisation. The spectra were processed using the software CasaxXPS 2.3.16 and
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referenced with the adventitious carbon 1s peak at 284.8 eV. Binding energies were
compared with the NIST Standard Reference Database 30 unless otherwise specified.
Brunauer-Emmett-Teller (BET) measurements were performed on a 3Flex
Surface Characterisation Analyser (Micromeritics) at -196 °C. Prior to measurements,
the samples were degassed under vacuum for 6 h at 150 °C. The specific surface
areas were calculated by fitting the data to the BET isotherm. The X-ray diffraction
(XRD) patterns were recorded with a BV X’Pert PRO diffractor (PANalytical). Scanning
electron microscopy (SEM) images were collected on a MIRA3 FEG-SEM (TESCAN),
at an accelerating voltage of 5 kV. Transmission electron microscopy (TEM) images
were acquired on a Tecnai G2 transmission electron microscope (FEI Company)
performed at an accelerating voltage of 200 kV. Attenuated total reflectance-Fourier
transform infrared (ATR-FT-IR) spectra were recorded on a Nicolet iS50 FTIR
spectrometer (ThermoScientific) and analysed using the Omnic software.

2.3 Photocatalytic experiments

Photocatalytic experiments were carried out using borosilicate glass photoreactors
(total volume 7.74 mL) in a water-jacketed reservoir kept at 25 °C. The suspensions
were prepared by mixing N°NCNx and NiP in aqueous potassium phosphate solution
(KPi) containing 4-methylbenzyl alcohol (4-MBA) in a reactor equipped with a stirrer
bar (total solvent volume 3 mL). The container was then tightly sealed with a rubber
septum and purged with N2 containing 2% CHas as the internal gas chromatography
(GC) standard. The vials were irradiated using a solar light simulator with a Xe lamp
(100 mW cm™, 1 sun, Newport Oriel) whilst stirring. The solar light simulator was
equipped with an air mass 1.5 global filter (AM 1.5G). Infrared irradiation was removed
from all experiments using a water filter while additional UV cut-off filters and neutral

density filters (UQG optics) were used when specified.

For the biomass photoreforming experiments, the photoreactors were prepared
as described above, but 4-MBA was replaced by lignocellulosic substrates (100 mg)
unless specified otherwise. In several experiments, NiP was substituted by Pt

(precursor: H2PtCls) or MoSz2 (precursor: HsN2MoSa4).
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2.3.1 Quantification and characterisation of products

The amount of accumulated H2 was quantified via periodic headspace gas injections
(20 pL) into a GC (Agilent 7890A) equipped with a 5 A molecular sieve column. The
temperature of the GC oven was maintained at 45 °C and N2 was used as the carrier
gas. The source of protons for Hz production was identified by mass spectrometry
(MS), through examining the composition of the headspace gases with mass/charge
ratios between 1 and 5 amu after 24 h irradiation, by using KPi buffer prepared in H20
and D20 or by using labelled alcohol substrates, unless specified otherwise. MS was
recorded using Hidden Analytical HPR-20 benchtop gas analysis system to a HAL 101
RC electron impact quadrupole mass spectrometer with a Faraday detector.

In order to analyse the oxidation products, 4-MBA and 4-methylbenzaldehyde
(4-MBAd) were extracted following photocatalysis with CH2Cl2 and quantified by *H
nuclear magnetic resonance (NMR) spectroscopy on a Bruker DPX 400 spectrometer
at 25 °C. The work-up procedure was confirmed to leave the ratio of starting material
to product unaffected. Three vials containing different 4-MBA:4-MBAd (1:2, 1:1 and
2:1) ratios were prepared following the described procedure for the photocatalytic
experiments (except the irradiation step). The initial 4-MBA to 4-MBAd ratios were

preserved in the *H NMR after working up the solutions as described above.

2.3.2 External photon to H> quantum efficiency

The external quantum efficiency (EQE) was determined using simulated solar light
simulator (LOT LSN 254) equipped with a monochromator (LOT MSH 300) to irradiate
the samples at a single wavelength of A = 360 £ 10 nm and at a light intensity (I) of | =
4.05 mW cm™. EQE was calculated using the following equation:

Z'nHZ'NA'h'C

100
tirr'l'I'A

EQE (%) =

where ny, is the moles of photogenerated Hz, N, is Avogadro’s constant, h is Planck’s

constant, c is the speed of light, t;.. is the time of irradiation, and A is the cross-

sectional area of irradiation.
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2.3.3 Treatment of analytical data

All measurements were performed as triplicates and the data is reported as mean
value + standard deviation (o). A minimum ¢ of 5% was assumed in all cases for

photocatalytic experiments.®

2.4 Time-resolved spectroscopic techniques

For the time-resolved spectroscopic techniques the data was acquired either by using
suspensions of carbon nitride or by preparing hydrogels of these powders to overcome
the settling problems (see Chapter 5 for details).

Hydrogel Preparation. Sodium deoxycholate (NaDC) powder was diluted in water at
13.8 mg mL™* concentration.® This stock solution was then used to disperse N°NCNy
or "™NCNx powders and KPi buffer (1 M, pH 4.5) was added to prepare a final
concentration of 0.1 M KP;i solution with a 1.67 mg mL~! of carbon nitride concentration.
When 4-MBA was used in the experiments, it was previously added to the NaDC stock
solution. The NaDC mixtures with carbon nitrides (NNCNyx or H2NCNx) were heated up
to ~60 °C for 15 min, then KPi was added to the hot solution followed by an additional
15 min heating. Afterwards, the mixture was left undisturbed and cooled down at room

temperature to form the hydrogel.

Steady-state-spectroscopy. Steady-state spectra were acquired for N°NCNx and
H2NCNx suspensions in KPi under Ar, in 1 mm path length cuvettes. A Shimadzu UV-
2600 spectrometer equipped with an integrating sphere was used for recording UV—
vis diffuse reflectance spectra. Fluorescence spectra were recorded using a Jobin

Yvon FluoroLog fluorometer.

Time-correlated single photon counting (TCSPC). Both NNCNx and H2NCNx
powders were dispersed in KPi at (1.67 mg mL™) and purged with Ar before
acquisition. The decay of emissive states was monitored by TCSPC (DeltaFlex,
Horiba). Data was acquired on two timescales (up to 100 ns and up to 6.5 ps) to follow
the decay over several orders of magnitude. Pulsed excitation of A = 404 nm (10 kHz
repetition rate) was generated by a laser diode and fluorescence was detected at A =
490 nm (SPC-650 detector, Horiba). Excitation fluence was estimated to be ~20 pJ

cm32,

44



Transient Absorption Spectroscopy (TAS). Microsecond to second transient
absorption decays of N°NCNx and H2NCNx were acquired in a diffuse reflectance mode.’
As an excitation source, an Nd:YAG laser (OPOTEK Opolette 355 Il, 7 ns pulse width)
was used. 355 nm light was generated and transmitted to the sample through a light
guide to photoexcite the N°NCNx. Typical excitation power densities of 300 uJ cm=2 or
460 pJ cm~2 were used. As the changes of reflectance observed were low (< 1%), the
transient signal was taken to be directly proportional to the concentration of excited

state species.®

The probe light source was a 100 W Bentham IL1 quartz halogen lamp. Long
pass filters (Comar Instruments) and an IR filter (H20, 5 cm path length) were placed
between the lamp and sample to minimise the short wavelength irradiation and heating
of the sample. Diffuse reflectance from the sample was collected by a focal length lens
and relayed to a monochromator (Oriel Cornerstone 130) to select the probe
wavelength. An additional high pass filter was positioned in front of the monochromator

to reduce laser scatter.

Time-resolved intensity data was collected with a Si photodiode (Hamamatsu
S3071). Data at times faster than 1 ms was recorded by an oscilloscope (Tektronics
DP0O3012) after passing through an amplifier box (Costronics) while data slower than
1 ms was simultaneously recorded on a National Instrument DAQ card (NI USB-6251).

Kinetic traces were typically obtained from the average of 32—64 laser pulses.

Samples were prepared by dispersing N°NCNx or H2NCNy in KP; at the
concentrations of 1-5 mg mL™t. NaDC hydrogel samples were also tested with or
without GO or RGO as conductive scaffolds (Chapter 5). The dispersions were
transferred to 2 mm path length cuvettes. The samples were stirred prior to the start
of each kinetic acquisition and were measured under Ar. Data was collected and
processed using a home-built software written in the LabVIEW environment.

Photoinduced absorption spectroscopy (PIAS). The photoinduced absorption
spectra of N°NCNx and H2NCNx hydrogel samples were recorded in second to minute
timescale. The monitoring wavelength was chosen as A = 610 and 800 nm for NCNCNy
and "2NCNx respectively in a diffuse reflectance mode. The samples prepared were
irradiated with an LED at A = 365 nm (0.5 mW cm™) for 2 s followed by 58 s off for
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NCNCNx and 5 s off for "2NCNyx, and a single acquisition per wavelength per sample was

performed.
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Chapter 3

Simultaneous proton reduction and alcohol
oxidation with carbon nitride and a

molecular Ni catalyst

The data presented in this chapter was published in a peer-reviewed article: J. Am.
Chem. Soc., 2016, 138, 9183-9192. The author of this thesis carried all of the work
unless specified otherwise. Dr. Benjamin C. M. Martindale and Prof. Christine A.
Caputo are acknowledged for synthesising the NiP catalyst. Prof. Vincent Wing-hei

Lau is greatly acknowledged for providing and characterising the carbon nitrides.

3.1 Introduction

Despite the large research efforts that have been put in designing water splitting
systems, commercial application of such technology does not exist. Replacing the
water oxidation half-reaction with valuable substrate oxidation reaction would bypass
O:2 production and enable the synthesis of a high-value organic chemical, a so-called
solar chemical, in addition to the solar fuel Hz in a closed redox cycle.!

A fundamental organic transformation is the selective oxidation of benzyl
alcohols to carbonyl compounds both in the laboratory and at an industrial scale.
Carbonyl derivatives such as aldehydes and ketones are widely used as precursors in
the pharmaceutical and fragrance industries and for complex syntheses.?™* Since

many classical oxidation reactions are currently being carried out in organic solvents
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at high pressure and temperature, while employing hazardous stoichiometric oxidants,
such as MnOa4~ or CrQg, there is a clear need for green synthetic routes.®

Simultaneous photo-reduction of aqueous protons and organic substrate photo-
oxidation in a single compartment requires coupling between the light harvester and
the catalysts, catalysing two redox reactions, and the accumulation of products without
their interference in the opposite half-reaction. To simplify this demanding task, the
two halves of the system are typically studied separately with a sacrificial reagent

closing the catalytic cycle.

Solar-light driven H2 production from water has been reported in the presence of
sacrificial electron donors under homogenous and semi-heterogeneous colloidal
systems with molecular, enzymatic and metallic catalysts.®~1? Photocatalytic oxidation
of organic substrates containing alkene,'*14 amine,'® alcohol,'®'” and sulfide!’:1®
groups have also been reported in the presence of electron scavengers in fully
homogeneous and hybrid systems (see Chapter 1 for details).

Only rare examples are available which couple substrate oxidation and H2
production in a single reactor. Fully-homogenous systems and photoelectrochemical
cells have been previously reported to carry out these two processes
simultaneously.21%20 However, most of these reported systems were operated in
organic solvents, employed multiple expensive and fragile noble-metal based dyes
and catalysts, leading to complicated schemes with low efficiencies, and thereby

limited practical applications.

Therefore, a need remained to find inexpensive and robust photosensitisers,
which can couple proton reduction and substrate oxidation, while eliminating the need
to consume non-innocent and unsustainable sacrificial reagents.?122 Polymeric carbon
nitrides are introduced as attractive light harvesters for photocatalytic applications
(Chapter 1), and have been shown to work efficiently as photocatalysts for H2

evolution,'123-25 and oxidation of benzylic alcohols under sacrificial conditions.26:27

Here for the first time, a closed redox system that photocatalysis the production
of H2 coupled to the selective oxidation of benzyl alcohols to aldehyde is reported in
the presence of N°NCNx and NiP. This hybrid system functions in a single pot under a
purely aqueous solution, at room temperature and ambient pressure, in the absence

of organic co-solvents and sacrificial reagents (Figure 3.1).
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Figure 3.1. Schematic representation of a closed redox system for proton reduction
and alcohol oxidation. Irradiation of N°NCNx, results in the formation of a photoexcited
state in which the holes are quenched by alcohol for aldehyde formation and the
photoexcited electrons are transferred from NCNCNx to the molecular catalyst NiP
(bromide counterions omitted for clarity) resulting in Hz formation.

3.2 Results and discussion

3.2.1 Synthesis and characterisation of carbon nitride

Carbon-based, non-toxic and inexpensive carbon nitrides with long-term activity and
stability were chosen as the photocatalysts for this full redox system.?3 H2NCNy was
prepared by one-step thermal polymerisation of melamine.'! N°NCNy was synthesised
in multi-gram scale by surface functionalisation of benchmark "2NCNx with KSCN at
high temperature as described previously (See Experimental Section, Chapter 2, for

details).?8:2°

NCNCNx and "2NCNx were characterised to understand the differences in their
structure and composition by attenuated total reflectance-Fourier transform infrared
(ATR-FT-IR), diffuse reflectance UV-vis absorption spectroscopy, X-ray diffraction
(XRD) and zeta potential measurements (Figure 3.2). IR spectra of both samples
showed a characteristic heptazine core vibration at 804 cm™ and bridging secondary

amine bending vibrations at 1311 and 1221 cm™, indicating polymeric nature of these
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Figure 3.2. (a) ATR-FT-IR spectra of NNCNx and MNCNx. The most significant
stretches are indicated. (b) Normalised UV-vis absorption spectra of N°NCNx and
H:NCNx recorded in KP;i solution. (c) Powder X-ray diffraction patterns of N°NCNx and
H:NCNx. Inter and intra-layer spacing are specified. (d) Zeta potential measurements
of NCNCNyx and "2NCNx.
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materials. X-ray photoelectron spectra (XPS) of NSNCNx further supported the
presence of the heptazine core by the appearance of sp? carbon (N-C-N), 288.4 eV,
and nitrogen (C-N-C), 398.8 eV, signals (Figure A.1).3° In addition, the polymeric
structure was confirmed by the XPS signal at 401.1 eV, corresponding to the bridging
secondary amine groups. IR spectra showed the cyanamide (C=N) stretch at 2177
cm™t only for N°NCNy, consisting with the appearance of this group on the material
after the surface functionalisation by KSCN.3' Both samples showed strong UV
absorptions which tailed into the near-visible region. XRD of N°NCNx showed denser
packing than "2NCNy with an inter-layer spacing of 3.16 A (28.26° 26) and intra-layer
periodicities of 9.02 A (9.82° 26) and 11.0 A (8.03° 26).32:33

Zeta potential of N°NCNx was determined as —44 eV across all pH where the
material is stable (pH > 4), which was attributed to the anionic cyanamide group on
the surface.?® At pH values below 4, the material lost its yellow colour and turned white,
indicating hydrolysis of surface cyanamide groups. On the other hand, H2NCNx showed

pH dependent zeta potential.
3.2.2 Photocatalytic assembly and performance

The closed redox system for simultaneous alcohol oxidation and proton reduction in
the presence of inexpensive and non-toxic light harvester N°NCNx and Ni-based proton
reduction catalyst is already shown (Figure 3.1). As the proton reduction catalyst,
noble-metal free and hydrogenase-inspired molecular catalysts NiP, with a Ni-
bis(diphosphine) catalytic core was selected for this sysem,343% and synthesised by
following a published procedure.® It was previously reported that under sacrificial
conditions, ™NCNx and NiP efficiently produce Hz.!' For the purpose of this work,
recently reported surface functionalised NNCNx was selected, with an order of
magnitude better Hz2 production activity than the benchmark H2NCNx in the presence of

Pt co-catalyst.?®

Photocatalytic systems were assembled by dispersing N°NCNx, NiP and 4-
methylbenzyl alcohol (4-MBA) in an aqueous potassium phosphate solution (KPi, 3
mL), in a photoreactor with a total volume of 7.74 mL. The photoreactor was sealed
with a rubber septum, purged with N2 (containing 2% CHa) and subsequently irradiated
using a solar light simulator equipped with an air mass 1.5 global (AM 1.5G) filter at 1
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Figure 3.3. Time-dependent photocatalytic H> and aldehyde production with NCNCNx
(5 mg), NiP (50 nmol) and 4-MBA (30 umol) in KPi (0.02 M, pH 4.5, 3 mL) under 1 sun
irradiation (AM 1.5G) at 25 °C.

sun intensity (100 mW cm™2) and 25 °C. The headspace H2 gas was quantified in
regular intervals by gas chromatography (GC), while 4-MBA and other possible
oxidation products were analysed by 'H NMR spectroscopy (see Experimental
Section, Chapter 2, for details). The conversion yield was determined based on the

percentage conversion of benzyl alcohol to oxidation products (Figure A.2).

The reaction conditions were optimised systematically for H2 production activity
per catalyst, expressed as NiP-based turnover frequency (TOFnip; mol Hz (mol NiP)™!
h~ determined after 1 h irradiation) and turnover number (TONnip; mol Hz (mol NiP)™!
determined after 24 h irradiation, unless specified otherwise), as well as the
conversion yield and selectivity of alcohol oxidation to oxidation products after 24 h.
The activity of NiP (TOF and TON) is limited by the availability of 4-MBA at high
conversion yields, as there is not enough alcohol to quench the photoexcited holes on
NCNCNy, thus limiting electron delivery to NiP. The parameters of optimisation were the
amount of NiP, the amount of 4-MBA and the pH of the solution (Table A.1).
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Figure 3.4. Photocatalytic H2 and aldehyde production with N°NCNx (5 mg), NiP (50
nmol), 4-MBA (30 pmol) in KPi (0.02 M, pH 4.5, 3 mL) under 1 sun irradiation (AM
1.5G) at 25 °C. The pair of hollow and filled symbols of the same shape and colour
corresponds to H2 and aldehyde formation under specified conditions. Control
experiments in the presence of a UV-filter (A > 400 nm) and in the absence of NiP, 4-

MBA, NCNCNy and in dark are also shown.

The optimised conditions for the NCNCNx-NiP system consist of 5 mg of N°NCNy
suspended in 3 mL KPj (0.02 M, pH 4.5) with 50 nmol of NiP and 30 umol of 4-MBA
under simulated solar light irradiation (Figure 3.3). There was a linear increase in both
H2 and aldehyde production for the first six hours of irradiation (Figure 3.3, Table A.2),
whereupon the rate started to decrease over time due to stability of the molecular
catalyst (see below for details, Figure 3.8). A TOFnip of 31.1 + 3.1 h™! and an activity
of 311 pmol (g N°NCNx)™* h™* towards Hz and aldehyde production were reached. After
24 h of full solar spectrum irradiation, TONnip of 425.4 + 42.5 was achieved, while
oxidation of 4-MBA afforded 4-methylbenzaldehyde (4-MBAd) selectively in 66.0 £
6.6% yield without further oxidation to form the carboxylic acid. Thus, H2 and 4-MBAd
were photo-generated cleanly and in a 1:1 stoichiometry over time and reached 21.3
+ 2.1 pumol and 19.8 + 2.0 umol after 24 h, respectively (Figure 3.4).
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Control experiments in the dark or in the absence of N°NCNx did not yield Hz or
aldehyde (Figure 3.4, Table A.3). In the absence of NiP, only negligible amounts of H2
were detected during irradiation, but selective 4-MBA oxidation to 4-MBAd was
observed with a 24.3 + 2.4% conversion, suggesting that 4-MBA oxidation may be the
first step in the catalytic redox cycle (see Chapter 4 for details). In the absence of 4-
MBA only a minimal amount of H2 was detected.

The NCNCNx=NiP photosystem was also studied under visible only irradiation (A
> 400 nm). A TOFnip of 12.3 + 1.2 h™! and a TONnip of 206.3 + 24.1 were observed,
with 33.7 + 6.5% 4-MBA conversion, corresponding to approximately 50% of the
activity observed under full spectrum irradiation (Figure 3.4). The visible light response
of the N°NCNx=NiP system showed an improvement when compared to the previously
reported sacrificial ""NCNx=NiP photosystem, where only 16% of the activity observed

under full spectrum irradiation was preserved under visible-light irradiation.!*

The activity of NiP in this closed redox cycle compares well with previously
reported sacrificial Hz production hybrid systems using colloidal light absorbers.
H:NCNx=NiP in EDTA sacrificial electron donor solution at pH 4.5 resulted in a TOFnip
of 109.3 £ 10.9 h~tand TON of 155. Sacrificial photo-H2 generation was also reported
with NiP and RuP dye-sensitised TiO2 and showed TOFnip of 72 £ 5 h™* and TON of
278 + 19.% More recently, carbon dots were used as a photosensitiser in the presence
of EDTA as the sacrificial donor with NiP, and a TOFnip of 41 h™* and TON of 64 mol
Hz (mol NiP)™* were reported.*?

The activity of N°NCNx for benzyl alcohol oxidation is also comparable with
systems reported for substrate oxidation with a sacrificial electron acceptor.
Photocatalytic 4-MBA oxidation in the presence of carbon nitride, under high pressure
of Oz resulted in 77% 4-MBAd formation with 99% selectivity, but the oxidation was
carried out in a fluorinated organic solvent to promote O2 solubility and at 100 °C.2¢
Another system with carbon nitride and Oz as the sacrificial acceptor reported 59% 4-
MBA oxidation with 66% selectivity for 4-MBAd in water,?’ but required 100 °C and
strongly acidic conditions (pH 0).2” NCNCNy provides a platform for selective benzyl
alcohol oxidation whereas substrate oxidation reactions on metal oxides (TiO2) are
limited by low selectivity due to formation of highly reactive radicals in water.36-3° The
NCNCNx=NiP colloidal suspension system reported in here combines selective

substrate oxidation and Hz production in a single compartment, thereby eliminating the
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need for a sacrificial reagent, remaining functional under fully aqueous solution, at

room temperature and ambient pressure for up to 24 h.
3.2.3 Analysis of individual components

A series of benzyl alcohols with different para-substituents were studied to probe the
effect of substrate structure on photocatalytic performance (Table A.3). Conversion
yields observed did not show a direct correlation with respect to the electron-donating
or withdrawing nature of the substituents. Only with the strongest electron-withdrawing
substituent tested, —CFs, a significant reduction in conversion yield to 6.1 + 2.0% was
observed. All of the benzyl alcohol derivatives underwent selective conversion to the
aldehyde, except for the strongest electron donating group, '‘Bu, in which 64%
selectivity for aldehyde formation was observed and further oxidation to 4-'Bu benzoic
acid also occurred. When 4-MBA (30 umol) was replaced with methanol (30 pmol)
under otherwise identical conditions (N*NCNx and NiP in KPj), no oxidation products or
H2 were observed, in contrast to systems using excess amount of aliphatic alcohols
as a sacrificial reagent for photocatalytic proton reduction.

Replacing the KPi with acetate buffer (pH 4.5, 0.1 M) did not alter the
photocatalytic rate of H2 and aldehyde generation during the first few hours, indicating
that the activity of the NCNCNx=NiP system is not significantly buffer-dependent,
although the photoactivity decayed faster in the acetate buffered system (Table A.4).
Increasing the phosphate buffer concentration from 0.02 M to 0.1 M and 0.5 M led to
an enhancement in initial activity from TOFnip = 31.1 + 3.1t0 76.3 + 7.6 and 111.4 +
11.1 h™* and 311 to 763 and 1,114 uymol products (g N°NCNx)™ h™%, respectively.
However, after 24 h, the system performances equalised with a TONnip of
approximately 400 mol Hz (mol NiP)™* and a 4-MBA-to-4-MBAd conversion yields
between 60 to 83% for all the systems (Tables A.1 and A.4). Further experiments in
20 mM KPi solution with 80 mM KCI or 80 mM K2SO4 showed a slight increase in the
photocatalytic rate of H2 production with TOFnip of 53.9 + 5.9 and TOFnip of 49.20 *
4.9, respectively (Table A.4). These results suggest that the enhanced photocatalytic
activity is partially due to the ionic strength of the buffer used but also the significant
increase in phosphate ion (a weak acid) concentration that acts potentially as a proton
relay, improving the rate of proton transfer to the molecular catalyst.4%4!
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Figure 3.5. Photocatalytic H2 and aldehyde production in the presence of N°NCNx (5
mg), 4-MBA (30 pmol) and NiP (50 nmol) in an aqueous KPj solution (0.1 M, pH 4.5,
3 mL) under 1 sun irradiation (100 mW cm=2, AM 1.5G, 25°C). Sacrificial H2 production
with NCNCNy (5 mg) and NiP (50 nmol) in EDTA (0.1 M, pH 4.5, 3 mL) without 4-MBA.
Sacrificial alcohol oxidation with N°NCNx (5 mg) and 4-MBA (30 umol) in an aqueous
KPi solution (0.02 M, pH 4.5, 3 mL) under air, as the sacrificial electron acceptor, in
the absence of NiP. The pair of hollow and filled symbols of the same shape and colour

corresponds to Hz and oxidation product formation under specified conditions.

The efficiencies of the individual half-reactions of the photocatalytic system
were also examined separately in sacrificial schemes (Figure 3.5). Solar-light-driven
Hz production was tested with N°NCNx (5 mg) and NiP (50 nmol) in EDTA as the
electron donor solution at pH 4.5, in the absence of 4-MBA. A TOFnip 0f 53.2 +5.3 h™?
and a TONNnip of 424.18 + 42.4 were reached in EDTA solution, similar to the 4-MBA
system, suggesting that the N°NCNx=NiP hybrid system is not limited by the electron
donation ability of 4-MBA (Table A.4).

The ability of the system to carry out alcohol oxidation was investigated by

replacing the molecular catalyst NiP with air (O2) as an electron acceptor. Solar-light
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driven alcohol oxidation with N°NCNx (5 mg) and 4-MBA (30 pmol), resulted in
guantitative alcohol oxidation with 70% selectivity towards benzoic acid formation after
24 h, with respect to the products detected by 'H NMR. This implies that the degree
of oxidation of alcohols with this material can be tuned by varying the nature of the
electron acceptor and demonstrates an advantage of using NiP over the sacrificial
acceptor O2. The ability of O2 to act as an electron acceptor in this system also
highlights a key advantage of substrate oxidation over full water splitting in one-pot

systems, where the Oz formed would compete with and inhibit proton reduction.

The photocatalytic activity of N°NCNx=NiP was compared with conventional
unfunctionalised carbon nitride, "2NCNx (Table A.5). The Hz and aldehyde production
activity of N°NCNx=NiP was determined to be an order of magnitude greater than
H:NCNx=NiP under the same experimental conditions. After 24 h of irradiation
H2NCNx=NiP system produced only 2.49 + 0.71 pmol Hz and 1.44 + 0.71 umol 4-MBAd,
indicating that surface functionalisation of the carbon nitride is vital for the enhanced

photocatalytic activity.

The in situ photodeposition of H2PtCle to platinise N°NCNx or "2NCNx was carried
out following an optimised Pt loading procedure,?® resulting in the formation of
NCNCNx=Pt and H-NCNx—Pt systems for photo-H2 generation.?® These systems were
then studied for simultaneous alcohol oxidation and proton reduction (Figure 3.6) in
the absence of NiP under otherwise identical conditions. N°NCNx—Pt showed one third
of the photocatalytic activity observed using N°NCNx=NiP towards H2 production during
the initial 4 h of irradiation, whereas H2NCNx=Pt was not active for Hz production at all.
Both NCNCNx=Pt and H2NCNx—Pt showed only approximately 5% 4-MBA oxidation to
aldehyde after 4 h of irradiation. The initially low photocatalytic activity of Pt could be
attributed to an induction period associated with the photodeposition of the active
catalyst.?® Even after 24 h irradiation, the overall photocatalytic activity of N°NCNx=NiP
(H2:4-MBAd = 21:20 pumol) was still better than with NCNCNx=Pt (14:12 pmol),
representing a clear advantage of the molecular Ni catalyst over noble-metal based
nanoparticles in this system. A similar trend was previously reported with a sacrificial

system containing carbon dots and NiP.*?

A control experiment was carried out to confirm that Pt is only catalytically

involved in proton reduction and does not interfere with the 4-MBAd formed as a result
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Figure 3.6. Photocatalytic H2 and aldehyde production with N°NCNx or H2NCNx (5 mg),
in the presence of 4-MBA (30 pmol) with NiP (50 nmol) or H2PtCls (10 pL, 8 wt%) in
KPi (0.02 M, pH 4.5, 3 mL) under 1 sun irradiation (AM 1.5G, 25 °C). The pair of hollow
and filled symbols of the same shape and colour corresponds to H2 and aldehyde

formation under specified conditions.

of 4-MBA oxidation. In sacrificial EDTA solution, N°NCNx=Pt and 4-MBAd (30 umol)
were combined in the absence of NiP (Table A.5). After 24 hours of irradiation, 18%
of the 4-MBAd was oxidised to carboxylic acid, whereas 4-MBA was not detected by
'H NMR spectroscopy, indicating that Pt is not able to reduce 4-MBAd and is only
catalytically active for the proton reduction half reaction.

This significant enhancement in the photocatalytic activity of NSNCNx in
comparison to benchmark "NCNx has been previously attributed to the improved
interaction and charge transfer via the cyanamide moieties of the NNCNx in the
presence of Pt catalyst.?° We demonstrate here that this enhanced activity with NCNCNy
is also the case when the Pt is replaced with the molecular NiP catalyst. In the later
investigations it was discovered that the VB position of NCNCNyx is at 300 mV more
positive potential than "NCNx (2.2 and 1.9 V vs. NHE at pH 6), therefore the

photogenerated holes are more oxidising towards the organic substrates.*?
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Figure 3.7. Photocatalytic H2 and aldehyde production with N°NCNx (5 mg), NiP (50
nmol), 4-MBA (30 umol) in KPi (0.02 M, pH 4.5, 3 mL) under 1 sun irradiation (AM
1.5G) at 25 °C, followed by the addition of neutral density filters that absorb 50% and
80% of the incident light. The pair of hollow and filled symbols of the same shape and

colour corresponds to Hz and aldehyde formation under specified conditions.

3.2.4 Photoactivity and stability limiting components

To gain better insights into the rate-limiting factors of the N°NCNx=NiP hybrid system,
the amounts of NiP, 4-MBA, and light intensity were varied. Doubling the amount of
NiP from 50 to 100 nmol per 5 mg of NCNCNyx or the amount of 4-MBA from 30 to 60
pmol did not result in a significant change in photoactivity (Table A.1). However,
reducing the light intensity by 50% and 80% with neutral density filters resulted
respectively in 40% and 85% reductions in photocatalytic activity for H2 and 4-MBAd
production after 1 h of irradiation (Figure 3.7, Table A.6). The activity was therefore
proportional and dependent on the light intensity, which is also consistent with the
reduced photoactivity of N°NCNx=NiP when filtering the UV light off the solar spectrum

(see above).
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Figure 3.8. Long term photocatalytic H2 and aldehyde production with N°NCNx (5 mg),
NiP (50 nmol), 4-MBA (30 pmol) in KP;i (0.02 M, pH 4.5, 3 mL) under 1 sun irradiation
(AM 1.5G) at 25 °C. After 25 h of irradiation, NiP (50 nmol), 4-MBA (30 pumol), and
both NiP (50 nmol) and 4-MBA (30 umol) were added to photoreactors to test the

system re-activation over the next 25 h of irradiation.

It was important to investigate the photostability of the N°NCNx and NiP to
understand if they are limiting the long-term activity of the system. The stability-limiting
component of the system was identified by re-activation experiments by injecting NiP,
4-MBA and both to a suspension of N°NCNx=NiP after 25 h of irradiation (Figure 3.8,
Table A.7).

Re-addition of 4-MBA (30 umol) did not reactivate the system, whereas addition
of fresh NiP (50 nmol) restored solar-H2 production and enhanced the conversion yield
for selective 4-MBA oxidation to 83.5 £ 9.7%. Addition of both 4-MBA and NiP also
recovered the activity while the selectivity towards aldehyde formation is preserved
despite the longer irradiation period (50 h). This indicates that the lifetime of the system
is limited by the degradation of NiP while N°NCNx maintained its activity for at least 50
h (Figure 3.8).6:11.12
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XPS and FTIR characterisation of the N°NCNx before and after irradiation for 24
h in the presence and absence of NiP showed negligible differences (Figures A.3—
A.5). Thus, N°NCNx showed long term activity and stability for simultaneous alcohol
oxidation and Hz production. The XPS spectra also confirmed that NiP was not
physically adsorbed on the N°NCNx surface during the period of irradiation and acted

as a homogenous catalyst in the solution.

The external quantum efficiency (EQE) of the system was determined using a
solar light simulator equipped with a monochromator (A = 360 = 10 nm, | = 4.43 mW
cm™?). The highest EQE of 15.23 + 0.16% was obtained with N°NCNx (5 mg), 4-MBA
(30 pmol) in 3 mL of KPj (0.1 M) buffer at pH 4.5 after an hour of irradiation. The EQE
measured was significantly higher than the previously reported H2NCNx=NiP hybrid
system with an EQE of 0.37 + 0.02%,!! as well as the homogenous RuP-NiP system
with an EQE of 9.7 + 1.2%.5 The EQE can be further improved by enhancing the
charge extraction from the photocatalysts and by facilitating efficient utilisation of these

charge carriers by the catalysts (see Chapter 6 for details).

3.3 Conclusions

A closed redox system for simultaneous photocatalytic alcohol oxidation and proton
reduction is demonstrated utilising N°NCNx and molecular Ni-based H2-evolution
catalyst. The hybrid system consists of earth abundant materials which functions in a
purely aqueous solution and at room temperature in the absence of organic or
sacrificial reagents. N°NCNx=NiP system showed an activity of 763 pmol (g N°NCNx)™*
h~! toward Hz2 and aldehyde production with a remarkable EQE of 15% (A = 360 + 10
nm). Under optimised conditions, a Hz production rate (TOFnir) of 76.3 £ 7.6 h™%, and
a TONnip of 408.8 + 40.9 were achieved, with a 4-MBA conversion yield of 83.0 = 8.3%
with quantitative selectivity for 4-MBAd.

This colloidal N°NCNx=NiP system is straightforward to prepare and provides a
novel platform to produce a valuable organic chemical and a H2 fuel simultaneously,
while the products are separated in situ in the solution and gaseous phase,
respectively. The lifetime of the hybrid system was found to be limited by the stability
of the molecular catalyst NiP, whereas N°NCNx maintained its activity for at least 50 h
of irradiation, providing a significant advantage over similar systems based on

photodegrading molecular dyes.®'619 These results demonstrate that identification

61



and design of photostable molecular catalysts could enhance the long-term
photocatalytic activity of the hybrid system. The reported system also provides a
platform for broad range of other useful organic transformations and reduction
reactions by altering the molecular catalysts used. Fully understanding the rate limiting
steps and the mechanism behind this full redox system would enable improving the
activity of systems utilising carbon nitride and to expand its use for other applications.
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Chapter 4

Dark photocatalysis with carbon nitride
using trapped electrons for time-delayed

solar fuel production

The data presented in this chapter was published in peer-reviewed articles: J. Am.
Chem. Soc., 2016, 138, 9183-9192; Angew. Chem. Int. Ed. 2016, 55, 510-514; ACS
Catal. 2018, 8, 6914-6926. The author of this thesis carried all of the work presented
unless specified otherwise. Transient absorption spectroscopy measurements were
performed and analysed by Dr. Robert Godin. Prof. Vincent Wing-hei Lau synthesised

the carbon nitride.

4.1 Introduction

Natural photosynthesis serves as a model system for efficient utilisation of solar
energy in chemical bonds. It demonstrates a full redox system, consisting of light-
dependent and light-independent (“dark”) half cycles, carrying out water oxidation and
carbon dioxide reduction respectively.! The dark cycle functions independent of the

primary light source and without a need for continuous energy supply.

Designing artificial systems with an aim to replicate the perfectly functioning
complex mechanism behind natural photosynthesis is taking a great amount of
research interest. Mimicking natural photosynthesis would imply generating long-lived

and highly reducing “trapped” electrons in the photocatalyst during irradiation, to be
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used subsequently on demand, and reproducing the ability to decouple light-
dependent and light-independent reactions, enabling catalysis in the dark. Despite
intensive research, artificial photosynthetic schemes designed up to date are not
commercially viable to capture and store solar energy as chemical fuels. The storage
and release of solar energy as well as the diurnal availability of sunlight are the main

limitations behind these systems, leaving room for improvement.

Colloidal TiO2 nanoparticles have been previously reported to trap electrons
(forming Ti**) on the surface of the particles and in the conduction band after
photoexcitation, in the presence of sacrificial electron donor without an electron
acceptor.? These trapped electrons give rise to a broad absorption band (Amax = 650
nm) and can be subsequently released, to drive various reactions, including reduction
of commonly used oxidants such as Oz and H202.34 These long-lived electrons in TiO2
have also been demonstrated to reduce toxic metal contaminants.* However, TiO2
particles can only utilise the high energy UV portion of the solar spectrum in

photocatalytic applications.

A number of photoelectrochemical cells have also been demonstrated to
decouple Oz and H2 evolution reactions by using molecular redox mediators or
electron-coupled-proton buffers.>® These approaches overcome the main limitations
of pressure increase and gas separation in conventional photoelectrochemical cells,
by decoupling the time and space for Oz and Hz evolution. Nevertheless, the
multicomponent set-up and the complicated cell design increase the manufacturing
cost significantly.®

Herein we investigate the N°NCNx=NiP system, introduced in Chapter 3, for the
ability to decouple the oxidation and reduction half reactions of a redox scheme in light
and dark cycles through the utilisation of long-lived “trapped” electrons (Figure 4.1).
This artificial scheme replicates natural photosynthesis, using carbon nitride that
functions as the light harvester and electron relay, without the need for multiple
component and complex assembly in nature.! This bio-inspired system is
straightforward to assemble and only consists of earth-abundant components. The
mechanism and the rate-limiting steps of the N°NCNx—=NiP hybrid are also investigated
using transient absorption spectroscopy (TAS), aiming to improve the understanding

behind this system.
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Figure 4.1. Schematic representation of a N°NCNx=NiP colloidal system for decoupled

oxidation and reduction reactions in the light and dark phase respectively.

4.2 Results and discussion

4.2.1 Dark photocatalysis

The colloidal suspensions of N°NCNx and NiP were prepared as described in Chapter
3. An unexpected behaviour was observed during the control experiments that NCNCNy
oxidised 4-MBA under N2 without the need for an electron acceptor NiP (Figure 4.2a).
This result implied that N°NCNx can accumulate photoexcited charge carriers in its
structure while carrying out catalysis.’® The other important observation was the
instantaneous colour change of colloidal suspension prepared with N°NCNy, NiP and
4-MBA upon irradiation. The colour of the solution changed immediately when
exposed to a light source from pale yellow to intense blue and this colour persisted

during 24 h of continuous irradiation (Figure 4.2b).

Initially this colour change was studied by replacing NiP with a sacrificial
electron acceptor, ammonium persulfate or air (O2), in which the colour of the
suspension remained yellow during irradiation in the presence of 4-MBA. On the other
hand, when 4-MBA was substituted with sacrificial electron donor EDTA in the
absence of NiP, the colour of the solution remained blue under inert N2 atmosphere.
The observed colour change was therefore attributed to photogenerated electrons in

the photosensitiser.
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Figure 4.2. (a) Bar chart representing photocatalytic H2 and aldehyde formation in the
presence of NCNCNy (5 mg) and 4-MBA (30 umol) with and without NiP in KP; (0.02 M,
pH 4.5, 3 mL) after 24 h of 1 sun irradiation (AM 1.5G) at 25 °C. (b) Suspension of
NENCNx (5 mg) and 4-MBA (30 pumol) in an agueous KPi solution (0.02 M, pH 4.5)
before irradiation (pale yellow) and after irradiation (blue).
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Figure 4.3. UV-vis absorption spectra of colloidal suspensions of N°NCNx (5 mg) and
4-MBA (30 pmol) in KPi (3 mL) were generated by comparing samples before and
after irradiation under 1 sun for 30 min (AM 1.5G, 25 °C).
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In order to characterise the colour change upon irradiation of the NCNCNy, UV—
vis absorption spectra were recorded for N°NCNy (5 mg) in KPi (3 mL, 0.02 M, pH 4.5)
with and without 4-MBA (30 pumol) after 30 min of simulated solar light irradiation (AM
1.5G). As the heterogeneous NNCNx particles scatter the incident light and settle
during the period of measurement, spectrofluorometer (Edinburgh Instruments FS5)
equipped with an integrating sphere was used for measuring UV-vis spectra.
Synchronous scans (Aex = Aem) Were run for samples and the absorption spectra were
generated by comparing samples before and after irradiation using the Fluoracle

software supplied with the FS5 instrument.

The suspension prepared with 4-MBA turned intense blue immediately upon
irradiation and consequently a broad absorption peak at A = 650 nm was obtained
(Figure 4.3), a direct spectroscopic observation of the trapped electrons in the NCNCNx.
In the absence of 4-MBA no colour change was observed, indicating that 4-MBA
reductively guenches the photoexcited state of the NCNCNx.

The next step was to test if the electrons stored in N°NCNx can be extracted and
monitored spectroscopically. NiP (50 nmol) was added to a blue suspension using an
airtight syringe under N2 and the peak at A = 650 nm was monitored every 15 min for
1 h, while the suspension was stirred in the dark (Figure 4.4). A significant decay in
the absorption peak was observed in the first 15 min (r= = 10 min), indicating the
transfer of the trapped electrons from NCNCNx to NiP. After 30 min, the broad peak at
A = 650 nm disappeared. The photoexcited electrons were thus collected by NiP and
the colour of the suspension turned back to yellow again. In a control experiment, a
NiP-free KPi solution was added to another N°NCNx suspension irradiated for 30 min
and the solution remained blue with no significant change in the absorption spectra.
Therefore, these ultra-long-lived “trapped electrons” can be stored in the dark for
prolonged periods of time (> 30 min) in the heptazine framework of N°NCNx and

transferred to NiP when available.11

To demonstrate quantitative Hz evolution in the dark phase, two photoreactors
were prepared using N°NCNx (5 mg) and 4-MBA (30 umol) in KPj in the absence NiP
and were irradiated under simulated solar light (AM 1.5G) for 4 h (Figure 4.5). Then,
both systems were moved to dark and NiP (50 nmol) was added to only one of the
photoreactors and the Hz production was monitored for both (Table B.1). The same

effect was observed, the photoreactor kept in the dark without NiP did not show any
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Figure 4.4. Spectrophotometry of the appearance (during irradiation) and
disappearance (upon addition of NiP) of photoexcited electrons in N°NCNx at A = 650
nm. Two photoreactors were prepared with N°NCNx (5 mg) and 4-MBA (30 pmol) in
KPi (0.02 M, pH 4.5, 3mL) and irradiated (AM 1.5G) for 30 min, followed by the addition
of NiP (50 nmol, 400 pL) or KPi (400 pL) using an air tight syringe.

H2 production in the 20 h dark phase, whereas the vial containing NiP showed a
substantially increased Hz production. The amount of aldehyde produced after 24 h
was the same for both of the systems (independent of the NiP) indicating that alcohol
oxidation ceased as soon as the vials were removed from light. These results agree
with efficient alcohol oxidation by N°NCNy, using the photogenerated holes, even in the

absence of an electron acceptor (Figure 4.2a).

Thus, N®NCNx can be charged during the light phase by 4-MBA oxidation and
the electrons can be released in the absence of light to carry out proton reduction to
H2, which enables the temporary decoupling of the oxidative and reductive half
reactions.® This system directly replicates natural photosynthesis in a single reactor

with light and dark cycles of reactions occurring at different times.
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Figure 4.5. Photoreactors were prepared with N°NCNy (5 mg) and 4-MBA (30 pmol) in
the absence of NiP in an aqueous KPi (0.02 M, pH 4.5, 3 mL) under 1 sun irradiation
(AM 1.5G, 25 °C). Both of the photoreactors were taken into the dark after 4 h of
irradiation, while NiP (50 nmol) was added to one of them using an air tight syringe.
The pair of hollow and filled symbols of the same shape and colour corresponds to the

specified reaction conditions.

Further studies were carried out on characterising the nature of these ultra-
long-lived “trapped electrons” in N°NCNx using electron paramagnetic resonance
(EPR) spectroscopy and computational calculations.’?> The results revealed that
electrons are stored as heptazine-based radicals with partially neutral and anionic
cyanamide side groups. Under fully inert atmosphere the material was found to

preserve this charged state for up to 6 months.

The amount of H2 produced in the dark cycle provides an indirect measure on
the total number of heptazine based radicals generated during the irradiation of the
material.*? After 4 h of irradiation, 1.5 + 0.1 umol of H2 was generated from NCNCNy in
the dark. Assuming that trapped electrons are quantitatively converted into H2, and

this is the only reaction pathway for the radicals, it is estimated that 3.0 + 0.2 umol of
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radicals are accumulated in N°NCNy. For the purpose of this experiment 5 mg of
NCNCNx was used which corresponds to 20 pmol of heptazine units with a molecular
weight of 249 g mol™. Therefore, approximately a 1:10 ratio of radical to heptazine

units were preserved in the charged state of NCNCNx.

4.2.2 Mechanism

Developing a better understanding on the mechanism behind this closed redox system
for simultaneous alcohol oxidation and proton reduction is of great interest, as this
would enable the determination of rate-limiting steps and the range of organic
substrates that can be oxidised under the utilised conditions (Figure 4.1). It is well
known that proton reduction by NiP occurs via successive multiple electron and proton
transfers.'3-1° For the alcohol oxidation half of the scheme, many mechanistic studies
have been reported on organic substrate oxidation with colloidal light harvesters such
as CNx, 1618 TiO2,1%-21 and BiVO4 %223 under Oz atmosphere. However, there are only
few reports on high-yielding alcohol photo-oxidation under N2, which precludes the

formation and potential involvement of reactive oxygen species.?+26

To identify the source of protons for Hz production, KP;i buffer was prepared in
H20 and D20 (Figure 4.6a, Table B.2). The headspace gas produced was monitored
by GC and characterised by mass spectrometry (MS), through examining the
composition of the gases with mass/charge ratios between 1 and 5 amu over the
irradiation period (Figure 4.6a, inset). Over the course of 4 h, linear gas production at
a comparable rate was observed regardless of using H20 or D20 as solvent. In the
presence of D20, the peak corresponding for D2 grew selectively over time with
negligible amounts of H2 and HD being detected. This indicated that agueous protons
were selectively delivered to NiP for Hz formation. The rate of H2 gas production was
not affected by D20 substitution, demonstrating that O—H/D bond breaking is not the
rate-determining step for proton reduction.?’

The kinetic isotope effect (KIE) of an isotopically labelled 4-MBA substrate was
then studied by using a-D2 benzyl alcohol (BA). The substitution with D2-BA did not
influence the rate of proton reduction, while MS analysis confirmed that the headspace
gas was H2 (Figure 4.6b), demonstrating that aliphatic protons from BA were not used
for proton reduction. Independent of BA labelling, around 6 pmol of aldehyde was

produced after 4 h of irradiation, showing that the rate of proton abstraction from BA
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Figure 4.6. (a) Photocatalytic H2 and aldehyde production with N°NCNx (5 mg), NiP (50
nmol), 4-MBA (30 pmol) in KPi (0.1 M, pH 4.5, 3 mL) prepared in H20 or D20 under 1
sun irradiation (100 mW cm~2, AM 1.5G, 25 °C). Inset: MS monitoring the headspace
gas produced overtime in suspension prepared with H20 and D20. (b) Photocatalytic
H2 production with N°NCNx (5 mg), NiP (50 nmol) and BA or D2-BA (30 umol) in KP;
(0.1 M, pH 4.5, 3 mL) under 1 sun irradiation (100 mW cm™, AM 1.5G, 25 °C) Inset:
MS monitoring the headspace gas produced overtime in the presence of BA and D2-
BA. The pair of hollow and filled symbols of the same shape and colour corresponds
to H2 and aldehyde production, respectively. Amount of aldehyde formed is detected
after 4 h of irradiation. (c) Proposed mechanism for alcohol oxidation with N°NCNyx, NiP
and 4-MBA in KPjunder inert (N2) atmosphere.

was not limiting the oxidation process. The first step of oxidation is presumably the
hole transfer from photoexcited N°NCNx to the substrate (Figure 4.6c).28:29

Alcohol oxidation was further investigated under a N2 or air atmosphere without
NiP (Table B.2). After 4 h of irradiation, selective production of 2 and 14 pmol of 4-
MBAd was detected under N2 and air atmospheres, respectively (for comparison, 10
pmol 4-MBAd are detected in the presence of NiP and N2). These results indicated
that the presence of a strong electron acceptor such as Oz assisted faster extraction
of photogenerated electrons from N°NCNx, quickly regenerating the ground-state of the

photocatalyst and increasing the turnover frequency for alcohol oxidation.1°2!
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The possibility of hydroxyl radical (HO®) formation was explored by using the
hydroxyl radical scavenger benzene-1,4-dicarboxylic acid (terephthalic acid, THA).%
Hydroxylation of THA by HO' yields a highly fluorescent THA-OH, with an emission at
426 nm when excited with 315 nm light.3® NCNCNy suspensions irradiated in the
presence of THA for one hour showed an insignificant amount (< 0.02 pmol) of THA-
OH formation (Figure B.1), indicating that this is a minor reaction pathway for the
oxidation reaction. This is supported by the mismatch between the valence band
position of N°NCNx (approximately 1.4 V vs. NHE at pH 7), and the redox potential of
HO™ to hydroxyl radicals (E°(HO'/HO") = 2.4 V vs. NHE at pH 7).183! Photocatalytic
substrate oxidation under Oz atmosphere is believed to occur through superoxide
radical formation, O2"", but this possibility can be excluded in the reported system as

the experiments were carried out under N2.18

Our mechanistic studies therefore support that presumably a direct hole
transfer occurs first from photoexcited N°NCNx to 4-MBA, followed by slow electron
transfer from NCNCNx to NiP to reduce aqueous protons to Hz (Figure 4.6c).32:33
Consumption of the photogenerated charge carriers is ultimately essential to promote
the production of H2 and aldehyde in 1:1 stoichiometry and close the photo-redox
cycle, but the oxidative and reductive half-reactions can be temporarily, and in

principle, spatially decoupled.?®

4.2.3 Transient absorption spectroscopy

To gain a better understanding on the kinetics behind electron transfer in this closed
redox system, TAS measurements were carried out. As detailed below, TAS
investigations confirmed that electron transfer from photoexcited N°NCNx to NiP is the
rate-limiting step for the photocatalytic system (Figure 4.7). Titration experiments
carried out by increasing the NiP concentration did not quench the excited state of the
photosensitiser, N°NCNx*, eliminating the possibility for an oxidative quenching

mechanism (Figures B.2 and B.3).

Photoexcitation of N°NCNx produced a photoinduced absorption signal in the
range of 550-1000 nm (Figure B.4), which matches that observed upon irradiation of
NCNCNx with 4-MBA (Figure 4.3). This spectral feature did not show any evolution over
the decay time nor was the shape sensitive to additives, suggesting a single excited

state species absorbing over this spectral range. Kinetics were probed at 750 nm with
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Figure 4.7. Summary of mechanism and kinetic rates from TAS measurements with
suspensions prepared with N°NCNx (1-5 mg mL™1), NiP (up to 24 uM) and 4-MBA (10
mM) in an aqueous KPi solution (0.02 M, pH 4.5, 25 °C). Representative lifetimes,
calculated using 3 ps as the initial time, are indicated near reaction arrows.

Recombination reactions are indicated by dashed grey arrows.

an aim to reduce the influence of the strong photoluminescence at wavelengths near
550 nm. The intrinsic decay of N°NCNx (Figure B.5) yielded a representative lifetime
() of 21.6 ps, which was the time during which 50% of the initial (at 3 ps) excited
state population has decayed by half.

The tens of microsecond timescale of the decay was quite comparable to those
found in metal oxide photocatalysts such as hematite3* and TiO2.3%> Furthermore, the
same type of dispersive power law decay dynamics are found in the carbon nitrides
studied as for the metal oxides, and has been attributed to bimolecular (i.e. electron-
hole) recombination. The exponent of the power law was significantly smaller than
unity (~0.35), indicating that charge trapping/detrapping may play a considerable role
in excited state dynamics of N°NCNy, as also indicated by slow timescale of this

recombination process.

We next performed 4-MBA titration experiments to elucidate the kinetics of 4-
MBA oxidation. As the concentration of 4-MBA increased, a long-lived component of
the decay became dominant (Figure B.6), which is assigned to long-lived electrons
formed after hole scavenging by 4-MBA. For 10 mM 4-MBA, these long-lived electrons
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account for about 75% of the initial amplitude (Figure 4.8). Assuming a bimolecular
dynamic quenching process, analysis of the concentration-dependent yield and rate
of formation of the long-lived electrons (see Appendix for details) provided a reaction
rate constant of 1.43 x 107" M~ s~ (Figure B.7 and B.8). The analysis also informed
us of a slow background reaction rate ko of 8200 s, which we tentatively attribute to
hole scavenging by small amounts of impurities or H20, and explains the non-zero
absorption seen in the millisecond regime in the absence of 4-MBA. However, the
shape of the decay is more indicative of quenching occurring on timescales faster than
the instrument response of 3 ps, perhaps by static quenching. Specifically, the
decrease in amplitude seen before 1 ms in the presence of 10 mM 4-MBA showed a
1, Of roughly 20 s, that is, indistinguishable fast phase t» was observed with or
without 4-MBA. The yield of long-lived electrons plateaued for higher concentration of
4-MBA, a possible indication that deeply trapped electrons which decay with
microsecond dynamics are unable to participate in the charge transfer reaction.3¢ The
NCNCNx/4-MBA reaction thus appears to take place faster than the ~20 us relaxation
kinetics of N°NCNx. Comparing to a previously reported photocatalytic system using
AA as the sacrificial electron donor, the N°NCNx/4-MBA reaction timescale is faster
than reduction of an oxidised Ru(lll) dye (RuP-TiO2/AA) and maybe comparable to the
reduction of the excited state of the Ru dye (RuP/AA).%’

The same TAS spectral feature is seen with and without the addition of 4-MBA
while the oxidation of 4-MBA consumes holes, which confirms the assignment of the
blue-coloured solution deriving from photogenerated electrons in the N°NCNyx (Figure
B.4). The same observation was also made with MeOH as hole scavenger (Figure
B.4). An analogous increase of the photogenerated electron lifetime in TiO2 has been
observed upon the addition of MeOH as a hole scavenger.3® Therefore, we may
directly monitor the population of electrons in the N°NCNx. This further implies that the

formation of separated charge carriers in N°NCNyx occurs within 3 ps.

We attempted to quantify the rate of electron transfer reaction from N°NCNy to
NiP but the timescale of this reaction was too long for direct observation by TAS. Both
in the absence or presence of 4-MBA, addition of NiP did not affect the relaxation
kinetics of N°NCNx (Figures B.2 and B.3). The upper time limit of our measurements
was ~2 s due to settling of the heterogeneous N°NCNjx dispersion (see Chapter 5 for

details). We thus conclude that the lifetime of long-lived electrons in N°NCNy is longer
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Figure 4.8. Transient decays probed at A = 750 nm of N°NCNyx (1.2 mg mL™Y) and
H2NCNx (1.2 mg mL™Y) suspensions in aqueous KPi solution (0.02 M, pH 4.5, 25 °C)
following A = 355 nm excitation. Traces obtained following the addition of 10 mM 4-

MBA are also shown.

than 2 s, which is consistent with the persistent blue colour observed upon irradiation
of NCNCNy/4-MBA (see above). Similarly, the reaction lifetime for N°NCNx electron
transfer to NiP is also longer than 2 s, in line with disappearance of the blue colour
that takes place over 30 min upon NiP addition (Figure 4.4). Taking into account the
NiP concentration, the upper bound of the bimolecular rate constant is thus set to 2 x
10°M1tst,

The time taken for the electron transfer from NNCNx to NiP and for NCNCNx
charge recombination is presented as more than 2 s (Figure 4.7), as this is the longest
timescale (upper limit) that TAS set-up can record, due to settling nature of the NCNCNx
suspensions. Nevertheless, it should be noted that the electron transfer to NiP is more
favourable pathway, with faster kinetics, as Hz is detected as the main reduction

product in the photocatalytic experiments in longer than 2 s timescale (hours).
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We have compared the TAS results of N°NCNx and the unfunctionalised "2NCNx
to gain insights in the significant differences in efficiency. Surprisingly, for the studied
timescale, we observed slower decay kinetics (1. = 60.2 ps) for H2NCNx dispersions
compared to the catalytically more efficient N°NCNx (Figure 4.8 and B.9). Instead of
increasing the lifetime of reactive charges, the increased efficiency of cyanamide-
functionalised carbon nitride seems to stem from higher hole transfer reactivity
towards oxidation reaction. In particular, we have observed no changes in the decay
kinetics of "NCNx upon the addition of 4-MBA, supporting an inefficient alcohol
oxidation step, which was also observed in our bulk photocatalytic experiments. It is
plausible that oxidation of 4-MBA by NCNCNy is aided by more favourable hydrogen
bonding interactions between the anionic cyanamide moieties on the surface of the
material and the benzyl alcohol. This pre-association increases effectiveness of static
guenching and/or effectively increases the basicity of the carbon nitride and the driving
force for reaction.®® These observations highlight the necessary consideration of both
charge photogeneration and separation as well as complex electron-proton transfer

processes in photocatalyst reactivity.

Considering all of the collected experimental evidence, a stepwise mechanism
is proposed for the closed redox system of NCNCNx—=NiP. Initially, irradiation of NCNCNx
results in light absorption and charge separation. The photogenerated holes in the
material is first reductively quenched by the 4-MBA for selective alcohol oxidation. The
photo-excited electrons accumulated in the NCNCNyx are then transferred to the NiP,
which carries out reduction of agueous protons. The rate of photogenerated electron
transfer from NCNCNy to NiP is slower than the rate of reductive quenching, giving rise

to an intense blue colour.

4.3 Conclusions

The NSNCNx=NiP redox system demonstrated to decouple oxidation and reduction
reactions in a single pot without a need for any additional mediator. During irradiation
NCNCNx accumulates ultra-long-lived ‘trapped electrons’, and effectively transfers
these charge carriers to the catalyst, NiP, in the dark-phase, to generate solar fuel Hz,
directly mimicking natural photosynthesis. This approach enables developing systems
and devices that are not limited by the diurnal availability of sunlight by temporarily

and spatially decoupling light absorption from fuel generation.

78



Mechanistic investigations on NSNCNx=NiP revealed that photogenerated
electrons are used by NiP for proton reduction, with selective use of H* from the
solution (KPi), while the photogenerated holes are consumed by 4-MBA for oxidation.
NCNCNx behaves as an electron reservoir for long-lived and reductive electrons,

whereas the rate of electron extraction from N°NCNy is the overall rate-limiting step.

TAS results showed that photogenerated holes on N°NCNx are quenched by 4-
MBA in time scales faster than 3 pus whereas electron transfer from NCNCNx to NiP
occurs in longer than 2 s. This observation confirms that the rate of electron transfer
from NCNCNy to NiP is overall the slowest electron transfer process in the complete
redox system. In addition TAS results showed that cyanamide groups on the surface
of the material play a vital role in providing enhanced catalytic activity towards
selective substrate oxidation, which outperforms possible charge recombination
reactions in the presence of 4-MBA. The main reason for the enhanced catalytic
activity of N°NCNx is attributed to better hole transfer ability to 4-MBA, enabling superior
oxidation reactivity towards organic substrates, in comparison to the benchmark
HNCNx.

These results demonstrate that the efficiency of N°NCNx=NiP redox system is
limited by the rate of electron extraction from NSNCNx. Introduction of conductive
scaffolds or pre-treatment techniques to speed up this process would overcome this
limitation. This work highlights the importance of studying each component individually
to develop better understanding on the charge generation and separation kinetics in
multi component systems, by bringing photocatalytic experiments together with

spectroscopic technigues.
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Chapter 5

Interfacial engineering of a carbon
nitride—graphene  oxide—molecular Ni
catalyst hybrid for enhanced photocatalytic
activity

The data presented in this chapter was published in a peer-reviewed article: ACS
Catal. 2018, 8, 6914—-6926. The author of this thesis carried all of the work presented
unless specified otherwise. Time resolved spectroscopy measurements were carried
out and analysed by Dr. Robert Godin and Chiara Jeay-Bizot. TEM images were

recorded by Dr. Heather F. Greer.

5.1 Introduction

Solar-driven water splitting with semiconductor particles is a promising strategy to
produce clean and renewable fuels.! Traditionally used light harvesters, TiO2 and ZnO,
usually suffer from large band gaps (3.2-3.4 eV),%2 requiring dye sensitisation to utilise
visible light.4-® Semiconductors such as CdSe, CdS and ZnSe have narrower band
gaps and can partially absorb visible light, but they are toxic and suffer from photo-
corrosion, which limits their practical applications.”*? High performance photocatalytic
systems based on efficient, economic, and benign photo-absorbers are therefore

much needed to accelerate the translation from prototype to products.
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Polymeric CNx has gained increasing popularity as an ideal alternative to
traditional photocatalysts. CNx has a composition based upon “earth-abundant”
elements and has suitable band positions straddling the redox potentials of water
splitting, and is highly stable under irradiation.'-1# CNx materials have been
demonstrated to promote solar driven organic substrate oxidation,*® pollutant
degradation,'®” H> production,®-20 and water splitting.14?1?? Yet its photocatalytic
performance is typically limited by the fast recombination of photogenerated
hole—electron pairs. To overcome this limitation many strategies have been proposed
such as non-metal doping,?>-?® noble metal doping,?®?® and nanoengineering of
CNx.2%30 An alternative strategy is to design a system in which photogenerated holes
or electrons are consumed faster than charge recombination reactions by accelerating
charge transfer to the catalytic sites.

In Chapter 3 and 4, we developed a NNCNx—=NiP photocatalytic system to
simultaneously produce aldehyde and hydrogen from alcohol oxidation and proton
reduction, respectively.3! This closed photocatalytic redox system showed enhanced
photoactivity compared to unfunctionalised (amino-terminated) carbon nitride, H2NCNx,
due to the superior hole transfer ability of N°NCNx to 4-MBA. However, transient
spectroscopy analysis revealed that the rate-limiting step of this photocatalytic

systems lies in the electron transfer from the excited N°NCNx to NiP molecules.3?

Interfacial engineering of semiconductors with charge separation layers can
increase the lifetime of charge carriers and improve photocatalytic activity.3? Graphene
is well known for its high specific surface area (~2,600 m? g™1), high electron mobility
(~200,000 cm? V71 s™), and good chemical and electrochemical stability.32-36
Graphene oxide (GO) is usually synthesised through a chemical oxidation method
using low-cost graphite as the precursor.®’-3° In order to balance the conductivity and
hydrophilicity of GO, it is typical to convert it into reduced graphene oxide (RGO).4041
Graphene materials have been widely used as mediators to facilitate interfacial
electron transfer in various systems including Hz production,*?=#4 CO2 reduction,*>8
water splitting,*04%52  selective organic transformations,>°¢ and pollutant
degradation.>’-%0 This behaviour was attributed to the superior electron accepting and
transferring capabilities of the GO derivatives, resulting in reduced charge
recombination reactions and prolonged lifetimes for the photogenerated charge

carriers in the semiconductors.32:3561 GO derivatives have also been used as efficient
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Figure 5.1. Schematic representation of the photocatalytic N°NCNx=GO-NiP system.
Irradiation of N°NCNx results in the formation of photoexcited state, which is quenched
by 4-MBA and results in the formation of trapped electrons in N°NCNx. These ‘ultra-
long lived’ electrons can then be transferred to NiP for proton reduction in the dark
phase. The electronic communication between NCNCNx and NiP is enhanced by
GO/RGO.

hole—extraction layers,®>-%°> as well as an electron—extraction layers in heterojunction

solar cells, due to their tuneable work function as well as thin film formation ability.6-
68

In this chapter, we introduce GO and RGO to interface with N°NCNx and NiP to
facilitate electron transfer and to enhance the photocatalytic activity.3! We shed light
on the improved performance of the N°NCNx=NiP photo-redox system in the presence
of GO and RGO (Figure 5.1). The charge transfer between N°NCNx, GO/RGO and NiP
are investigated. The NCNCNx=GO-NiP and N°NCNx=RGO-NiP hybrid systems are
studied using optical spectroscopy techniques, namely time-resolved
photoluminescence (tr-PL), TAS and photoinduced absorption spectroscopy (PIAS),
to understand the key kinetics and photophysical properties leading to improved

photocatalytic performance.
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5.2 Results and discussion

5.2.1 Preparation and characterisation of N°NCNy hybrids

NENCNx=GO/RGO hybrids were prepared by mixing N°NCNx (5 mg) and GO/RGO in
aqueous solution (0.2 mg mL™1) for 16 h prior to experiments. NCNCNx=GOx/RGOx of
different compositions were prepared [x denotes the content of GO and RGO in weight
percentages loading in reference to N°NCNy; which ranges between 0.063 wt% (3.1
Hg) and 50.00 wt% (2.5 mg)]. The samples were allowed to dry under air, prior to
characterisation by FT-IR spectroscopy, and the data of the hybrid were compared to
bare NCNCNx and GO (Figure 5.2). The FT-IR spectrum of bare N°NCNx showed the
characteristic heptazine core IR vibration at 803 cm™! and bridging secondary amine
—C-N bending vibrations at 1307 and 1211 cm™, supporting the polymeric nature of
the material. The appearance of the (C=N) stretch at 2181 cm™ confirmed the
presence of cyanamide groups on the surface of the material. The spectra recorded
in the presence of either GO or RGO showed negligible differences compared to the

spectrum of bare N°NCNx (Figure 5.2a).29-6°

The XRD pattern of the N°NCNx=GO hybrid showed the characteristic bands
observed for pure NCNCNy, indicating that the crystalline structure of the material is
preserved after the physical mixing with GO (Figure 5.2b).2%6% More specifically, the
hybrid showed the characteristic N°NCNx peak at 28.2° 26, which corresponds to an
interlayer spacing of 3.16 A (002). In addition, the hybrid preserved the same (100) in-
plane periodicity with pure NCNCNy, as indicated by two bands at 9.83° 26 (9.00 A) and
8.04° 20 (11.00 A). The characteristic GO band at 10.9° 26 (8.12 A), due to (001)
interlayer spacing, is less prominent in the XRD pattern of the hybrid due its low

content.20.70

The UV-vis absorption profile of the NNCNx—=GO hybrid resembled the
characteristic features of bare N°NCNx, Aaps < 450 nm, (Figure 5.2c).
Photoluminescence (PL) studies were carried out to investigate changes in the charge
separation efficiency of N°NCNx in the presence GO and RGO (Figure 5.2d). In contrast
to the literature reports,3+3% we observed that introducing GO/RGO does not quench
the emissive states in N°NCNx. This observation indicates that GO/RGO does not affect

the rate of charge recombination under visible light irradiation, in timescales less than
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Figure 5.2. (a) ATR-FT-IR spectra, (b) XRD patterns of bare N°NCNx and GO and that

of NCNCNx=GO and

NCNCNx=RGO hybrids at 10.0 wt%

GO/RGO loading.

Characterisations were also performed at 0.125 wt%, but this loading was too low to

observe any significant differences. Therefore, only data with 10 wi% loading is
presented. (c) UV-vis absorption profile of N°NCNx (0.5 mg), GO, NNCNx-GO and
NCNCNx=RGO hybrid in the presence of 0.125 wt% loading in an aqueous KP;i solution

(0.1 M, pH 4.5, 3 mL) recorded at 25 °C. (b) Photoluminescence measurements of
NCNCNx (0.5 mg), NNCNx=GO and N°NCNx=RGO hybrids at 0.125 wt% loading,

recorded in an aqueous KPi solution (0.1 M, pH 4.5, 3 mL) with Aex
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0.1 s (see below for more details).*>"® Transmission electron microscopy (TEM)
images of N°NCNx—=GO hybrids at different GO loadings showed that GO sheets act as

a scaffold to host the approximately 50 nm sized N°NCNx particles (Figure C.1).

5.2.2 Photocatalytic assembly and performance

NiP was synthesised and characterised as previously described.’* "2NCNx and N®NCNx
were prepared by a slight modification to a published procedure, in which H2NCNx
polymerisation from melamine was carried out at 550 °C for 4 h under air.19-21 NCNC Ny
(5 mg) was added to an aqueous suspension of GO/RGO (0.2 mg mL™) in a
photoreactor and stirred for 16 h prior to the experiments. This was followed by the
addition of an aqueous solution of NiP and EDTA or KP;i with 4-MBA (30 ymol). The
final suspension contained 3 mL of EDTA (0.1 M, pH 4.5) or KPi (0.1 M, pH 4.5). The
photoreactors were sealed, purged with N2 (containing 2% CHa as internal gas GC
standard) and irradiated at 25 °C using a solar light simulator equipped with an AM
1.5G filter, at 1 sun intensity (100 mW cm™). The headspace H2 gas was quantified
periodically by GC, while oxidation products of 4-MBA were characterised in solution

by 'H NMR spectroscopy.

The parameters of the system (solvent, amount of GO, size of GO, amount of
NCNCNx) were systematically varied and optimised for H2 production per catalyst,
expressed as NiP turnover frequency (TOFnip, mol Hz (mol NiP)™t h™) and turnover
number (TONnie, mol Hz2 (mol NiP)™1) determined after 1 h and 4 h of irradiation

respectively, as well as the conversion yield of alcohol after 4 h (Tables C.1-C.6).

The initial experiments were performed using EDTA (0.1 M) as a sacrificial
electron donor (Figure 5.3a). Simulated solar light irradiation resulted in linear Hz
production during the first 4 h and a significant enhancement in photocatalytic activity
was detected particularly in the presence of low GO loadings, < 0.50 wt% (25 ug),
(Figure C.2a). In the absence of GO, a TOFnir of 38 £ 1 h™t was achieved, whereas
the presence of GQOo.125 resulted in TOFnip of 116 + 3 h™L. After 4 h of irradiation, three
times higher Hz production activity (17 + 1 pmol, and TONNnip, 348 + 11) was recorded
with GQOo.12s compared to that of bare NSNCNx. NSNCNx—RGOo.125 displayed a
comparable catalytic activity (TOFnip of 102 + 1 h™t and TONnie of 322 + 6), potentially
indicating in situ photoreduction of GO.4°
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It was previously reported that GO can itself act as a p- or n-type
semiconductor, depending on the degree of its surface oxidation,’? as well as a
photocatalyst for Hz production.”®7# Control experiments in the absence of N°NCNx with
GO/RGO-NIP only under simulated solar light and blue filtered (A > 495 nm) irradiation
did not generate Hz, ruling out these possibilities (Table C.1). Increasing GO loadings
above 0.50 wt% (25 pg) caused a substantial decrease in the activity (Figure C.2a).
This observation may be due to increased light scattering by GO, reducing the amount
of light that can be absorbed by NCNCN.43

The enhanced photocatalytic performance of N°NCNx in the presence of
GO/RGO encouraged us to replace excess EDTA by a closed redox system with
stoichiometric and selective alcohol oxidation coupled to proton reduction (Figure 5.3b
and C.2b). In the presence of 4-MBA (30 umol) with N°NCNx and GOo.125, a specific
activity of 1,159 + 29 umol Hz (g N°NCNx)™* h™! towards H2 and aldehyde production,
TOFnip of 116 + 3 h™*and TONnip of 367 + 20 were achieved, whereas bare NCNCNx
showed a lower specific activity of 676 + 27 pmol Hz2 (g N°NCNx)™ h™1, TOFnip of 68 +
3 h ™t and TONnip of 237 + 20. Consistent with results recorded in EDTA solution,
replacing GOo.125s by RGOo.125 in the presence of 4-MBA yielded similar activity with
respect to the photocatalyst at 1,216 + 55 pmol Hz (g N°NCNx)™* h™* and to the catalyst
with a TOFnip of 122 +5 h™2,

The reaction rate for alcohol oxidation almost doubled in the presence of GO
or RGO, reaching 17 umol of selective 4-MBAd formation with a conversion yield of
57%. Bare N°NCNx produced 10 pmol 4-MBAd under the same conditions,
corresponding to a 32% conversion. After 4 h of irradiation in the presence of GO/RGO
approximately 18 umol of H2 and aldehyde were formed, corresponding to a 50%

enhancement in photocatalytic activity in comparison to bare NCNCN.

Control experiments with NNCNx=GO-NiP in the absence of N°NCNx or NiP
with 4-MBA in KPi buffer did not generate H2 (Figure 5.3b). Aldehyde (4-MBAd) was
also produced in the latter experiment due to ‘solar charging’ of the NCNCNx in the

absence of catalyst (Table C.7 and discussion below).3?
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Figure 5.3. Photocatalytic H2 production under simulated solar light irradiation (100
mW cm™2, AM 1.5G, 25 °C) with 5 mg of NNCNy, NCNCNx=GO and NNCNx=RGO
(0.125 wt% loading of GO or RGO, 6.3 ug) in the presence of NiP (50 nmol) in (a)
aqueous EDTA solution (0.1 M, pH 4.5, 3 mL), and (b) in agueous KPi solution (0.1 M,
pH 4.5, 3 mL) containing 4-MBA (30 pmol) under N2. The pair of hollow and filled
symbols of the same shape and colour corresponds to H2 and aldehyde production,
respectively. The amount of aldehyde was quantified after 4 h of irradiation. Control

experiments in the absence of N°NCNy and in the presence of RGO are also presented.



The catalytic turnover rates and numbers of NiP are in broad agreement with
previously reported Hz production systems using colloidal light absorbers under
sacrificial conditions. Solar light driven H2 generation with NiP was first reported in the
presence of phosphonated ruthenium tris(2,2’-bipyridine) (RuP) dye sensitised TiO2 in
AA (pH 4.5), which showed a TOFnip of 72 £ 5 h™1.7* A hybrid system containing H2NCNx
and NiP in EDTA (pH 4.5) reported a TOFnip of 109 + 11 h™1.19 Sacrificial photo-H2
generation was also demonstrated using an amorphous and N-doped carbon-dots as
light harvester with NiP in EDTA (pH 6), reaching TOFnip of 41 h™* and TOFnip of 143

h~! respectively.” 76

Tuning the amount of N°NCNy at high GO loadings resulted in excellent specific
activity (Figure C.3). The highest specific activity of 4,655 + 448 umol Hz2 (g N°NCNx)™*
h-1 was achieved with 0.5 mg of N°NCNx in the presence of 50 wt% GO loading (0.25
mg) and 50 nmol NiP. The Hz production rate is amongst the highest reported in the
literature with respect to the mass of carbon nitride and the highest for selective
organic oxidation coupled to fuel generation.””-8! Previously reported semiconductor-
graphene heterojunction systems have been studied with a sacrificial electron donor
and noble metal proton reduction catalysts.8? For CNx systems, only an eosin Y
sensitised CNx-GO composite with a Pt catalyst in a sacrificial donor TEOA solution
shows comparable activity to the system developed in this work (3,820 pumol H2 (g
CNx)™* h™).8% The high activity of our N°NCNx=GO-NiP hybrid is even comparable to
a toxic CdS/graphene composite with Pt, which reaches up to 6,000 pmol Hz (g CdS)™*
h-1.8485 NCNCNy—GO-NiP therefore demonstrates benchmark photoactivity for a
precious metal free, single photo-absorber system. In addition, the system does not
rely on excess sacrificial electron donors and converts organic substrates cleanly into

value-added products in high yield.

Different sizes of GO sheets, < 1-5 um, were also studied to improve the
understanding of the interaction between N°NCNx and GO, but only marginal variations
in photocatalytic performance were observed (Table C.4).

The photocatalytic behaviour of amine terminated H2NCNx was also studied in
EDTA and KPi containing 4-MBA (Table C.5 and C.6). As for N°NCNy, introduction of
GO and RGO enhanced the photocatalytic activity by at least 50%, demonstrating the
more general ability of GO and RGO to improve the performance for carbon nitride

photocatalysts.
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5.2.3 Light and dark cycles of NCNCNy

We have previously established that light exposure of a yellow suspension of NCNCNy
in the presence of an organic substrate results in the formation of blue NSNCNx
(Chapter 4).3! This blue state is associated with ultra-long lived “trapped electrons”
accumulated in N°NCNy with lifetimes on the order of hours. Addition of a catalyst such
as NiP can release these low potential electrons in the dark phase to produce Hz. This
unique behaviour therefore allows decoupling of oxidative and reductive half-reactions
temporarily, making it possible to generate a solar fuel in the dark.318¢ Thus, the
electron storage capacity of N°NCNx=GO (5 mg) hybrid suspensions in an agueous
KPi solution with 4-MBA (30 pmol) without NiP was studied. The anaerobic
suspensions were irradiated for 30 min, 2 and 4 h and then moved into the dark (Figure
5.4). The Hz evolution performance was monitored after injecting NiP (50 nmol in KPi
solution) to the pre-irradiated, blue suspensions using an airtight syringe (Table C.7).

Independently of the length of charging interval, discharging rates of
approximately 0.40 mmol e~ (g N°NCNx)™* h™! were observed, based on 1 umol of H2
being produced from 2 pumol of radicals, per 5 mg of N°NCNx after one hour of NiP
injection in the dark. Short-term irradiation resulted in a rapid discharge upon injection
of NiP, whereas 4 h light-exposure required a longer time to consume the larger
number of trapped electrons. The total amount of trapped electrons and the
corresponding dark Hz evolution saturated after 4 h irradiation, while irradiating the
samples for 12 h did not increase the number of accumulated charges.

The amount of Hz detected provides an indirect measure on the total number
of heptazine based radicals generated during irradiation of the material (Table C.8).8¢
After 30 min of irradiation, 0.8 + 0.1 umol of H2 was generated with bare N°NCNx,
whereas NNCNx=GO or N°NCNx=RGO hybrids produced 1.1 + 0.1 and 0.9 + 0.1 umol,
respectively (Figure 5.4a). Assuming that the trapped electrons are gquantitatively
converted into Hz, we can estimate that 2.1 + 0.2 and 1.9 + 0.2 pmol of radicals are
accumulated in the NNCNx=GO and NNCNx—=RGO hybrids, respectively (1.6 + 0.1
umol for bare N°NCNx). This corresponds to approximately a 1:10 ratio of radical to

heptazine units in NCNCNy.
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After 4 h of irradiation a saturation concentration of trapped electrons was reached
and approximately 2.25 pmol Hz was detected, which corresponds to 4.50 + 0.37 pmol

of radicals (Figure 5.4c) or roughly a 1:5 ratio of radicals to heptazine units.

5.2.4 Time resolved spectroscopy

Previously reported TAS measurements indicated that 4-MBA quenches the
photogenerated holes on NCNCNx on timescale faster than 3 ps, while the extraction of
the photoexcited electrons by NiP takes longer than 2 s (Chapter 4).3! In agreement
with the mechanistic studies, the photo-system was determined to be limited by hole
transfer to 4-MBA and the accumulation of the low potential electrons in the NCNCNx
on the short timescale (< 3 us), whereas on the longer timescale (> 1 s) it is limited by
the rate of electron extraction from ‘electron-saturated” N°NCNx (Figure 5.1).
Acceleration of the rate of electron extraction from N°NCNx would decrease the steady-
state concentration of trapped electrons in N°NCNx and reduce charge recombination
losses. In turn, this will allow an overall higher conversion of 4-MBA and higher yield
of electron transfer to NiP. We investigate here whether this is the case when the
graphene based conductive scaffolds GO and RGO are introduced in the

photocatalytic system.?’

We studied the improved photocatalytic activity of N°NCNx in the presence of
GO and RGO first using tr-PL, namely the time correlated single photon counting
(TCSPC) to record the fast PL decay process. For the TCSPC experiments, samples
were excited at Aex = 404 nm and decay of the emissive states were monitored at Aem
= 490 nm under Ar atmosphere. Both bare N°NCNx and NNCNx=GO/RGO hybrids
showed similar decay profiles in the absence and presence of 4-MBA (Figure 5.5 and
C.4). These results indicate that the interface between N°NCNx and GO/RGO does not
improve the charge separation of the monitored emissive states on the nanosecond
timescale. This is a surprising observation in comparison to previously reported
semiconductor-graphene hybrid/composite systems, where quenching of PL is a
characteristic behaviour, due to faster charge separation of the emissive excitonic

states.3435
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Figure 5.6. Typical pus-TAS decay kinetics of N°NCNy at the concentration of 1.67 mg
mL~! dispersed in KPi solution (0.1 M, pH 4.5) with and without 4-MBA (0.01 M) under
Ar atmosphere monitored at A = 610 nm under A = 355 nm pulsed excitation at 25 °C.

TAS were subsequently performed to follow the charge transfer reactions in
NCNCNx and GO/RGO hybrids on microsecond—second timescales. In contrast to tr-
PL, TAS measurements monitor both emissive and non-emissive states generated in
the material after photoexcitation. Photoexcitation (Aex = 355 nm) of N°NCNy produced
a broad photoinduced absorption signal in the 470-1000 nm range (Figure C.5a).
Similar to behaviour observed in metal oxides, the decay of the signal in NCNCNx
follows a power law and is attributed to bimolecular electron-hole recombination
(Figure C.5b). The exponent of the power law is smaller than unity (~0.43), suggesting
that a trapping/detrapping process plays a significant role in excited state dynamics of

NCNCNjx, consistent with relatively slow time scale for the recombination process.8°

Typical us-TAS decays for N°NCNx suspension with and without 4-MBA under
Ar were also recorded (Figure 5.6) at Aex = 355 nm pulsed laser excitation with
monitoring at 610 nm. In the absence of 4-MBA a decreasing decay is observed in the

absorption profile until it remains nearly constant with a low amplitude at 1 ms after
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the light impulse. In the presence of 4-MBA a constant absorbance is reached from
1 us with no decay over time (note that data > 100 ms is affected by N°NCNx settling,
see below). In line with previous observations in Chapter 4, this persistent signal is

assigned to long-lived trapped electrons in NCNCNy.31.86

To gain knowledge on how the interface between N°NCNx and GO or RGO are
affecting the photophysics of N°NCNx on the microsecond—second timescale, TAS
decays were recorded both in the absence and presence of 4-MBA with bare NCNCNy
and hybrid systems containing various GO/RGO loadings (Figure 5.7). The results
show that charge recombination took place faster than 1 ms in the absence of 4-MBA,
with similar decay profiles with or without GO/RGO (Figure 5.7a). In the presence of
4-MBA (Figure 5.7b), a constant absorbance is reached within the time resolution of
the setup and indicated that the photogenerated holes are quenched faster than 1 ps.
In all the cases, the transient absorption traces recorded for bare N°NCNx and GO or
RGO hybrid systems showed no significant differences. In addition to the comparable
signal amplitudes, we also note that the decay kinetics are unaffected by the presence
of GO or RGO, inconsistent with charge separation across the CNx/GO interface. The
results support our interpretation of the PL and tr-PL data, ruling out the possibility of
GO and RGO influencing the charge carrier dynamics of N°NCNx by enhancing the
separation of photogenerated charges on shorter than a second timescale.*3%9 |n
line with this observation, TAS experiments conducted for "2NCNx also showed no
difference between bare "2NCNx and GO/RGO hybrids (Figure C.6). The slightly lower
signal amplitude for bare H2NCNx in the absence of 4-MBA or NiP (Figure C.6a) is
attributed to experimental fluctuations and is in line with the differences up to 20%
observed in repeated measurements. Importantly, no changes in the decay kinetics

were observed.

5.2.5 Decay kinetics of charged NSNCNy

We next sought to investigate the electron transfer taking place from N°NCNx to NiP,
which is a vital step for Hz production. This electron transfer has been shown to take
place on a timescale longer than few seconds (Chapter 4).3! During the
measurements, N°NCNx particles were settling in the cuvette, eliminating the possibility
to follow any process longer than 0.1 s and preventing an accurate measure of the

electron transfer process. To overcome this settling issue of N°NCNy, the powder was
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Figure 5.7. us-TAS decay kinetics of (a) N°NCNx at the concentration of 1.67 mg mL™
dispersed in KPj solution (0.1 M, pH 4.5) with various GO and RGO loadings in the
absence and (b) presence of 4-MBA (0.01 M), monitoring at A = 610 nm under A = 355

nm pulsed excitation.
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suspended in a non-intrusive matrix of a sodium deoxycholate (NaDC) hydrogel.%? This
matrix prevented the fast settling of N°NCNjx, and the us-TAS decay kinetics of aqueous
NCNCNx or H2NCNx suspensions and hydrogels were compared. The initial signal decay
on the ps timescale was unchanged by the NaDC matrix (Figures C.7) indicating that
the CNx photophysics were not disrupted. The hydrogel matrix did successfully
eliminate the artefacts caused by settling on timescales > 100 ms (Figure C.7),

particularly evident in the case of H2NCNx.

PIAS of hydrogel samples were then used to record the long-lived excited
states and to monitor the electron transfer kinetics from N°NCNx on the second to
minute timescale. The samples were irradiated with a UV LED (365 nm, 0.5 mW cm™)
pulse for 2 s, as opposed to the nanosecond laser pulse used in TAS experiments.
The change in absorbance was monitored at A = 610 nm during the LED excitation
and 58 s following excitation. Similarly as for the TAS experiments, the signal detected
is due to absorption from the photogenerated electrons, and the amplitude depends
on the quantum yield of photogenerated electron, the recombination lifetime and the

intensity of the excitation in steady-state conditions.%?

PIAS traces were recorded for bare N°NCNx and hybrid systems with GO or
RGO in the presence of different NiP concentrations (Figure C.8). Similar traces were
recorded for the different samples in the absence of NiP, pointing to insignificant
changes in the N°NCNx photophysics when junctions with GO or RGO are introduced.
In all cases, as the NiP concentration was increased, the absorbance signal was
guenched faster, as expected, increasing the concentration of electron accepting
molecules increases the rate of electron extraction. Interestingly, much faster
absorption decays were observed by increasing the NiP concentration both in the
presence of GO and RGO, as compared to bare N°NCNx. This trend was observed
clearly when the normalised traces of N°NCNx and GO/RGO hybrids at a single NiP
concentration are plotted together (Figure 5.8a and Figure C.9). The data set of Figure
5.8a is also shown before normalisation for comparison (Figure C.10). The PIAS
amplitude of all three types of samples after switching off the LED pulse for 10 s is
also given (Figure 5.8b), again showing the stronger effect of the addition of NiP for
the GO and RGO hybrids.
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Figure 5.8. Comparison of PIAS of N°NCNy, NCNCNx=GO/RGO samples (0.125 wt%
loading of GO or RGO, 6.3 ug) in NaDC (13.8 mg mL™) hydrogel monitored at A = 610
nm with LED excitation at A = 365 nm (0.5 mW cm™2), in KP; solution (0.1 M, pH 4.5)
with 4-MBA (0.01 M) under Ar (a) with NiP (24 puM) over 60 s and (b) at different NiP

concentrations (10 seconds after switching off the light).
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All of the PIAS data clearly showed that abstraction of the photoexcited
electrons from NCNCNy is faster in the presence of GO and RGO. This qualitatively
demonstrated that the interface between N“NCNx and GO or RGO enhanced the rate
of electron extraction and delivery from NCNCNx to NiP on the second timescale. A
guantitative description of the kinetics is prevented by the settling nature of the
heterogeneous system, which is unfortunately not completely removed when using
13.8 mg mL~! NaDC to form the hydrogel matrix. We also note that addition of NiP
and release of Ni?* ions may impact the viscoelastic properties of the hydrogels,®*9%
although this does not affect the comparison of the decay kinetics of different samples
at the same NiP concentration. Stiffer matrices could be prepared at higher NaDC
concentrations to completely remove particle settling over the minute timescale, yet
complete removal of oxygen from the system was then the issue, which had a strong
impact on the observed kinetics due to electron extraction. This led to intractable

variations between experiments and was not pursued further.

PIAS for bare "2NCNx and hybrids with GO/RGO were also conducted (Figure
C.11) and they all showed similar PIAS traces when considering both the amplitude
and kinetics, even in the presence of NiP. While we expect to monitor only the
unreactive trapped charges in the case of amino-terminated, "2NCNy,% the lack of
changes in the presence of GO and RGO supports our conclusion that the junction
formed generally does not significantly impact the photophysics of CNx.

Centrifugation experiments were subsequently conducted to better understand
the interaction between GO and the NiP catalyst (Figure 5.9). First, the UV-visible
absorption profile of NiP (50 nmol in 3 mL) was recorded alone in aqueous solution.
Then, the NiP solution was stirred with different amounts of GO, specifically 0.05 mg
and 0.5 mg. The resulting suspensions were then centrifuged (10,000 rpm, 10 min)
and the UV-vis spectrum of NiP remaining in the supernatant was recorded. A
significant reduction in the NiP absorption peaks was observed as the GO loading was
increased, which can be attributed to the H-bonding interactions between the —OH
groups of GO or RGO and the phosphonate groups of the NiP catalyst.®” This indicates
that GO acts as a scaffold to bring NiP in close proximity to N°NCNx and the greater
affinity for the N°NCNx=GO interface enhances the rate of electron transfer from
NCNCNx to NiP. It was not possible to fully sediment N°NCNx and RGO particles in

analogous experiments, preventing us to clearly observe the absorption profile of NiP.
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Figure 5.9. UV-visible absorption spectra of NiP (40 nmol) in KPi solution (0.1 M, 3

mL), before and after the addition different amounts of GO (0.05-0.5 mg). GO was

separated by centrifugation before recording the electronic absorption spectra of NiP

in the supernatant. Similar experiments were also attempted with bare N°NCNx and

RGO, but these were hampered by their strong scattering.

Together, these observations highlight once more the importance of brining time
resolved spectroscopic techniques and photocatalytic experiments together to

develop a better understanding on multi-component hybrid systems.

5.3 Conclusions

The enhanced activity of the closed photo-redox system NCNCNx=NiP is investigated
upon integration with GO and RGO. Introducing GO/RGO enabled 3-times and 1.5-
times enhancement in the presence of EDTA and 4-MBA, respectively. Systematic
and precise tuning of the GO loading was found to be essential to reach the best
photocatalytic performance due to the highly scattering nature of GO. A maximum
specific activity of 4,655 + 448 pmol Hz (g NNCNx)™ h™* and a TOFnip of 116 + 3 h™t

was reached through system optimisation under 1 sun irradiation. To the best of our
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knowledge, this is the highest activity reported in CNx-GO/RGO heterojunction
systems and top performance of “closed” CNx photocatalytic system for selective and
stoichiometric alcohol oxidation and proton reduction. The catalytic activity of NiP is in
line with previously reported colloidal systems. After 4 h of irradiation in the presence
of GO, 18 £ 1 pymol of Hz and 17 £ 1 pmol of 4-MBAd were obtained, corresponding to

57 + 3% of selective 4-MBA conversion.

The properties of the closed cycle were probed by optical spectroscopic
techniques (PL, tr-PL, TAS, PIAS) to gain a better understanding on the charge
transfer dynamics between NNCNx and GO or RGO and NiP. In contrast to previous
reports, our results revealed that introducing GO or RGO does not have a significant
impact on charge separation or recombination on a timescale shorten than 0.1 s. The
charge transfer reactions of the ultra-long lived electrons in N°NCNx were probed by
PIAS on timescales longer than 0.1 s. In the presence of GO and RGO, increasing
NiP concentration resulted in faster quenching of the signal associated with the
trapped electron in N°NCNx when compared with bare N°NCNx. This effect indicates
that GO and RGO improve the rate of electron extraction from NCNCNx. We show that
NiP can interact with GO, which acts as a conductive binder and improves the affinity
between NiP and N°NCNx. Therefore, the enhancement in activity upon addition of
GO/RGO to N°NCNx and NiP is not a simple electronic effect but GO and RGO act as
carbon scaffolds to efficiently bring the components in close proximity, without

adversely affecting the charge transport dynamics.
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Chapter 6

Photoreforming of lignocellulose into H:
using nano—-engineered carbon nitride

under benign conditions

The data presented in this chapter was published in a peer-reviewed article: J. Am.
Chem. Soc., 2018, doi: 10.1021/jacs.8b07853. The author of this thesis carried all of
the work presented unless specified otherwise. Dr. Demetra S. Achilleos and the
author conceived the research. Ailun Huang shared the photocatalytic experiments
with the author and recorded the BET measurements. Dr. Demetra S. Achilleos has
helped with characterisation of samples. TEM and SEM images were recorded by Dr.
Heather F. Greer.

6.1 Introduction

Direct utilisation of biomass has the potential to provide sustainable and scalable H2
fuel production.’ Lignocellulose is the most abundant form of biomass and, being an
agricultural waste product, its use does not compete with food production. The
complex and energy-rich structure of lignocellulose is composed of cellulose,
hemicellulose and lignin,"2 which have evolved to prevent degradation and are
therefore kinetically challenging to utilise under ambient conditions.® Gasification at
high-temperature (> 750 °C) is the most common method for H2 production from

lignocellulose, but is energy-intensive and produces side products such as the fuel-
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Figure 6.1. Schematic representation of H2 generation through photoreforming of

lignocellulose with NCNCNx and H2 production catalysts.

cell inhibitor carbon monoxide.* Enzymatic hydrolysis is another process for biomass
utilisation, but this multi-step conversion suffers from low overall yields.3° Thus, there
is substantial interest in developing novel approaches for the valorisation of

lignocellulose.® "

Photoreforming of unprocessed biomass to H2 has emerged as a more
affordable and clean alternative to traditional techniques.'?'3 Photoreforming requires
a photocatalyst that generates holes to oxidise the lignocellulose and electrons to drive
proton reduction upon photoexcitation.' This process is traditionally carried out using
UV-light harvesting TiO2 modified with noble-metal catalysts such as RuO2 and Pt."4-
16 Visible-light absorbing CdS quantum dots were recently reported for biomass
photoreforming, but the system required toxic Cd and strongly alkaline conditions (10
M KOH)."” There is therefore a great need to identify a photoreforming process that
utilises an inexpensive, non-toxic and visible-light absorbing photocatalyst, capable of

operating under benign aqueous conditions.

Polymeric CNx is a metal-free and inexpensive carbonaceous photocatalyst.'®-
20 The well-positioned band edges of CNx give enough driving force for many
photocatalytic reactions including proton reduction,?-?> CO2 reduction,?3?* organic

transformations,?>2% redox catalysis?>?” and water splitting.282° Herein, we report a
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straightforward approach to enhance the photocatalytic activity of bulk cyanamide-
functionalised carbon nitride (N°NCNx) by ultra-sonication. The activated N°NCNx is
subsequently used to photoreform lignocellulosic biomass and generate Hz, in the
presence of a molecular Ni-bis(diphosphine) catalyst, NiP, and heterogeneous Pt or

MoS: in aqueous media over a range of pH values (2-15), (Figure 6.1).

6.2 Results and discussion

6.2.1 Characterisation of NCNCNy

Bulk NCNCNx was prepared and characterised as previously reported (see Chapter
5).22:30 Activated NCNCNx was obtained by ultra-sonicating an aqueous suspension of
bulk NeNCNx (5 mg mL™") in KP; solution using a sonication probe (Fisher, Sonic
Dismembrator) for 10 min at 40 °C (Figure 6.2). UV—vis spectroscopy of the bulk and
ultra-sonicated N°NCNx revealed strong UV absorption, which tails into the visible
region (Aabs < 450 nm). A significant increase in absorbance was observed upon ultra-
sonication of NeNCNy, which may be due to disruption of aggregated N°NCNx and
subsequently reduced light scattering and enhanced light absorption.?
Photoluminescence studies (Aex = 360 nm) also revealed an increased emission
intensity for the ultra-sonicated NNCNx, possibly suggesting a higher density of

photoexcited states.

Brunauer-Emmett-Teller (BET) measurements indicated a 60% increase in the
surface area after ultra-sonication (97.4 + 0.6 m? g~'),32 while a smaller aggregate size
following ultra-sonication was confirmed by TEM and scanning electron microscopy
(SEM). The digital photography of NCeNCNx samples before and after ultra-sonication
also showed significant increase in the volume of the dried sample after ultra-
sonication, supporting increased surface area and possibly easier access to
catalytically active sites of activated N°CNCNx. Nearly identical XRD patterns and FT-IR
spectra were observed, indicating that the characteristic functional group features of
bulk NCNCNx, cyanamide surface functionality and the polymeric nature of the material,

were preserved after ultra-sonication (Figure 6.2).22:33
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6.2.2 Photocatalytic assembly and performance

A photocatalytic screening assay was carried out by dispersing N°NCNx in KPi (pH 4.5)
solution containing a DuBois-type Ni-proton reduction catalyst, NiP,34 with 4-MBA (30
umol).25 4-MBA was selected as the electron donor as it may be considered as an
easily oxidised model cellulose substrate. The samples were irradiated under a N2
atmosphere with simulated solar light (100 mW cm™, AM 1.5G, 25 °C). The reaction
conditions were optimised systematically with respect to N°NCNx-based Hz production
activity (specific activity; umol Hz (g N°NCNx)™' h™"), NiP-based activity represented by
Ni-based turnover frequency (TOFnip; mol H2 (mol NiP)™' h™') and turnover number
(TONnip; mol Hz (mol NiP)™"), and overall proton reduction and alcohol oxidation rates
(Tables D.1-D.7).

Initially the conditions for ultra-sonication were optimised for the highest H2
production rate by systematically varying the parameters including time, temperature,
solvent and the concentration of NCNCNx (Figure 6.3). Photocatalytic activity increased
approximately by 5-times after 10 mins of ultra-sonication in KPi (Figure 6.3a). During
10 mins of sonication, temperature of the solvent went up to 40 °C. Control
experiments showed that highest Hz2 production rate was reached at 40 °C, while

standard sonication bath found to be inefficient in enhancing the activity (Figure 6.3b).

A range of solvents have been reported to ultra-sonicate carbon nitride,3°3¢
while the photocatalytic performance of NCNCNx after sonicating in different solvents
including KP;, isopropanol ((PrOH), methanol (MeOH) and water, showed negligible
difference (Figure 6.3c). Photocatalytic experiments carried out by dispersing different
concentration of NCNCNy in KPi showed almost identical H2 production rates (Figure
6.3d). Therefore, the optimised conditions were to ultra-sonicate bulk N°NCNx (5 mg

mL~") for 10 min in KP; (0.1 M, pH 4.5) at 40 °C, to activate prior to experiments.

The results of photoreforming 4-MBA using 0.5 mg bulk and activated NCNCNx
with 300 nmol of NiP are shown in Figure 6.4. After 1 h of irradiation, activated N°NCNx
displayed more than three times the photocatalytic activity of bulk NCNCNy, reaching
17.2 £ 0.6 ymol H2 h™', TOFnip of 57.5 + 2.1 h™" and a specific activity of 34,480 + 1240
umol Hz (g N°NCNx)™" h~'. Quantitative and selective oxidation of 4-MBA into 4-MBAd

was observed in less than 6 h of simulated solar light irradiation.
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Figure 6.3. Photocatalytic H2 production with NCNCNx (0.5 mg), NiP (10 nmol) and 4-
MBA (30 umol) under 1 sun irradiation (AM 1.5G) at 25 °C. (a) N°NCNx dispersed in
KPi and sonicated for different times. (b) Comparing photocatalytic activity by ultra-
sonicating bulk N°NCNx in KP; using ultra-sonication probe or standard sonication bath
at different temperature. (c) Comparing the activity by sonicating NCNCNx in different
solvents. (d) Photocatalytic performance using different concentrations of NCNCNy for

sonication in KP;.
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Figure 6.4. Photocatalytic H2 and 4-MBAd formation using activated and bulk NCNCNx
(0.5 mg) with NiP (300 nmol) in KPj solution (0.1 M, pH 4.5, 3 mL) containing 4-MBA
(30 umol) under simulated solar irradiation (100 mW cm™2, AM 1.5G, 25 °C). The pair
of hollow and filled symbols of the same shape and colour correspond to H2 and

aldehyde production, respectively.

The linear Hz production starts to plateau after 3 h of irradiation as the
conversion yield around 80% is reached, reducing the 4-MBA concentration, and the
system becomes limited by the availability of the substrate (Figure 6.4). Control
experiments in the absence of NCNCNx, NiP, 4-MBA or light did not produce Hz for the
activated N°NCNx and NiP system (Table D.6). A specific activity of 39,310 + 1970 ymol
H2 (g NNCNx)™" h~' was reached with 0.5 mg activated N°NCNx and 400 nmol of NiP
(Figure D.1). This is to the best of our knowledge a benchmark H2 evolution rate for a
CNx photocatalyst.3”:38 To date, the highest Hz2-evolution rate reported was with urea-
derived H-NCNx in the presence of Pt co-catalyst in TEOA as the sacrificial electron
donor, reaching up to 20,000 umol H2 g=' h='.37 Very recently defect engineered
H:NCNy, with nitrogen vacancies and enhanced light absorption, reported to have H2
production rate of 37,680 umol H2 g~' h~' in TEOA with Pt.38
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Figure 6.5. Photoreactors were prepared using bulk and activated N°NCNx (5 mg) in
the presence of 4-MBA (30 umol) in an aqueous KPi solution (0.1 M, pH 4.5, 3 mL)
without NiP and irradiated for 4h under simulated solar light irradiation (100 mW cm™2
AM 1.5G, 25 °C). The suspensions were then moved into dark and NiP (100 nmol)
was injected. The H2 production in dark phase was monitored for the next 6 h. The
pair of hollow and filled symbols of the same shape and colour corresponds to H2 and

aldehyde production, respectively, under the specified reaction conditions.

We have previously showed that N°NCNx can photo-charge and accumulate
ultra-long-lived trapped electrons in the presence of 4-MBA under N2 atmosphere.253°
The density of accumulated charges remained approximately the same for bulk and
activated NCNCNy, but activated N°NCNx showed a faster discharging behaviour (Figure
6.5 and Table D.7). This observation suggests that ultra-sonication enables the co-
catalyst to more easily access catalytically active sites, due to the higher surface area
of the material as confirmed by the characterisation data, and thus improves the
charge transfer dynamics between 4-MBA, NCNCNyx and NiP in the designed system.

The EQE of the N°NCNx=NiP photosystems was determined using simulated
solar light at a single wavelength (A = 360 £ 10 nm, / = 4.05 mW cm™2). The EQE of
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the activated and bulk systems were determined to be 22 + 1% and 13 £ 1%,
respectively. This suggests a 60% improvement in the photocatalytic performance of
the NCNCN after ultra-sonication, which matches with the increase in the surface area
of the material as determined by BET (see characterisation). These results are
suggesting that more charge carriers are generated and utilised efficiently with the
activated N°NCNx. The EQE determined is significantly higher than previously reported
unfunctionalised benchmark amino-terminated "2NCNx and NiP with an EQE of 0.37 +
0.02%.2

6.2.3 Lignocellulosic substrates

The model substrate 4-MBA was subsequently replaced with purified lignocellulose
components. a-Cellulose was initially selected as the most abundant form of wood-
derived biomass while being the most unreactive form of cellulose.*® The
photoreactors were prepared as described above, with a-cellulose replacing 4-MBA
as the electron donor. The reaction conditions were optimised for the overall amount
of H2 being produced by varying the amount of a-cellulose, activated N°NCNx and NiP
loadings (Table D.8).

The system containing 0.5 mg N°NCNx and 50 nmol NiP gave a specific activity
of 1,690 + 100 pmol H2 (g NNCNx)™' h™! and TOFni of 17.0 + 1.1 h™". The highest
overall H2 production yield of 2.62 + 0.09 pmol H2 was observed with 5 mg activated
NCNCNx and 50 nmol NiP in purely aqueous KPi (pH 4.5) after 4 h of irradiation under
1 sun (Figure 6.6), while bulk NeNCNyx produced only 1.91 + 0.07 umol Hz. Under UV-
filtered simulated solar light irradiation (A > 400 nm), activated N°NCNx produced 1.10

1 0.03 umol of Hz, indicating efficient utilisation of visible light (Table D.8).

The importance of surface-functionalisation for a-cellulose photoreforming was
highlighted by the insignificant photocatalytic activity of benchmark, amine-terminated
bulk H-2NCNx (only 0.13 + 0.04 umol Hz), while ultra-sonication had a negligible effect
on the activity of this material (Figure 6.6).2° This significant difference in the activity
of NCNCNx has been previously attributed to the superior oxidising ability, due to more
positively positioned valence band position (+2.2 V vs. NHE at pH 6; band gap of 2.7
eV),*! as well as the improved hole transfer to the electron donor via the cyanamide
moieties on the surface of the material through the built-in potential differences, across

the polymer chains.2530:42
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Figure 6.6. Photocatalytic H2 production in the presence of bulk and activated HNCNx,
bulk and activated N°NCNx (5 mg), NiP (50 nmol) with a-cellulose (100 mg) in KP; (0.1
M, pH 4.5, 3 mL) under 1 sun irradiation (100 mW cm™2, AM 1.5G, 25 °C).

Photocatalytic biomass reformation into H2 was then expanded to the other
components of lignocellulose, xylan and lignin as well as the most common units found
in their structures (Figure 6.7, Table D.9). As the substrate size is reduced, solubility
improves in pH 4.5 KPj, resulting in significantly enhanced photoactivity. After 24 h of
irradiation, up to 32.1 £ 4.8 pmol of H2 was produced from glucose, corresponding to
specific activity of 1,120 + 80 umol Hz (g N°NCNx)™" h™"and TOFnip of 112 £ 8 h™. In
the presence of xylose and galactose monosaccharides, 19.9 £ 2.3 and 28.0 £ 2.5
pmol of Hz were produced respectively after 24 h of irradiation. Photoreforming of
polymeric xylan generated 4.92 + 0.17 umol of H2. Despite the strong light absorbing
nature and robustness of lignin, 0.20 £ 0.03 pmol H2 production was achieved, with
TOFnip of 4.0 £ 0.7 h™" and a specific activity of 40.8 + 6.8 umol H2 (g NCNCNx)™" h™".
The results demonstrate that the system is capable of photoreforming biomass under
mildly acidic aqueous conditions but is still limited by substrate availability to quench

the photogenerated holes in NCNCN.
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Figure 6.7. Photocatalytic H2 production using activated N°NCNx (5 mg) and NiP (50
nmol) with purified lignocellulose components (100 mg) in KPi solution (0.1 M, pH 4.5,
3 mL) under 1 sun irradiation for 24 h (100 mW cm2, AM 1.5G, 25 °C). For lignin and

sinapyl alcohol experiments 0.5 mg and 10 mg of substrates were used respectively.

These promising results encouraged us to replace the purified lignocellulosic
components with raw and unprocessed ‘real-world’ biomass samples (Figure D.2,
Table D.10). Photo-reformed H2 was detected for a range of samples (including paper
and cardboard despite difficulties with stirring) and sawdust produced 3.89 + 0.34 pmol
of H2 with TOFnip of 20.2 + 0.4 h™" and a specific activity of 202.0 + 3.8 ymol H2 (g

NCNCNx)™" h™1, in the presence of NCNCNy in aqueous KP; solution.

The long-term performance of the designed system was investigated by
comparing the activity of NiP with benchmark proton reduction co-catalysts, Pt and
MoS2 (Figure 6.8, Table D.11) in the presence of a-cellulose.??43 NiP showed a
superior initial rate, but the fragile molecular framework degrades after 24 h,*
whereupon 3.7 + 0.1 ymol of H2 have been produced with NCNCNx=NiP. Substituting
molecular catalyst NiP with heterogenous Pt and MoS:2 catalysts via in situ

photodeposition of metallic precursors, H2PtCls?* or HsN2MoS4 ¢ respectively, showed
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Figure 6.8. Photocatalytic H2 production with activated N°NCNx (5 mg), a-cellulose (100
mgq) in KPi (0.1 M, pH 4.5, 3 mL) under 1 sun irradiation (AM 1.5G) in the presence of
different catalysts; NiP (50 nmol), H2PtCls (4 wt%) or HsN2MoS4 (4 wt%).

relatively slow initial Hz-evolution kinetics. Yet, both the NCNCNx—-MoS2 and the
NCNCNx-Pt photosystems displayed enhanced stability and outperformed the
NCNCNx-NiP system over long term due to their robustness, while photocatalytic

systems with Pt were still active after twelve days.

Mass spectrometry of the photocatalytic samples prepared in H20 and D20,
showed selective growth of H2z and D2 peaks respectively, confirming that H2
production originates from the protons in the KPi solution (Figure D.3, Table D.12). The
oxidation products of a-cellulose after photocatalysis were characterised using '3C-
NMR spectroscopy with uniformly '3C-labelled cellulose. Photoreforming of '3C-
labelled cellulose was carried out over activated N°NCNx (5 mg) and Pt (4 wt%) in pH
4.5 KPi solution prepared in D20 over six days of irradiation. The suspension was then
filtered to remove insoluble parts of cellulose and the reaction solution was analysed.
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Figure 6.9. 3C NMR of spectroscopy of uniformly labelled '3C-a-cellulose (10 mg) after
6 days of irradiation in KP; (pH 4.5) prepared in D20 with NCNCNyx (5 mg) and H2PtCle
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Figure 6.10. Mass spectra of headspace gas recorded after 6 days of solar light
irradiation of activated N°NCNx (5 mg) and H2PtCle (4 wt%) in the presence of (a) a-
cellulose (100 mg) and (b) '3C-labelled a-cellulose (100 mg) in KPi (pH 4.5). Black and

orange traces indicate the background and the headspace gases measured

respectively.
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13C-NMR of the resulting solution showed the formation of formate (& = 171 ppm) and
carboxylate end groups (6 = 183 ppm) of lower molecular weight polysaccharides (&
= 50-110 ppm), as the products of the photoreforming process (Figure 6.9)."7:45 Other
gaseous oxidation products in the headspace were monitored by GC and mass

spectrometry after 6 days of irradiation (Figure 6.10, Table D.13).

Negligible amounts of CO and CO2 were measured (Figure 6.10), which is in
agreement with the insignificant quantities of carbonate detected by '3C-NMR.
Lignocellulose oxidation traditionally occurs via the formation of hydroxyl radicals
(HO"), but photogenerated holes in NCNCNyx are not oxidising enough to produce HO*
(Chapter 4).2530 Therefore the oxidation is likely to occur directly via hole transfer due

to strong interaction between the lignocellulosic substrates and NCNCNy.17:25.30

The versatility of photoreforming system under various conditions was
investigated by suspending a-cellulose in 1, 5, 10 M KOH (~pH 14-15), KPi solution
(pH 4.5, pH 7) or H2SO4 (pH 2) and stirring for 24 h at 25 °C prior to the addition of
H2PtCls (4 wt%) and activated NCNCNx (Figure 6.11, Table D.14). After six days of
irradiation under 10 M KOH conditions, 39.5 + 1.1 ymol of H2 was produced, which is
twice the H2 production yield observed in 5 M KOH. 1 M KOH, H2SO4 and pH 7 KPi
solution all resulted in H2 production activities comparable to that of a pH 4.5 KPi
solution. These results are consistent with the fact that cellulose is easier to solubilise
under alkaline conditions, as it is hydrolysed towards lower molecular weight
polysaccharides with higher solubilities.*64” This was further supported by the higher
H2 evolution rates of pure biomass components in 10 M KOH, which showed activity
up to 12 days in the presence of N°NCNx and Pt (Figure D.4, Table D.15).

The conversion yield was then determined with different a-cellulose loadings in
the presence of NCNCNx and Pt under simulated solar light irradiation. Conversion yield
of 22% is reached after six days of irradiation in 10 M KOH solution (Table D.16).4¢
This calculation is based on the assumption that maximum 12 equivalent of Hz2 can be
produced per anhydroglucose unit in a-cellulose structure.*® The conversion yield
reached is more than twice the yield reported previously with CdS/CdOx quantum dots

under similar conditions (9.7%)."”
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Figure 6.11. Photocatalytic H2 production using activated N°NCNx (5 mg) with H2PtCle
(4 wt%) and a-cellulose (100 mg) in different media; 1, 5, 10 M KOH (pH 14-15), H2SO4
(pH 2) or KPi (pH 4.5 and pH 7) under 1 sun irradiation (100 mW cm~2, AM 1.5G, 25
°C).

6.3 Conclusions

In summary, we report a straightforward ultra-sonication approach to break down the
aggregates of NCNCNx, which results in enhanced photocatalytic performance. The
activated NCNCNx reaches a benchmark specific activity of 39,310 + 1970 umol Hz (g
NCNCNx)™' h™' for the photoreforming of 4-MBA. Both purified lignocellulosic
components and raw biomass substrates are photoreformed to Hz in the presence of
activated NCNCNx and NiP in KP;i (pH 4.5) at 25 °C. This is the first example of a
precious metal-free, Cd-free and visible light-promoted photocatalytic system for

photoreforming of biomass under benign conditions.

Activated NCNCN is also demonstrated to be highly versatile, as it operates with
molecular and heterogeneous co-catalysts as well as under different reaction media.

MoS: functions at the same rate as Pt under slightly acidic conditions for a least 6
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days. Systems in the presence of Pt, over a wide range of pH values (2-15), show

activity beyond twelve days. Alkaline conditions exhibit the best photocatalytic

performance and a conversion yield of a-cellulose to H2 beyond 22%. The utilisation

of a carbon-based photocatalyst for photoreforming of biomass therefore offers a new

perspective for clean solar fuel Hz production from abundant waste sources.
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Chapter 7

Conclusions

7.1 Summary

The main goal of this thesis was to use carbon nitride as a photocatalyst to develop
straight-forward-to-assemble hybrid systems for solar light driven Hz evolution while

eliminating the need for expensive and non-innocent sacrificial reagents.

First, a full redox system was prepared with the use of NCNCNy, in which
controlled 4-MBA oxidation and H2 evolution was achieved in the presence of Ni-based
molecular catalyst, NiP. The system demonstrated 1:1 stoichiometric amount solar
fuel (H2) and solar chemical (4-MBAd) formation over 24 h of simulated solar light
irradiation, under purely aqueous conditions. The designed system eliminated the
need for complex product isolation stage, due to in situ separation of H2 and 4-MBAd
in the gas and solution phases, respectively. The NCNCNx=NiP system showed an
activity of 763 pmol (g N°NCNx)™' h™! toward H2 and 4-MBAd production and a NiP-
based TOF of 76 h™'. After 24 h of irradiation, a 4-MBA conversion yield of 83%
towards quantitative and selective 4-MBAd formation was reached. This was the first
colloidal system which coupled solar H2 generation with value-added organic substrate

oxidation in a single pot.

Further spectroscopic studies demonstrated that photoexcited NCNCNx in the
presence of an organic substrate could accumulate ultralong-lived “trapped electrons”,

with lifespan extending from hours to days. This charged state of NCNCNx allowed
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spatially and temporarily decoupling light and dark cycles of the full redox system,
which replicates natural photosynthesis in an artificial set-up and makes it possible to
produce H2 in the dark, independent of the light. Mechanistic studies on this full
photoredox system revealed that direct hole transfer from NCNCNx to 4-MBA is the first
step followed by electron transfer from NCNCNx to NiP, for Hz2 evolution, while
selectively reducing the aqueous protons originated from the buffer solution. TAS
studies showed that photogenerated holes in N°NCNx are quenched by 4-MBA in
shorter than 3 us, while the extraction of photoexcited electrons from NCNCNy takes
longer than 2 s. Thus, the delivery of electrons from NCNCNx to NiP demonstrated to
have the slowest kinetics amongst all the electron transfer reactions in the full redox

system; being the overall rate limiting step.

Having established a better understanding of the mechanism behind this full
redox system, the focus shifted towards tackling this limitation. Enhanced
photocatalytic activity for simultaneous alcohol oxidation and proton reduction was
observed when GO or RGO were employed as an interlayer between NCNCNyx and NiP.
Introduction of these conductive scaffolds (GO or RGO) enhanced the photocatalytic
activity by three times, reaching a specific activity of 4,655 ymol Hz (g NNCNy)™" h™?
for H2 and 4-MBAd formation with a NiP-based TOF of 116 h™'. The presence of GO
and RGO did not alter the number of “trapped electrons” generated or stored in
NCNCNyx. Time resolved spectroscopy revealed that GO and RGO did not have a
significant effect on the charge recombination and separation kinetics of NCNCNx=NiP
hybrid system in nano—microsecond timescale. However, PIAS demonstrated that on
timescales longer than 0.1 s, “trapped electrons” in N°CNCNx were quenched faster in
the presence of GO/RGO, showing accelerated electron transfer between NCNCNyx and
NiP. The absorption profile of NiP in the presence of different GO loadings revealed
that GO acts as a conductive interfacial “binder” between NiP and N°NCNx. Therefore,
overall the enhancement in activity did not primarily arise from changes in the
photophysics of the NCNCNy, but rather from GO/RGO enabling better electronic

communication between NCNCNx and NiP.

All the systems demonstrated to this point showed a full redox system
employing 4-MBA for controlled oxidation while carrying out H2 production. Yet, the
ultimate goal was always to minimise the number of “shop bought” chemicals when

designing a sustainable system with large-scale application. For this purpose, a
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straight forward ultrasonication approach was introduced to enhance the activity of
bulk NCNCNx. The activated N°NCNx showed significantly improved photocatalytic
activity than the bulk N°NCNx, reaching a benchmark specific activity of a 39,310 umol
H2 (g N°NCNx)™" h™' in the presence of NiP, toward H2 and 4-MBAd formation. The
system demonstrated quantitative and selective oxidation of 4-MBA into 4-MBAd in
less than 6 h of irradiation. The improved activity was attributed to better utilisation of
light by the activated N°NCNx due to increased surface area, making active sites of
NCNCNx more accessible. The activated N°NCNx was subsequently used to photoreform
purified and raw lignocellulose biomass samples to generate H2, with various co-
catalysts including NiP, Pt and MoS:2. The system operated .in aqueous media over a
broad range of pH values (2-15) at room-temperature. The best performances were
achieved under alkaline conditions with conversion yields reaching up to 22%. This
was the first biomass photoreforming system reported using a carbon-based
photocatalyst, which operates in aqueous solution without the need for any precious

metal or toxic components.
7.2 Future work

The systems reported in this thesis show great potential to extend the use of carbon
nitride as a photocatalyst in a wide range of applications. With the approaches
introduced during the course of this work, very high specific activities were reached
with respect to N°NCNx towards H2 generation and organic substrate oxidation. The
direction forward from this point would be to use low cost N°NCNyx as a photocatalyst
to drive a variety of organic transformations (including oxidation, reduction and more
complex new bond formation reactions) and to replace the traditionally used expensive

and short-lived Ru and Ir-based catalysts in the field of light-driven catalysis.

The other approach would be to use highly active and heterogenous NCNCNy in
a reactor and design a flow device. The aim of such a device would be to use it as a
rapid screening tool for solar chemicals and solar fuels production. We are in the
progress of designing such devices based on information from computational models,
which could serve as prototypes. This work is currently in progress and preliminary

results have been obtained with Mark Bajada (Figure 7.1).
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Figure 7.1. Representation of a flow device using N°NCNx as the photocatalyst.

As determined by the kinetic studies, the slowest step in the NCNCNx hybrid
systems is the rate of electron transfer from NCNCNx to NiP. In addition, NiP has a
fragile structure which limits the lifetime of the reported systems. Therefore, finding
alternative catalysts with better stability and faster electron collection ability will speed
up this process while minimising the losses due to inefficient charge separation. The
main goal would still be to replace NiP with metal salts or waste metals and eliminate
the need for purchasing precursors and/or long synthetic procedures to prepare
catalysts, in order to develop economically sustainable and practically appealing

systems.

The possibility of expanding the photoreforming into plastics and other types of
wastes is also of great interest. Plastic photoreformation under alkaline (pH~15)
conditions has been very recently demonstrated using CdS dots. Initial screening
experiments showed that food waste as well as plastics including polyethylene
terephthalate, polyurethane and polystyrene can be photoreformed under aqueous
condition in the presence of NCNCNx. Currently we are working on screening a wide
range of abundant waste sources to develop a library of chemicals which can be
utilised in a similar way. In the meantime, the aim is to develop a bench-scale reactor
to demonstrate H2 generation in larger scale with Taylor Uekert, to show the potential

of our systems for real-world applications.

It has been shown that ultra-sonication that breaks the aggregates of bulk
NCNCNx enhances the photocatalytic activity significantly. Therefore, one direction we
are working towards is to synthesise carbon nitride dots, with particle sizes less than
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Figure 7.2. Schematic representation of a photocatalytic system using waste for a

sustainable design.

10 nm. This will bring together high photocatalytic activity and charging/discharging
ability of NCeNCNx with good water dispersibility and enhanced photoluminescence and
photoconductivity of the carbon dots. Two different approaches will be taken for the
preparation of carbon nitride dots. For the bottom-up approach, dots will be prepared
from carbon and nitrogen containing precursors followed by a post treatment for
surface functionalisation. For the top-down approach bulk NCNCNx will be synthesised

followed by its chemical/thermal treatment to convert it into dots.

Ideally, any system designed from this point onward should aim to replace
“synthetic” laboratory prepared components, which are heavily used in the field of
photocatalysis, with waste and available abundant sources. This includes using
abundant waste sources as precursors for synthesising light harvesters and as
economical sacrificial electron donors, whereas metal waste can serve as co-catalysts
for fuel production (Figure 7.2). Above all, any future work should be planned around

the fundamental principles of large-scale applicability and sustainability.
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Appendix

A. Appendix to chapter 3

A.l Supplementary figures

(a) K 2p C1s (b) N1s

T T I T [ T I T T T T | T I
300 295 290 285 280 410 405 400 395
Binding Energy | eV Binding Energy | eV
Figure A.1. XPS of NCNCNy in the regions of (a) K2p and C1s and (b) Nis. The heptazine
core was identified by the presence of sp? carbon, 288.4 eV, and nitrogen, 398.8 eV,
signals. The polymeric nature of the material was confirmed by the appearance of the

signal at 401.1 eV, corresponding for the bridging secondary amine groups.
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Figure A.2. 'H NMR spectra of (a) 4-MBA, (b) 4-MBAd, (c) a representative residue

extracted after 24 h of irradiation in CDCls.
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(a) K 2p C1s (b) N 1s

T T I T [ T I T T T I T T T I
300 295 290 285 280 410 405 400 395
Binding Energy [ eV Binding Energy | eV
(c) p2p (9 Ni 2p

I i

— 71 v 1 r 1 r 1 r 1 ' T 7 T T v T T T T
142 140 138 136 134 132 130 128 880 870 860 850
Binding Energy | eV Binding Energy | eV

Figure A.3. Characterisation of NC°NCNx after 24 h of irradiation, in the presence of
NCNCNx (5 mg), 4-MBA (30 pmol) and NiP (50 nmol) in KP; (0.02 M, pH 4.5, 3 mL)
solution (1 sun irradiation, AM 1.5G, 25°C), with XPS in the regions of (a) Kzp and Cis,
(b) Nis, (c) P2p and (d) Nizp. The Kzp and Cis as well as Nis spectrum are in good
correlation with XPS results obtained from NCNCNy prior to photocatalysis. In the Nizp
spectrum, there is no signal, indicating that most probably there is not any NiP catalyst
physically adsorbed on the material surface after 24 h of irradiation. The peaks in P2p

spectrum are likely to be due to KPj used during photocatalysis.
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Figure A.4. Characterisation of N°NCNx 24 h of irradiation, in the presence of N®NCNx
(5 mg) and 4-MBA (30 pmol) in KPi (0.02 M, pH 4.5, 3 mL) solution (1 sun irradiation,
AM 1.5G, 25°C), with XPS in the regions of a) Kzp and Cis, b) Nis, ¢) P2p and d) Nizp.
The Kzp and Cis as well as Nis spectrum are in good correlation with XPS results
obtained from the pure N°NCNx prior to photocatalysis. The peaks in P2y spectrum are
likely to be due to KPi used during photocatalysis. As predicted, no peak in Nizp

spectrum was detected as the photocatalysis was performed in the absence of NiP.
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Figure A.5. Comparing FT-IR spectrum of N°NCNx (5 mg) before and after irradiation

(1 sun, AM 1.5G, 25°C) for 24 h in the presence of 4-MBA (30 umol) in KPi (0.02 M,
pH 4.5, 3mL) with and without NiP (50 nmol).
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B. Appendix to chapter 4

B.1 Supplementary text

Analysis of transient absorption spectroscopy data

Decays could be fit to a power law of the form y = y, + |t — to|™? (Figure B.5). to
represents the time offset between the trigger signal and the arrival of the excitation
pulse to the sample, while yo is the absorbance offset at infinite times. The parameter
b was about 0.35 and to was typically 1 x 107" s. No trends with respect to the

concentration of 4-MBA or NiP were observed.

In order to quantify the concentration of long-lived species, we used the
amplitude at 3 ps to estimate the initial population of excited species, and the
amplitude at 100 ms for the population of long-lived species. The yield of the long-

lived species was then calculated as:

_ At=100ms (B.1)
Cblong—lived - ?
=3us

The calculated yields are shown in Figure B.7. As mentioned in Chapter 4, the
amplitude at 3 ps will underestimate the excited state species concentration
immediately after the excitation pulse. As a result, the yields calculated from equation
B.1 are overestimated. Without data spanning femtoseconds to nanoseconds under
similar excitation conditions, we are not able to quantify the total photogenerated

excited species population. Despite the issues identified, the data clearly indicated
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that 4-MBA affect the transient absorption signal in the microsecond timescale, while
reaction with NiP occurs on timescales longer than 2 s.

Assuming dynamic quenching, we can estimate the bimolecular rate constant
of hole transfer from NCNCNx* to 4-MBA (kixn) by first writing the expression for the yield

for competitive kinetics:

kform (BZ)

Dong-tlived = m

where kform = ko + Kpxn[4 — MBA]

ki is the inverse of the characteristic lifetime (1) of the decay of N°NCNx without

scavengers. We then rearrange equation B.2 to calculate the rate of formation (kform):

_ q)long—livedkl/z (B-3)
q)long—lived -1

kform -

Finally, a linear fit of the plot kiorm Vvs. [4-MBA] yields kn as the slope.
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B.2 Supplementary figures
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Figure B.1. (a) PL spectra recorded with spectrofluorometer equipped with an
integrating sphere for N°NCNx (5 mg) and terephthalic acid, THA (30 ymol) in KP;
solution (0.1 M, pH 4.5, 3 mL) after 1 h of irradiation (A > 400 nm). The sample was
centrifuged, and the emission spectrum was recorded for the supernatant with Aex =
315 nm and Aem = 360—600 nm. Control experiments in the absence of THA, light,
NCNCNx and only THA are also shown. (b) PL spectra recorded for THA and 2-
hydroxyterephthalic acid, THA-OH (0.05 umol), as reference are also shown. Black
trace in both plots corresponds to same conditions. Formation of < 0.02 umol of THA-

OH was detected.
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Figure B.2. Transient decays probed at A = 750 nm of N°NCNx (5 mg mL~1) suspension
in agueous KP; solution (0.02 M, pH 4.5, 25 °C) with varying concentrations of NiP

following A = 355 nm excitation.

[NiP]/ uM
—0
0.8 g
—— 16
——24
[}]
S 0.6-
(1]
£
(]
(7]
o]
< 04-
2
0.2

00 I/ LAY | LRELERLLY | ALY | MELELARLLL | ALY | MELELARLLL | MELELRALLL
10  10° 10" 10° 10° 10 10° 10’
Time/s

Figure B.3. Transient decays probed at A = 750 nm of NCNCNx (1.2 mg mL™)
suspension in aqueous KPi solution (0.02 M, pH 4.5, 25 °C) in the presence 4-MBA
(10 mM) with varying concentrations of NiP following A = 355 nm excitation. Note that
changes in the absorbance past ~2 s are caused by settling of the heterogeneous

dispersion.
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Figure B.4. Normalised transient absorption spectra of N°NCNx (1.2 or 5 mg mL™)
suspension in aqueous KPj solution (0.02 M, pH 4.5, 25 °C, black line), spectra in the
presence of 4-MBA (10 mM) and in a MeOH solution (20% by volume) following A =

355 nm excitation are also shown. Spectra were taken at 100 us delay time.
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Figure B.5. Normalised transient decay of N°NCNx (1.2 mg mL™) suspension in
aqueous KPi solution (0.02 M, pH 4.5, 25 °C) probed at A = 750 nm following A = 355
nm excitation. A power law fit (purple line) is overlaid to the experimental data (black
line).
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Figure B.6. Transient decays probed at A = 750 nm of NSNCNy (1.2 mg mL™)
suspension in agueous KPi solution (0.02 M, pH 4.5, 25 °C) in the presence of varying
concentrations of 4-MBA following A = 355 nm excitation. Note that changes in

absorbance past ~2 s are caused by settling of the heterogeneous dispersion.
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Figure B.7. Yield of formation of the long-lived electron species versus 4-MBA

concentration.
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Figure B.8. Rate of formation of the long-lived electron species versus 4-MBA
concentration. The rate constant of the reaction between N°NCNx and 4-MBA is

obtained from the slope of the linear fit, whereas the background rate is taken from the
intercept.
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Figure B.9. Normalised (at 3 ys) transient decays probed at A = 750 nm of N°NCNx (1.2
mg mL™1) and "2NCNx (1.2 mg mL™1) suspensions in aqueous KPi solution (0.02 M, pH
4.5, 25 °C) following A = 355 nm excitation.
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C. Appendix to chapter 5

C.1 Supplementary figures
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Figure C.2. Photocatalytic H2 production in the presence of NCNCNx (5 mg) with
different GO loadings and NiP (50 nmol) in (a) aqueous EDTA solution (0.1 M, pH 4.5,

3 mL), and in (b) KPi solution (0.1 M, pH 4.5, 3 mL) containing 4-MBA (30 pmol), under
1 sun irradiation (100 mW cm™2, AM 1.5G, 25 °C) for 4 h.
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Figure C.3. (a) Photocatalytic H2 production and 4-MBA oxidation in the presence of
different amounts of N°NCNx and GO loadings, 4-MBA (30 umol) and NiP (50 nmol) in
an aqueous KPj solution (0.1 M, pH 4.5, 3 mL) under 1 sun irradiation (100 mW cm™2,
AM 1.5G, 25 °C). The pair of hollow and filled symbols of the same shape and colour
corresponds to Hz and aldehyde production, respectively. Amount of aldehyde formed

is detected after 4 h of irradiation. (b) Bar chart comparing specific activity of NCNCNx

after 1 h of irradiation.
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Figure C.4. tr-PL of N°NCNx at the concentration of 1.67 mg mL™! dispersed in KPi
solution (0.1 M, pH 4.5) with 50 wt% GO loading in the (a) absence and (b) presence
of 4-MBA (0.01 M), under Ar atmosphere, with Aex = 404 nm and Aem = 490 nm at 25

°C.
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Figure C.5. (a) us-TAS spectra from 470 nm to 1000 nm at several time delays after
photoexcitation of NCNCNy at the concentration of 1.67 mg mL™ dispersed in KP;
solution (0.1 M, pH 4.5). (b) Typical us-TAS decay of 1.67 mg mL~1 N°NCNy dispersed
KPi solution (0.1 M, pH 4.5) monitored at A = 610 nm under A = 355 nm pulsed
excitation at 25 °C. The power law fitting is overlaid in red and is of the form y = yo +
|t — to|™2. to represents the time offset between the trigger signal and the arrival of the
excitation pulse to the sample, typically to = 1x10~7 s. yo is the absorbance offset at

infinite times and the b value is 0.43.
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Figure C.7. us-TAS decay kinetics monitored at the concentration of 1.67 mg mL~* for
a) "2NCNx and b) N°NCNx suspensions, and in NaDC (13.8 mg mL™?) hydrogel, in KP;
solution (0.1 M, pH 4.5) under Ar, monitored at A = 1000 nm ("2NCNx) or 610 nm
(NSNCNx) with laser pulse excitation at A = 355 nm at 25 °C. (b) Inset: Photograph of

hydrogel (50 mg mL™?) prepared from NaDC and N°NCNx powder.
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Figure C.10. PIAS of NCNCNy, NCNCNx=GO and NNCNx—-RGO samples with 0.125 wt%

loading (6.3 pg) in NaDC (13.8 mg mL™) hydrogel monitored at 610 nm with LED

excitation at A = 365 nm (0.5 mW cm™2), in KP;i solution (0.1 M, pH 4.5) with 4-MBA

(0.01 M) and NiP (24 uM), under Ar at 25 °C. The samples were only irradiated for 2

s and the absorbance was monitored during irradiation and for the next 58 s.
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D. Appendix to chapter 6

D.1 Supporting figures

40000 - NCNCNX loading
1B 0.5 mg
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Figure D.1. Monitoring the specific H2 production activities with activated N°NCNx (0.5
or 5 mgq) at different NiP loadings in KPi solution (0.1 M, pH 4.5, 3 mL) containing 4-
MBA (30 umol) under simulated solar light irradiation (100 mW cm=2, AM 1.5G, 25 °C).
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Figure D.2. Photocatalytic H2 production using activated N°NCNx (5 mg) and NiP (50
nmol) with raw biomass substrates (100 mg) in KPj solution (0.1 M, pH 4.5, 3 mL)
under simulated solar light irradiation for 24 h (100 mW cm~2, AM 1.5G, 25 °C).
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Figure D.3. Mass spectra of headspace gas recorded after 24 h of simulated solar light
irradiation (AM 1.5G, 100 mW cm=2, 25 °C) with activated N°NCNx (5 mg) and H2PtCls
(4 wt%) in the presence of a-cellulose (100 mg) in KPi (0.1 M, pH 4.5, 3 mL) solution
prepared in H20 or D20.
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Figure D.4. Photocatalytic H2 production using activated NNCNx (5 mg) with H2PtCls
(4 wt%) and lignocellulose components (cellulose, xylan, lignin with 100, 50, 0.5 mg
loading respectively) in KOH solution (10 M, pH 15, 3 mL) under simulated solar light
irradiation (100 mW cm™, AM 1.5G, 25 °C) for 12 days. Cellulose, xylan and lignin
samples were suspended in 10 M KOH and stirred for 24 h at 25 °C prior to injection
of N°NCNx and H2PtCls.

D.2 Supporting tables

176



LLT

"uonIpuod pasiwndo syl Se USSOYD SI9M UONRIUSIUO0D W Bw G pue 'dy ;-Jw Bw G Jo UoesuU3dU0I UONEIIUOS,

00T OSvT| 26| L2L| 910| 29¢ 97 292 "I« 6
0.2 0Z8T | ¥'€T| TT6| ¥T0| 98¢ T 98¢ 'dH 8
06T 08€Z | OT 6IT| TEO0| Lv'Z 1€ Ly O°H L
0L 0€0Z 14 T0T| #¥T0| S€¢ T GEZ HO®I 9
0S 0S8T | 92| /L26| T20| 2ze 12 2ee HOId, S
(uo9)
(U9) 1- (2o jow)
Y- CNOB)eHowrd | oy (xNOB)eHjowrd | .y | -y lowr | jowr | . (32 jow) °H |ow Juanjos
/|OF | Ainnoy /OF | /dOL | /OF | /*H | °HIow/O0F | /}INOL | uopeduos | Anug

"(J]owr 0¢) vaIN- Bulureluod (qw € ‘s HA ‘N T°0) 'dM
ut (jowu QT) dIN J0 8duasaid sy} Ul ‘uoIeIUBIUOD XNDyop 40 - TW Bw T 1e (Jarem Jo joueylsw ‘jouedoldos! ‘'dy) SIUBA|OS uoledIuos
1uaJsayip ul paredaid ‘(Bw G'0) *NDyoy PBIRANOR Buisn uononpold 2H (D, G2 ‘z-Wo MW 00T ‘OS'T INV) UsAup 1ybl Jejos "z'a s|qel

*NDnon PAYeAIOE 3y aedaid 0} uonipuod pasiwndo sy} Se UaSoYd Sem UoedIUoS-.li N UlW QT

44" 288 | TL| 9y | 100 GL°0 v/ 8. 0€ 14
0.2 0Z8T | ¥'€T| T7T6| +I0 SLC T G/2 0T« €
0T 06TT| 98| /65| 100 20T L 20T T Z
6. 6/€| Ov| 68T| +00 810 g€ 1% 0 T
(U ) - (e2
- Y - *NO b) ¢H jowr - Y - (XNO B) 2H jowr U | =y | jown (U v) - (Jeo jow) | jow)ZH jow | ulw /awn
/OF | Aoy /JOF | /4OL | /OF |jowr/ZH | ZHjow/O0F | /IINOL | uoneouos | Anu3

Jw {/°/ 10 BWN|OA [e10] ® YuMm Jojoealoioyd
B Ul pajquasse sem uoisuadsns ay| “(jowr og) YaW-1 Bulurejuod (qw € ‘s v HA ‘N T°0) 'dM Ul (jJowu OT) dIN pue (Bw §'0) *NDnon
paresIuos-e)|n Ul O pue QT ‘T pue 4ng yum uononpoid zH (D, G2 ‘z-Wd MW 00T ‘OS'T INY) UdALp 1B Jejos paleinwis "T°d s|qeL




8.1

08 00VT | 2V | 20L| 200| €L1 0 €.T | poreAndy | via3 LT
(74 oGy | 22| 82| TT0| 950 80T ¥'9G ANg | v.id3d 9T
0.2 028T | ¥'ST| TT6| ¥T0| SLC vT G2 | paleAndy 'dM GT
6. 6| Ov| 68T | ¥00| 8¥0 G'e €8y AIing 'd vT
U v) Uv) -@eo
~U-NOB)eHjown |y _(NDOB)eHowrd | _y -4 jowrd | jowr | _(yedjow) | |ow)2H |ow
/OF | Kunnoy /JOF | /4O0L | /OF | /?H | tHIlow/OF | /1 NOL “NOnon | UBAjOS | Anug

‘uonnjos (w ¢ ‘G'¥ Hd ‘I 1L°0) YLa3 ul Jo (jowr o¢) Ya-+ Bulureiuod (qw € ‘G HA ‘I T°0) “dM ul (jowu
0T) dIN pue (Bw G'0) *NOnon PBYeANOE pue Yng yum uononpoid 2H (D, G2 ‘-Wd MW 00T ‘OS'T INV) UsAUp 1ybl| Jejos +'a algeL

"yreq UOINEOIUOS PIepURIS,

67 GS¥ | G¢C 8¢Z| S00 T€0 0§ G'TE OPx €T
0.2 028T | ¥'€T TT6| V¥T0 GL'C v1 G/2 0]% T
09T 085¢ 8 6¢T| 9T0 6TC 9T 6TC 14 1T
8 8€6 | ¥'¢C 69| 900 GG'0 €9 0'SS 0 0T
(U ) - (2 Do/
Y- CNOB)eHowrd | .y, (*NOB)Hjowrd | .y -U lowr (U v) - (leojow) | jow) ¢H jow | ainyesadwsal
/|OF | Aoy /OF | /dOL | /OF |lowr /24 | ?¢How/OF /¥ NOL | uoneowos | Anug

"UMOUS 0SJe SI D, O e Yyreq uolealuos plepuels
Buisn XNOyoy 40 UONEDIUOS UlW () 40} Juswadxe [o5ju0) “(jowr 0g) YaW- Bulureuod (qw € ‘s’ Hd ‘I T°0) 'dM Ul (jowu QOT) dIN
pue O, 0F ‘D, G2 ‘D, 0 1e (Bw G 0) *NDnon PRIEANIE Ynm uononpold zH (D, G2 ‘z-Wd MW 00T ‘OG'T V) usAup bl rejos ‘g°d s|gqeL



6.7

0LEV 0€9G2 | 60T | T'¥9 L'Z| 182 €T ovT G'0| 002 e

006 ovT6| SV¥| LSk L'T| G6T LT G6T S'0| 00T €z

060T 029G | 6'0T | 299 06T | €26 G €6T G0| 0S 2z

029 09eY | €0T| L2l 68'0| 2¢9'S 1€ 90¢ G0| O0¢ 12

09T ovvT| 08| 2. ¥1'0| 98¢ v 98¢ S0| OT 0z

0]%% oviv| ¥0| ¥1iv ¥2'0| 9¢7¢ ve 9¢eC T0| OT 6T

00T 096€ | LT0| 0Z¢€ 200| €0¢ 20 €02 T0| 00T 8T

(uo9)
(uo9) 1- (1eo jow)
- Y - *NO b) ¢H jowr - Y - *NO b) ¢H jowr -4 | U lowr lowr | (1eo|ow) ¢H jow fw | jowu

/|OF | Aoy JOF | /dOL| /OF JCH | SHIOW/OF | /1INOL | /*ND | /dIN | Anuz

(Jlown 0¢) VaW-v Bulureuod (W € ‘' Hd ‘N T°0)
'dY Ul sBuipeo| snoueA 1e dIN pue XNOyoy PaleAnoe yum uononpoid zH (9, §Z ‘z-Wd MW 00T ‘OS°T INY) usAup bl Jejos "G 8|qel



08T

lep
000 00'0| 000 000 000 000 | 000 00'0| 000| 000 000 000 S ‘0§ 8¢

VaiN

-7 ON
- - - - 000 00'0| 000 000| 000| 000 000 000 ] ‘0§ L€
000 00'0| 000 000 . -1 000 00'0| 000| 000 000 000 0 0S o¢
18 €8E | 20 GT'T €co €6'€| LOO 81T 18 €8¢ ¥Z0 ST'T G'0| ¢OIN GE
000 000| 000 000 910 6EC | SO0 ¢/.0] 000| 000 000 000| G0 €0O°d 14>
000 00'0| 000 000 €e0 80°€ | 0TO ¢6'0| 000| 000 000 000| 90 0 €e
¢0 S'66 T0 862 06T otve | 87V ¢'S8 TT| L1€ 9 84T ] 00¢ A
€ 1.6 60 T°6¢ 00T 0cce S 11T 0¢| 00€ 0¢ 00€ S 00T T¢
L€ 808 TT gve 0¢ 0crt 4 A" 60| 96 81 A% ] 0g 0¢
LY 899 VT 0.7 08€ 0¢ST 6T 14514 90| OTZ 0¢ T0. ] 0€ 6¢
g€t IS4 0T L6 L9 G6S LT 6vT ¢T| G¢T 29 G29 S 0c 8¢
97 €8T S0 g'g T4 T1¢ ¢l 90T | 6T0| 60°¢ 61 60¢ ] 0T lC
¢0 G'66 T0 662 0,671 0oTeE6E | €0 T6v T0| LTE €0 2'6L S0 (007 9¢
90 2’66 ¢0 862 ovct o8vveE | 1°¢C S/S 90| §6¢ 0¢ 86| G0 00€ 14

U 9) u9)
% (u9) =U-CNO | -U:(ND (U9) | ;-(edjow) | (12 jow)

% / uoisianuo) | |jowr jown 6) ¢4 jowr | B)¢H jown | _y U jowr | jowr ZH ZH |ow Bw [owu

/OF van-¥ /OF | /PVEN-¥ /|OF [Ainpy | /oF | /dOL | /OF | /%H ow/O0F | /FINOL |/*NO| /dIN | Anu3

Jep ul pue XNy ‘dIN Inoyim
pawJopad osje alem sjuswuadxs joiuo) “(jownd 0g) YaN-v Bulureluod (qw € ‘G'y HA ‘N T°0) 'dX ul sbuipeo| snouea e 4IN pue
XNOnon Po1eARDR UM PYGIN-17 03 UOepIXo YaIN-i pue ¢H snoaueynwis (D, G2 ‘z-Wd MW 00T ‘OS'T INY) UsALp 1ybi| Jejos '9°a alqe L




18T

080 ¢L'L| vCO0 (A4 0T vvc| G0| ¢Z1| 620| 99°¢ 6°¢C 9'G¢ AIng 14
82°0 TZ¢'0T| 800 90°¢ 0¢ 9¢€| OT| €9T| 820| 89¢C 8¢ 8'G¢ paleAndy 14
dIN [owu QT 108lul pue yJep 01 aAOwW ‘uoneipedll Y v

9T eET’L| TvO vi'¢ ¢l 00c| Z¢T| 00c| 920| T¥¢ 'S 4214 AIng 4%
LEC 180T | T.°0 vZe 6 69¢| 60| 692| 00| 0L¢C Ty 0'vS paleAdy (9%
dIN [owu g 193lul pue yJep 01 8Aow ‘uoneipedl y

€90 €e's| 910 09T 1 G6T | ZT| G6T| €00 | T.LT L0 A% AIng [A%4
€L 0 969 | ¢2c0 L6'T LT evec| L'T| €vZ| GZ0| V81 'S 8°9¢ paleAldy TV
dIN Jowu 0G 198[ul pue XJep 01 8A0oW ‘uoleipelll y g

0710 ¢ec¢| €00 0,0 9 9GT| 90| 99T| €00| T80 90 €91 AInd 0]
180 /8¢ | vZ0 98°0 el G¢¢| €1| G¢c¢| L00| 0OCT 17" v palreAndy 6€
dIN |[owu Qg 1038lul pue yJep 01 8AOW ‘uoleipeddl Y G0

% =U-CNO | -U+(ND r- (e
% Juoisianuo) | |ownl jown 6) ¢4 jown | B)¢H jowrd | _y U jowrl | jowr | ;_(3ed|ow) | jow)?H |jow

/|OF VdIN-v /OF | /PVAN-v /|OF JRINOY /OF | /401l | /OF /[°H |°HIowW/O0F | /1 NOL *NOnon Anug

'SUOIPUOD dlgoideUe JapUN Pa3daful sem (UORNJOS 'dX UI) dIN pue XJep ay) 0} parow uayl Y ¢ 1o Y g ‘Uil O 10} (D, GZ ‘OS'T NV
‘-_WD MW Q0T) uns T Japun pajeipe alom sajdwes ayl "dIN Jo asuasqe ayi ul (jowr og) YaW- Bulurejuod (qw € ‘' HA ‘N T°0)
uonn|os !dy ut (Bw G) *NOyon PBIRANOE pue XNg yim uonanpoud 2H iep (D, G2 ‘z-Wd MW 00T ‘OS'T INY) usAlp 1ybi| Jejos *2°a ajgel




81

ey | ogy| ¢€00] OTT] 05 | S | *NOnon | 00T | 5
(wu oov < ) uoneipeut Ajuo 1ybi| a|qISIA
68°¢C 18'8 700 €To 0S G| *NOnen NG 00T €5
14 4" L00 16T 0S S| *NOnonind 00T Zs
00T 0691 ¢00 ev'T 0]°] G0 *NOnon 00T TS
9¢ €a¢ 600 29'¢ 0]°] ] *NOnon 00T 0§
€L A% 700 850 0¢ ] *NOnon 05T (514
9¢ Sva ¢00 LL 0O 0¢ ] *NOnon 00T 14
[ ¥'89 000 .90 0¢ ] *NOnon 0S Ly
18111} OG'T NV
- U-(NO B) eH jown |y ;- (*NO B) 2H jowrt | jown ) Bw Bw / Buipeoy
/OF / RIANoY JOF | jowrd/2H | jowu/dIN | /Buipeo| *ND adA1 *ND arensqgns Anqu3

‘pawuoiad osje sem (Wu QO < v) uoneipe.l
Ajuo 1yb1j 9|qIsIA Jo aduasald ayl ul Juawiiadxa [011U0d v "aso|N||89-o Buluieluod (qw € ‘G HA ‘IN L°0) 'dM Ul SUONeIUadU0 JUsIalIp
18 dIN pue *NDyon PBYTRAIDR pue 3ING XN Dy AING yum uononpoud zH (D, G2 ‘7-Wd MW 00T ‘OS'T INY) uaAup 1yBi| Jejos 'g'd 8|qel



€8T

‘pasn sem [oyod|e |Adeuls Jo Buw QT+

‘pasn sem ulubl| Bw G Oy

68°0 187 0T /ST 20 62°€ | loyooe |Adeuisy 99
0 0 0 0 0 0| loyodje |Adeuls 59
0 0 0 0 0 0| loyoole |Asjluod 9
S'¢C 0'8¢ 1T 29, L0 2eT asojoeeb €9
€¢ 66T S €65 180 0€'8 9S0|AX 29
8'v 4> 08 02TT €0 6'CT as0on|6 19
L'T YT S TTS 890 €0'8 9s0170||92 09
€00 Zvo 8'9 8'0v €00 020 ulubi), 6S
0 0 0 0 0 0 by 85
LT0 26’V 9 LET €20 68 uejAx LS
ZT0 v, 9¢ €G¢ 600 29'¢ 8s0|n||92-p 9G
0 0 0 0 0 0 alesisqgns ou el
lowr (Uve) - Y - *NO b) ¢H jowr U (NO ) ¢H jowr | jowr uv)
/OF jowrl /2H /OF ] AInnoy /|OF jownr /2H adA1 arensgns Anu3z

‘(Qw € ‘G HA ‘IN T°0) 'dX w (Bw 0OT) Seresnsqgns 2isojnjj@doubi| Jo asuasaud
3y} ul (Jowu 0G) dIN pue (Bw G) *NDyoy PRYEANDR Buisn uononpold 2H (D, G2 ‘z-Wd MW 00T 'OS'T INY) UsAUp bl Jejos "6°A a|gel



781

00 160 €0 ,.'S€ 100 T.°0 | ydueiq uspoom T.
80°0 o€l 8¢ 8¢ 80°0 0.0 assefeq 0L
9T'0 G6°¢C G¢ 6'97 G0°0 760 pireoqp.ted 69
020 470" 0¢ YA 700 G8'0 Jaded 89
7€0 68°€ 8¢ c0c eEvo 9€'¢ Isnpmes .9

(U ve) (uv)

jown jown 1-Ur- *ND B) 2H jown =Y - *ND B) ¢H jowrl jown jownri
/OF / °H /OF / AIANoY /|OF / °H adA1 arensgns | Anu3

‘(Qw € ‘G HA ‘IN T°0) 'dX ul (Bw QOT) Serensgns ssewoiq mel Jo aduasaud
8yl ul (Jowu 0S) dIN pue (Bw G) XNDon PaYeANDR Buisn uononpoud zH (D, G2 ‘-Wd MW 00T ‘OS'T INV) UsALIp 1Ybl| Jejos *0T'd 8lgeL



Table D.11. Solar light driven (AM 1.5G, 100 mW cm=2, 25 °C) H2 production with
activated N°NCNx (5 mg) and NiP (50 nmol), H2PtCle (4 wt%) or HsN2Mo0S4 (4 wt%) in

the presence of a-cellulose (100 mg) in KPi (0.1 M, pH 4.5, 3 mL).

Entry | Catalyst Activity / to/ Time | H2/ | o/
umol Hz (g CNy) tday ' | umol Hz (g CNy) tday = | /day | ymol | umol
(24 h)

72 NiP 748 24 1 3.74 |0.12
2 3.74 [0.12
3 3.74 [0.12
4 3.74 [0.12
5 3.74 [0.12
6 3.74 [0.12
73 Pt 172 23 1 0.86 0.11
2 2.40 0.12
3 3.79 0.23
4 5.12 0.12
5 5.99 0.05
6 7.30 0.15

7 11.7 2.3

8 12.8 2.4

9 14.0 2.6

10 15.7 3.3

12 16.7 3.7
74 MoS: 356 6 1 1.75 0.13
2 3.56 0.06
3 4.72 0.23
4 5.93 0.25
5 6.88 0.37
6 7.67 0.52

Table D.12. Solar light driven (AM 1.5G, 100 mW cm=2, 25 °C) H2 production with
activated N°NCNy (5 mg) and H2PtCls (4 wt%) in the presence of a-cellulose (100 mg)
in KPi (0.1 M, pH 4.5, 3 mL) solution prepared in H20 or D20.

Entry | Solvent | Hxor D2/ umol | o/ umol | ku/ ko kn/ kp error
(24 h)

75 H.0 0.86 0.11

76 D0 0.58 0.05 1.48 0.22
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Table D.13. Monitoring the CO production after solar light driven (AM 1.5G, 100 mW
cm~2, 25 °C) H2 production using activated N°NCNx (5 mg) with H2PtCls (4 wt%) and a-
cellulose (100 mg) in 10 M KOH, pH 2 H2SO4, pH 4.5 and pH 7 KPi solution (0.1 M,
pH 4.5, 3 mL). All the samples were suspended in specified solutions and stirred for
24 h at 25 °C prior to injection of N°NCNx and H2PtCle.

Entry Conditions Time / CO/ o/
day pmol pmol

77 H2SO4, pH 2 1 0.00 0.00
6 0.0120 0.0072

78 KP;, pH 4.5 1 0.00 0.00
6 0.0123 0.0049

79 | KPi, pH 7 1 0.00 0.00
6 0.0280 0.0072

80 ‘ 10 M KOH, pH 15 1 0.00 0.00

6 0.00 0.00
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Table D.14. Solar light driven (AM 1.5G, 100 mW cm=2, 25 °C) H2 production using activated
NCNCNx (5 mg) with H2PtCle (4 wt%) and a-cellulose (100 mg) in 1, 5, 10 M KOH, pH 2 H2SOa,
pH 4.5 and pH 7 KPi solution (0.1 M, pH 4.5, 3 mL). All the samples were suspended in

specified solution and stirred for 24 h at 25 °C prior to injection of N°NCNx and H2PtCls.

Entry Solvent Activity / to/ Time | Hz2/ | £o/
and pH pumol Hz (g CNy) *tday™ | pmol Hz (g CNy) *day™? | /day | pmol | pmol
81 H2SO4, 2 | 178 5 1 0.89 |0.03
2 2.44 |0.03
3 3.97 |0.06
4 6.29 | 0.09
5 7.76 |0.35
6 10.2 |04
82 KP;i, 4.5 172 23 1 0.86 |0.11
2 240 |0.12
3 3.79 |0.23
4 512 | 0.12
5 599 |0.05
6 7.30 | 0.15
83 KPi, 7 98.5 2.7 1 0.49 |0.01
2 3.45 |0.28
3 5.16 |0.19
4 582 |0.51
5 6.31 | 0.67
6 7.75 | 1.02
84 1MKOH | 497 32 1 249 |0.16
2 4.33 | 0.05
3 594 |0.09
4 7.40 |0.40
5 8.22 | 0.47
6 9.82 | 0.23
85 5SMKOH | 458 24 1 229 |0.12
2 5.17 |0.30
3 9.48 | 041
4 139 |10
5 175 |13
6 20.7 |20
86 10 M KOH | 1070 50 1 533 |0.26
2 11.4 | 0.03
3 185 | 0.2
4 26.8 | 0.6
5 323 |03
6 395 |11
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Table D.15. Solar light driven (AM 1.5G, 100 mW cm=2, 25 °C) Hz production using
activated N°NCNx (5 mg) with H2PtCls (4 wt%) and cellulose (100 mg), xylan (50 mg) or
lignin (0.5 mg) in 10 M KOH. All the samples were suspended in 10 M KOH and stirred
for 24 h at 25 °C prior to injection of N°NCNx and H2PtCls.

Entry | Substrate Activity / o/ Time Hy / to/
pumol Hz (g CNy) ™t | umolH2 (g CN,) ™ | /day | pmol | umol
day day!

87 a-cellulose | 1070 50 1 5.33 0.26
2 114 0.0
3 185 0.2
4 26.8 0.6
5 32.3 0.3
6 39.5 1.1
7 40.6 1.3
8 48.9 3.1
9 56.4 2.8
10 63.5 3.3
12 69.8 1.4

88 xylan 1450 30 1 7.24 0.17
2 13.0 0.3
3 26.3 1.8
4 35.1 14
5 47.8 3.1
6 55.5 2.7
7 63.6 2.4
8 75.1 1.8
12 123 9

89 lignin 350 11 1 1.75 0.06
2 2.86 0.20
3 4.87 0.37
4 6.36 0.43
5 7.70 0.63
6 8.85 0.74
7 9.11 0.76
8 9.56 0.98
12 13.6 1.3
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Table D.16. Photoreactors were prepared using activated N°NCNx (5 mg) with H2PtCls
(4 wt%) and a-cellulose (1.65, 1,18 or 0.81 mg) in 10 M KOH. All the samples were
suspended in 10 M KOH and stirred for 24 h at 25 °C prior to injection of N°NCNx and
H2PtCls. Percentage conversion yields were calculated after irradiating (AM 1.5G, 100

mW cm=2, 25 °C) the samples for 6 days.

Entry | a-Cellulose/ | Anhydroglucose Theoretical Ha/ Conversion
mg monomers® / maximum pmol | %
pumol H2®!/ pmol
90 1.65 10.2 122.2 14.4 11.8
91 1.18 7.28 87.3 11.3 13.0
92 0.81 5 60 13.2 22.0

8 Moles of anhydroglucose monomer units were calculated by dividing the total
amount of a-cellulose used with the molecular mass of an anhydroglucose repeating

unit (162.14 g molt). ! The theoretical maximum Hz was calculated based on the

assumption that maximum 12 equivalent of H2 can be produced per anhydroglucose

unit in a-cellulose structure.®
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