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Abstract 

 

Along with the theme of global sustainable development, energy and 

environment are becoming the two most concerning issues in the world today. 

Energy conversion by photocatalysis is one of the hot topics that has received 

much attention. This thesis aims to explore how to efficiently utilise biomass 

energy via photocatalytic processes. Generally, carbohydrates, such as 

glucose, are the break-down products of biomass and can potentially act as 

energy carriers. Explorations on how to enhance photocatalytic efficiency in 

energy conversion processes are important. Meanwhile, highly novel 

microporous polymers (polymers of intrinsic microporosity, PIMs), have 

been proposed as effective hosts for catalysts in energy conversion 

applications. Such materials provide catalysts with stabilisation and 

protection during the electrocatalytic processes and bind gaseous reagents 

even in an aqueous electrolyte to introduce a gas-liquid-solid “triphasic” 

interfacial condition. This ability of PIMs to form a triphasic interface can 

significantly enhance the electrocatalytic performance, especially in the 

critical cases of hydrogen evolution reaction. The idea of this thesis is to 

explore PIMs materials as microporous hosts in photocatalysis for energy 

conversion from biomass, especially in the case of photocatalytic hydrogen 

evolution and hydrogen peroxide generation.  

  

The thesis begins with introductory chapters, introducing the project 

background and aims as well as presenting reviews about materials in this 

study. Then, in the context of electrochemistry, fundamentals followed by 

electrochemical techniques employed in this thesis are introduced. The 

concept of photoelectrochemical systems and photoelectrochemical 

measurements are demonstrated in this part. In chapter 3, a novel 

photoelectrochemical system based on photocatalyst Pt@g-C3N4 were 

initially designed and studied. A modified photoelectrode with photocatalyst 

was prepared and investigated for the critical case of hydrogen evolution 

close to a platinum electrode. Hydrogen is generated as an energy carrier via 

photocatalysis in the presence of a glucose quencher. Chapter 4 presents an 
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indirect sensing device based on the previously tested photoelectrochemical 

system. This work investigates photoresponses with a wider range of 

carbohydrates during the photocatalytic process, opening the door to effective 

biomass energy conversion. Chapter 5 further investigates 

photoelectrochemical signals derived from photogenerated hydrogen product 

with a robust Clark-type probe. Size selectivity and photocurrent enhancing 

effects from the microporous hosts are revealed. In chapter 6, 

heterogenisation of g-C3N4 photocatalysts into microporous polymers is 

demonstrated for enhanced photocatalytical hydrogen peroxide production. 

Overall, hydrogen and hydrogen peroxide with high chemical values can be 

effectively generated by photocatalysis in the presence of carbohydrate 

quenchers. The important role of microporous hosts for enhanced 

photocatalytic reactions has been observed. 
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Chapter 1. Introduction and Literature Review 

 

Abstract  

This introductory chapter aims to deliver a broad overview of the project 

background and highlight the project aims of this thesis. A key aspect of the 

introduction lay in linking the role of PIMs as effective microporous hosts in 

photocatalysis for biomass energy conversion. Introductions about the 

materials investigated in this thesis are organised into two sections. The first 

section deals with the newly emerged microporous polymers PIMs. The 

properties classification, including applications of PIMs in electrochemistry, 

are discussed. The second section deals with the photocatalysts graphitic 

carbon nitride (g-C3N4) utilised in this thesis. This general overview 

hopefully provides appropriate background information and underpins the 

logic behind the project developments in this thesis. 
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1.1. Project Background  

Fossil fuels, chemicals and electricity are undoubtedly necessities to the 

society and in every aspect of our life. With the expanding population coupled 

with the growing economy, soaring energy demands and energy depletion 

rates have accelerated the intercountry collaboration academically and 

administratively. According to the International Energy Outlook 2021, 

energy consumption is expected to increase nearly 50% by 2050.1 Fossil fuels, 

including oil, coal and natural gas, remain the largest primary energy sources 

for this demand. Considering our continuously rising standard of living, we 

must face challenges to make a sustainable flow of energy and maintain a 

balance between production and consumption. Despite this concern, fossil 

fuel burning will certainly increase greenhouse gas emissions related to the 

1.5ºC of global warming.2 The demand for renewable and clean energy has 

attracted great attention from our whole society. For instance, UK 

government published UK energy strategy to set out how to achieve low to 

zero-emission by 2030.3 The aim is to build up a deeply decarbonised, deeply 

renewable energy system replacing high-carbon fuels used today, thus 

bringing down emissions in vital UK industrial sectors and power, heat and 

transport systems.  

 

The importance of searching for energy sources that are naturally abundant 

and principally renewable are emphasised worldwide. Accordingly, solar 

energy utilisation turns out to be a promising solution to these challenges as 

solar energy is believed as a low-cost, sustainable, and unlimited energy 

source. The energy supply from the Sun to the Earth is approximately 3×1024 

joules a year, which is about 10,000 times more than the global population 

currently consumes.4 In other words, the societies’ needs can be satisfied by 

covering only 0.1% of the Earth’s surface with solar cells of 10% efficiency. 

Yet to tap into this vast energy reservoir remains considerably challenging. 

 

Solar technologies with green and environmentally friendly materials are of 

great interest and have been extensively developed recently. Until now, 
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photovoltaic systems that convert sunlight to electricity power, often made of 

silicon, dominate this area. However, the drawbacks of such devices are 

obvious with high-cost construction and low efficiency to generate electricity. 

This dominance now is being challenged with various newly emerged 

photoelectrochemical devices. Meantime, photoactive materials have been 

extensively studied to harness solar energy into electricity5 or products with 

chemical value6 as well as into photodegradation for environmental clean-

up.7 More concepts derived from natural photosynthesis or photocatalysis 

provide long-term solutions in the field of solar energy conversion.8  

 

At present, the use of biomass is another major player in the field of renewable 

energy development. Biomass-based energy is considered as a promising 

alternative to saving fossil fuels. Recently, many technical strategies have 

been proposed to encourage biomass to fuel transformations.9 

Implementation of this energy conversion is mainly localised in developing 

regions such as Africa and India, with numerous wood and other organic 

matters resources.8, 9 However, many of biomass recourses in these areas 

cannot be directly regenerated into energy. Meanwhile, various political and 

economic factors restrict the development of biomass to fuel as generations 

of biofuels from food crops create competitions with food supplies. Therefore, 

utilisation of break-down molecules from resources such as lignocellulosic 

biomass, woody biomass or waste biomass seems to be more cost-competitive 

and more concerned. For example, carbohydrates such as glucose is a 

prominent biological molecule. In particular, glucose is a potential break-

down product from woody biomass and a possible efficient energy carrier. 

 

Against this background, developing clean and sustainable technologies 

utilising solar energy and biomass is a promising solution to shift energy 

supplies towards. In considering this long-term solution, let us think about 

photocatalysis for energy conversion from biomass. Polymeric graphitic 

carbon nitride appears as one such material suitable for photocatalysis. 

Polymeric graphitic carbon nitride has been studied for years as a metal-free 
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semiconductor for photochemistry, multipurpose catalysis, and sustainable 

chemistry in the scientific literature.10 In particular, photocatalysis for 

hydrogen evolution can be efficiently achieved with this photocatalyst. 

Hydrogen is agreed as a clean and renewable energy source with no waste 

emissions. Thus, the aim of producing hydrogen by photocatalysis from 

biomass is proposed. Detailed discussions about this process will be presented 

in the later section.  

 

In the scope of this study, another target is set to investigate the role of PIMs 

as microporous hosts in photocatalysis. Based on pioneering works, 

microporous polymers acted as a gas management layer with good 

processability, good uniformity, good permeations, and gas adsorption 

ability.11-13 PIMs coated on electrode surfaces are able to (i) protect catalysts 

without blocking, (ii) allow permeation of small molecules, and (iii) prevent 

gas bubbles from forming to act as a gas management layer. Enhanced 

catalytic activity has been observed in reactions, including hydrogen 

evolution, oxygen reduction and carbon dioxide reduction.  

 

Going forward, we believe that modification of photocatalysts with 

microporous materials is a way to improve the performance of photocatalysis. 

Triphasic conditions are supposed to be established on electrodes with 

microporous hosts in relevant reactions. It is yet not clear how catalyst in the 

PIMs hosts interacts with the reactants and how the PIMs influence the 

photocatalytic processes. To reach a more fundamental level, a basic 

understanding of the mechanism from experiments is needed. Thus, this 

project aims to address critically important processes and the fundamental 

understanding of PIMs materials in enhanced photocatalysis. 

 

1.2. Introduction to Polymers of Intrinsic Microporosity (PIMs) 

Microporous materials refer to solids containing interconnected pores with 

diameters of less than 2 nm.14 Such materials are of great interest for 
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applications such as gas storage, molecular separations, and heterogeneous 

catalysis.15 Conventional microporous materials include amorphous network 

structures such as activated carbons or crystalline inorganic frameworks such 

as zeolites. Rapid developments in new microporous materials have been 

taking place recently. The past decades have seen a revolution in preparing 

new microporous materials with organic components. For example, newly 

emerged crystalline metal organic frameworks (MOFs)16, 17 and covalent 

organic frameworks (COFs)18, 19 have been reviewed extensively. Their 

unique microporous structure consequently results in high surface areas, 

naturally 300-2000 m2 g-1.15 In contrast to conventional microporous 

materials with inorganic building blocks, organic-based materials allow 

refined control over the chemical nature and specific design on molecular 

recognition and pore properties. Some organic-based materials can form a 

defect-free film with an easy fabrication process.  

 

In particular, polymers of intrinsic microporosity (PIMs) are a type of newly 

emerged glassy polymer with a molecularly rigid structure. PIMs were 

synthesised without a network structure, hence with good solubility in 

common organic solutions. This property allows PIMs to form free-standing 

films or coatings. Thus, PIMs are suitable as gas permeation and separation 

membranes20 and sensing materials.21 In recent years, PIMs have been studied 

for wide-ranging applications in electrochemical processes with excellent 

performances in chemical stability, thermal ability, solubility, and film-

forming properties.11, 12, 22 Here, the development and properties of PIMs will 

be briefly introduced. Pioneering examples of work on PIMs in 

electrochemistry will be reviewed with an emphasis on linking its advantages 

in electrocatalysis under triphasic conditions.  

 

Intrinsic microporosity in polymers refers to “a continuous network of 

interconnected intermolecular voids, which forms as a direct consequence of 

the shape and rigidity of the component macromolecules”.23 Polymers 

generally have adequate conformational flexibility to pack efficiently and 
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minimise the amount of void cavities. However, polymers of intrinsic 

microporosity were constructed to maximise intrinsic microporosity with 

highly rigid and contorted molecular structures.24 The rigid and contorted 

polymer backbone provides an awkward macromolecular shape that 

precludes the efficient package. Typically, PIMs do not have rotational 

freedom due to the fused ring structures from their polymer backbone. Thus, 

the highly contorted structure is fixed during synthesis resulting in efficient 

microporosity. In the last decade, extensive scientific explorations for PIMs 

design, characteristics, and structure-property relationship occurred. 

Molecular structures of some typical PIMs are shown in Figure 1.1.  

 

 
Figure 1.1. Molecular structures for typical polymers of intrinsic 
microporosity.25 

 

 

1.2.1. Classification, Properties and Synthesis of Polymers of Intrinsic 

Microporosity 

The ideas for PIMs were developed during the 1990s by Neil McKeown and 

Peter Budd at the University of Manchester.24 The idea of non-network 

polymers was proposed during the synthesis of microporous network 

microporous polymers. These network polymers were initially prepared and 

possess a high surface area of up to 1000m2 g-1.26 Following this research, a 

soluble polymer (non-network) was prepared with the same method. The 

monomers of spirocyclic biscatechol (A1 in Figure 1.2) and 2,3,5,6-

tetrafluoroterephthalonitrile (B1 in Figure 1.2) were chosen to prepare a 
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yellow polymer, given by the name of PIM-1. As a solution-processable 

material, PIM-1 shows excellent potential in making membranes with a 

relatively high surface area of around 800 m2 g-1.27 Then, PIMs are generally 

prepared based on the dibenzodioxin formation reaction, in which a double 

aromatic nucleophilic substitution mechanism forms the dibenzodioxin 

linkage. Two covalent bonds can form simultaneously with a linking group 

composed of fused rings. Later, several variations of PIM synthesis strategy 

were reported in the literature.28, 29 Polymerisation reaction based on imide 

formation was described later to form a different classification of PIMs, for 

example, PIM-PIs.30 If suitable diamine aromatic monomers are used, 

rotation about the C-N single bond is sufficient to restrict conformation 

rearrangements. 

 

 
Figure 1.2. Synthesis of polymer of intrinsic microporosity (PIM-1). 

 

Property of PIMs: Microporosity The microporosity of PIMs is usually 

characterised by gas sorption analysis or computer simulation. For example, 

PIM-1 exhibits surface area around 720-875 m2 g-1 from N2 adsorption/ 

desorption measurement.31, 32 Figure 1.3 illustrates the volume of nitrogen 

adsorbed versus relative pressure for a PIM-1 powder sample from 

experimental measurement. The microporous structure could be modified or 

specifically designed with various units to generate significant microporosity. 

Only a few network PIMs, which comes from monomers with highly rigid 

aromatic substituents, exhibit higher microporosity performance over PIM-

1.33-35  
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Figure 1.3. N2 adsorption/desorption isotherm for PIM-1 powder. Insert: Pore 
size distribution of PIM-1 powder. 

 

Property of PIMs: Solubility One of the distinct characteristics of PIM is 

the good solubility in common organic solvents, such as chloroform or 

tetrahydrofuran. It is suggested that the rigid structure helps to reduce 

intermolecular cohesive interactions by limiting polymer chain contacts.24 

The relative flexibility of the spirobisindane unit may also contribute to the 

solubility.36 However, some kinds of PIMs are not soluble due to increasing 

polymer cohesion from specific monomers with greater rigidity.37   

 

Property of PIMs: Chemical, Thermal and Mechanical Properties Most 

PIMs show moderate chemical, thermal, and mechanical properties. For 

example, PIM-1 exhibits no thermal transition before reaching its 

decomposition temperature (450°C).28 Tensile strength, strain, and ageing 

tests suggested PIM-1 as a promising engineering material.13 

 

 

1.2.2. Applications of PIMs in Electrochemistry 

(This part is relevant to published review articles in which the candidate is a 

co-author.  

F. Marken et al., ChemElectroChem 2019, 6, 4332-4342.  
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L. Wang et al., Electrochemistry Communications 2020, 118, 106798.  

F. Marken et al., Current opinion in Chemical Engineering 2021, 35, 100765.)  

 

The unique property of PIMs is the combination of microporosity with 

solution processability. PIMs are of great interest as gas separation, gas 

storage, sensing, and catalysis materials.20 Most relevant to this project, PIMs 

have recently been introduced into the electrochemistry research area and 

emerged as practical films or membrane materials in electrocatalytic 

processes or electrochemical technologies. Over eight years’ accumulated 

research about PIMs in electrochemistry is reviewed. Figure 1.4 shows an 

overview of research up to 2021 on applications of intrinsically microporous 

polymers in electrochemistry.  
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Figure 1.4. Overview of typical literature work of PIMs in electrochemistry.  

 

PIMs in Electrochemical Energy Storage and Conversion PIMs have been 

reported for applications in batteries, fuel cells, capacitors, and flow energy 

devices with proper structural modifications and hybrid material 

formations.22 PIMs as a type of glassy polymer with solution processability 

can form mechanically robust solvent cast films. For example, PIM-1 has 

been employed in lithium-ion batteries as an artificial solid electrolyte 

interphase due to its rigidity and flexibility but without blocking the ion 

flux.38, 39 A protective layer of PIM only allows the transport of lithium ions 

by the appropriate pore sizes. It effectively prevents direct contact between 

the lithium metal anode and solvent molecules, avoiding dendritic metal 

growth and short-circus issues. PIMs are also considered as separators in 

batteries with the size-sieving effect. PIM-140, 41 and PIM-742 were 

respectively studied as separators in lithium-sulfur batteries to suppress the 

polysulfide diffusion. In supercapacitors, PIMs have been proved to be active 

electrode materials.43, 44 PIM-EA-TB can retain the rigid backbone without 

much porosity loss after vacuum thermolysis.45 Thus, free-standing carbon 

nanostructures with a high surface area can be fabricated from PIMs materials. 

 

PIM membranes in fuel cells provide adequate protection for platinum 

nanoparticles from corrosion without impeding flux of reagents.46 This work 

was further improved to protect fuel cell anode catalyst for the cases of 

menthol and ethanol oxidation reactions.47 PIM-1 has also been reported as a 

thin film in vanadium redox flow systems and shown an ultra-high proton/ 

vanadium selectivity.48 Overall, polymers of intrinsic microporosity offer 

new opportunities in energy storage and conversion devices. PIMs have 

shown positive effects, including catalyst immobilisation and stabilisation, 

permeation of ionic and neutral species and suppression of dendrite formation. 

 

PIMs in Electrochemical Multicomponent and Multiphase Interfaces 

Classic examples of PIMs, like PIM-1, PIM-7, and PIM-EA-TB, can be well 
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dissolved in chloroform and tetrahydrofuran.24 Electrode surface can be 

readily modified with PIMs films by drop-casting or spin coating to form 

multiphase interfaces for electrochemical processes.12 With a typical pore size 

less than 1nm, PIMs offer transport channels for ions, neutral molecules, and 

adsorption sites for gas species. Solid, liquid and gas phases can coexist 

within PIMs structures. Also, PIM membranes can be a three-dimensional 

microporous scaffold to immobilise active molecules, encapsulate 

nanoparticles, and provide size selectivity. Polymers of intrinsic 

microporosity were first introduced as an electrode modifier by Xia et al. in 

2014 showing adsorption of active redox species.49 Protonated PIM-EA-TB 

on the electrode surface allows adsorption of anions PdCl4- which can be 

electrochemically reduced to Pd metal. Water-insoluble molecules in redox 

systems can be efficiently immobilised in PIMs films. For example, 

immobilisation of 4-benzoyloxy-TEMPO catalyst in PIM-EA-TB for alcohol 

oxidation has been demonstrated to give an active multicomponent material.50 

PIM-EA-TB has been demonstrated as a rigid host to immobilise highly 

insoluble molecules tetraphenylporphyrinato-Fe(II) (FeTPP) on the electrode 

surface.51 The polymer host allows the effective charge transfer and mass 

transport towards catalysts for oxygen reduction and peroxide reduction 

reactions in the aqueous environment. PIMs have also been revealed as a 

membrane material for ionic diodes. Madrid et al. first demonstrated an 

anion-conducting PIM-EA-TB membrane attached to a thin PET film in 

2014.52 The fabricated membrane allows the transport of cations and anions. 

Thus, the current flow has been observed responding to the applied potential, 

giving an ionic diode effect. Following on this research, a desalination system 

for seawater was developed based on PIMs modified ionic diodes.53  

 

PIMs in Electrochemical Sensing and Electroanalysis The ease of forming 

robust uniform films allows PIMs materials fabricated for sensing and 

electroanalytical applications. Modifications or multifunctionality with PIMs 

for sensing has been achieved i) based on the PIMs themselves being 

florescent or ii) based on guest species such as chromophores nanocatalysts 

embedded in PIMs. PIMs have shown potential and adaptability in both gas 
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and liquid phase sensing systems. For example, PIM-1 has been recognised 

as a versatile visual indicator for volatile organic compounds with optical 

properties due to the interactions with the vapour.54, 55 In liquid phase media, 

the fluorescence nature of PIM-1 is utilised for mercury sensing. 

Fluorescence changes can be observed in the presence of Hg (II) with 

modified polymers in solutions.56 PIMs have been known to form films on 

electrode surfaces and allow the transport of small molecules. Adsorption and 

selective permeation of molecules allow thin PIMs films as active materials 

for electroanalysis in aqueous electrolyte. It has been demonstrated a layer of 

PIM-EA-TB coating on gold electrocatalysts only allows glucose permeation 

but blocks large proteins diffusing to the electrode.57 Although most studies 

in the literature were with typical PIMs such as PIM-1 and PIM-EA-TB, new 

structures of PIMs materials are being explored for a broader range of 

applications in sensing or analysis.   

 

PIMs in Triphasic Electrochemistry In most cases, PIMs were employed 

as a protective coating on catalysts in electrochemical processes. PIM films 

on electrodes suggest (i) protecting catalysts without blocking, (ii) allowing 

permeation of active molecules and (iii) preventing gas bubbles from forming 

when gases are involved in the redox reactions. Madrid and co-authors firstly 

reported the concept of triphasic conditions with PIMs in 2019.58 PIMs have 

already been known to permeate and store gases. When the electrode surface 

is coated with PIMs films and immersed in an aqueous electrolyte, gaseous 

reactants or products are preferably bound into the hydrophobic region in wet 

PIMs. Gaseous reagents will take up some pore spaces when electrolyte 

media penetrate PIM films. Therefore, a triphasic condition exists on the 

modified electrode surface with solid polymer structure, liquid electrolyte, 

and gas bubbles. Redox reactions involving hydrogen or oxygen have been 

investigated with PIM-1 or PIM-PY films in the literature.58 It has shown that 

both hydrogen and oxygen could be locally stored in PIMs, leading to 

enhanced electrocatalytic activities. The onset potential of oxygen reduction 

positively shifts by approx. 0.15V. Further research on triphasic conditions 

during the electrochemical process was subsequently conducted. PIM films 
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have been studied to coat over nano-palladium catalysts on a glassy carbon 

electrode.59 Both the surface reactivity and the apparent activity of the gases 

near the electrode/catalyst surface are enhanced under triphasic conditions.11  

 

1.3. Introduction to Graphitic Carbon Nitride (g-C3N4) in Photocatalysis 

Graphitic carbon nitride is a pure organic semiconductor with a tunable 

bandgap, appealing electronic properties, great thermal and chemical stability. 

It has been applied as an effective photocatalyst in the field of photovoltaics,60 

photocatalysis,61 pollutant degradation62 and biosensing.63, 64 This section will 

discuss the structure, modifications, and applications of g-C3N4 as a 

photocatalyst. The use of g-C3N4 in photocatalysis from literature-inspired 

new thinking in this work and laid a theoretical and practical basis for this 

photocatalyst in energy conversion and sustainable chemistry processes. 

Recent developments on photocatalysis with g-C3N4 for biomass conversion 

will be highlighted.  

 

Synthesis of g-C3N4 Bulk graphitic carbon nitride is generally synthesised by 

polymerisation of nitrogen-rich reagents such as melamine, dicyandiamide, 

and urea.10, 65 The history of g-C3N4 can be traced back to the 1830s. A 

polymer derivative was synthesised by Berzelius and Liebig in 1834,66 which 

is recorded as one of the oldest synthetic polymers. After years of 

experimental and theoretical studies, the condensation pathways of nitrogen-

containing precursors described by Liebig was still believed as a good 

synthetic strategy to produce these polymeric species even with slight 

defects.10 The architecture of g-C3N4 is composed of mainly two units, tri-s-

triazine (C6N7) and s-triazine (C3N4) rings, as shown in Figure 1.5. According 

to DFT calculations, tri-s-triazine is more thermodynamically stable under 

ambient conditions.67, 68 Thus, the tri-s-triazine rings are generally considered 

by researchers as the basic unit of g-C3N4. Graphitic carbon nitride has been 

studied to exhibit high thermal and chemical stability. It has been shown to 

be robust up to 600°C. The complete decomposition occurs until 750°C. No 

obvious solubility or chemical reactions of carbon nitride has been observed 
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in common solvents, including water, alcohols, dimethylformamide, and 

tetrahydrofuran.69 

 
Figure 1.5. Molecular structures of (A) s-Triazine and (B) tri-s-triazine units 
of g-C3N4.10 

 

Wang et al. first reported using g-C3N4 as an active photocatalyst for water 

splitting under visible light in 2009.70 Since then, most studies have been 

carried out focusing on the photocatalytic nature of this material. The optical 

property of carbon nitride was investigated by UV vis absorption. Typically, 

conventional carbon nitride shows a strong absorption at about 420nm with a 

bandgap of 2.7eV up to 5 eV, which varies with structure and modifications.10 

This is consistent with the pale-yellow colour of the g-C3N4 powder. Figure 

1.6A shows the diffuse reflectance spectrum of g-C3N4. Tauc plot based on 

Kubelka-Munk transform indicates the bandgap of the synthesised g-C3N4 is 

around 2.63 eV. Figure 1.6B presents the electronic structure of the g-C3N4, 

referring to the literature.10 DFT calculations revealed that the valence bands 

(VBs) consist of nitrogen Pz orbitals while the conduction bands (CBs) 

consist of carbon Pz orbitals.70 Thus, carbon atoms supply electrons where 

reduction reactions occur, and nitrogen atoms supply holes where oxidation 

reactions occur. 
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Figure 1.6. (A) Diffuse reflectance absorption spectrum for bulk g-C3N4 
powder. Insert: Tauc plot based on Kubelka-Munk transform, (B) electronic 
band structure of g-C3N4 according to literature10 and (C) photograph of 
synthesised g-C3N4 powder in the lab.  

 

The small bandgap and suitable band positions make carbon nitride a 

promising photocatalyst. However, the use of graphitic carbon nitride in solar 

cells is limited so far in the literature. Even with good light absorption 

capability, high charge transfer resistance, high charge carrier recombination 

rate, low active catalytic surface area limit g-C3N4 becoming an industrially 

scalable material.71, 72 Modifications to improve photocatalytic efficiency has 

been investigated in scientific research. For instance, bulk g-C3N4 has been 

studied to transform to nanosheets, nanorods and quantum dots as a way of 

increasing active sites. Doping, constructing heterojunctions and introducing 

defects are also normal ways to obtain different morphologies with improved 

properties.73, 74 Even in the early stages of carbon nitrides for industrial use, 

widespread applications of carbon nitride in the field of sustainable 

photocatalysis can be foreseen. So far, graphitic carbon nitride and its 

modifications have been found in numerous applications, including water 

splitting, artificial photosynthesis, and organic pollutants degradation and 

biosensing.75-77 In the following section, some recent and remarkable 

examples will be summarised. 

  

Photocatalysis To date, studies on heterogeneous photocatalysis mainly 

focus on inorganic or metal-based semiconductors. However, as a purely 

organic and cheap material, the ability of g-C3N4 to absorb blue light with a 

suitable bandgap has made it a promising photocatalyst. Graphitic carbon 
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nitride has been explored in photocatalysis mainly by several strategies: water 

splitting, hydrogen evolution from water and pollutant degradation (see 

Figure 1.7). Most importantly, g-C3N4 exhibits appropriate electronic 

structure with both HOMO and LUMO position in a range of the oxidation 

and reduction potential of water in theory.10 Thermodynamically, the 

potential of electrons in the CBs is enough to reduce water to hydrogen (0 V 

versus NHE in equation 1.1), while the hole in the VBs is sufficiently reactive 

to oxidise water to oxygen (1.23 V versus NHE in equation 1.2) 

 

2𝐻! 	+ 	2𝑒" 	→ 	𝐻#                                     (1.1) 

𝐻#𝑂	 + 	2ℎ! 	→ 	1 2+ 𝑂# 	+ 	2𝐻!                          (1.2) 

 

A recent breakthrough is reported by Wang et al. for overall water splitting 

under visible light in the presence of a sacrificial donor external.70 However, 

the bare g-C3N4 remains weak photocatalytic hydrogen evolution activity. 

Further modifications of g-C3N4 with metal co-catalysts and with the aid of 

strong holes scavengers can greatly enhance the photocatalytic water splitting 

to evolve hydrogen.78 So far, modifications with noble metal co-catalysts, 

such as Pt, has been agreed as an effective and stable strategy for hydrogen 

evolution. Zhang et al. prepared Pt loaded g-C3N4 nanospheres for hydrogen 

photogeneration with a quantum efficiency of 9.6% at 420 nm, which is much 

higher than that of bare g-C3N4 nanosheets (3.75%).79 Modifications with 

metal composite have been demonstrated as an effective strategy to improve 

the photocatalytical hydrogen evolution performance. Composite materials of 

g-C3N4 with TiO280 or MoS281 have displayed superior activity for hydrogen 

generation in comparison to the bare g-C3N4. Graphene has been reported to 

act as the electron acceptor and suppress the charge pair recombination in the 

literature.82 This composite material shows an enhanced photocatalytic 

activity for hydrogen production of 451 μmol h-1 g-1, which is about three 

times higher than that of the bare g-C3N4. 
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Figure 1.7. Strategies of photocatalysis under visible light: a) Hydrogen 
evolution from water, b) photochemical activation of O2 and c) photocatalytic 
oxidation or degradation of organic molecules.10 

 

Graphitic carbon nitride is also the mostly studied metal-free semiconductor 

in the area of heterogeneous photocatalysis for H2O2 production. H2O2 is 

considered a chemical with great importance in a broad range of applications. 

It is a powerful oxidizing agent for chemical synthesis, blenching, cleansing 

and energy generation.83, 84 Synthesis of H2O2 with a clean and safe process 

is on-demand rather than relying on the traditional anthraquinone oxidation 

reaction. The process to produce H2O2 after the photoactivation of g-C3N4 can 

be illustrated by several main steps. After light absorption, the photogenerated 

electrons and holes separate and migrate to the photocatalyst surface. Then, 

electrons and holes participate in the reduction and oxidation reactions, 

respectively. The pathway for H2O2 synthesis with g-C3N4 photocatalyst is 

generally agreed as a two-electron oxygen reduction. This mechanism has 

been initially suggested by Shiraishi et al.85 Photoexcited electrons react with 

oxygen, leading to the formation of the 1,4-endoperoxide species, which 

suppresses the one- and four-electron reduction of oxygen (equation 1.3). At 

the same time, a proton donor (such as alcohol or water) undergoes oxidation 

which also contributes to H2O2 generation (equation 1.4). 

 

𝑂# +	2𝑒" 	+ 	2𝐻! →	𝐻#𝑂#                                  (1.3) 

2𝐻#𝑂 + 2ℎ! 	→ 	𝐻#𝑂# + 2𝐻!                               (1.4) 
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Several modifications over carbon nitrides with the assessment of various 

sacrificial donors have been investigated in the literature. Shiraishi et al. 

demonstrated H2O2 production with metal-free g-C3N4 with alcohols.86 Then 

g-C3N4 materials modified with carbon vacancies have been reported with 

improved H2O2 production performance in the absence of any organic 

electron scavengers.87 Functionalisation of g-C3N4 with carbon or bonding 

with carbon nanotubes has been found as another effective strategy for 

photocatalytic H2O2 production. It was verified that with carbon doped g-

C3N4, H2O2 yield reached a maximum rate of 365 μmol h-1 g-1 with 5% 

isopropanol under a saturated oxygen atmosphere.88 

 

Photocatalytic materials based on g-C3N4 are able to remove organic 

pollutants from environments with effective absorption and photodegradation. 

For instance, nitrogen doped g-C3N4 nanosheets has been reported to degrade 

tetracycline with high photocatalytic activity and stability.89 Li et al. prepared 

a g-C3N4 based heterojunction composite, which effectively oxidise 

rhodamine B by photoexcited holes.90 Compared with widely used 

photocatalyst titanium dioxide TiO2, g-C3N4 is easily recycled and will not 

pose health problems.91, 92 g-C3N4 has been shown more environmentally 

benign for rapidly degrading pollutants in practical applications. More work 

is underway towards photodegradation performance improvements. 

 

Photovoltaics Few studies demonstrate the incorporation of g-C3N4 in solar 

cells. Chen et al. firstly incorporated g-C3N4 quantum dots into a 

heterojunction-polymer solar cell.93 Fundamentally, interfacial layer contact 

was improved, and the power conversion efficiency was increased with the 

incorporation of g-C3N4 quantum dots. Although limited use in solar cells, g-

C3N4 shows potential in this area if applied. 
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1.4. Project Aims 

 

(i) To design a practical photoelectrochemical system for biomass energy 

conversion under visible light in aqueous environments or even in seawater 

with a wide range of biomass molecule.  

  

A proper photocatalyst which can absorb visible light will be 

synthesised to achieve photocatalysis in an aqueous environment. The 

photocatalytic performance of this catalyst will be assessed and 

optimised by chemical synthesis and modifications. Hydrogen 

generated from the photocatalytic reactions will act as an energy 

carrier to convert biomass energy to chemical energy. Effects of mass 

loading, pH, oxygen/ air atmosphere, and electrolytes will be 

investigated in detail. Various biomass molecules (saccharides, 

carbohydrates, biowastes) will be selected and tested as an effective 

hole quencher. Photocatalytic reaction mechanism and reactants/ 

products transportation will be primarily investigated with 

electrochemical techniques such as voltammetry.  

 

(ii) To apply microporous polymers as a catalyst host during the 

electrocatalytic or photocatalytic process. PIMs hosts are supposed to modify 

the local catalytic condition and promote catalytic performance.  

 

The process of embedding and/or immobilising photocatalysts into 

porous supports will be controlled over parameters such as 

interparticle distance, stability, access to active surface sites, pore 

shape and distribution, and catalyst performance. The mechanism for 

the optimisation of the design/architecture and hosting environment 

for photocatalysts to achieve excellent catalytic performance will be 

understood by electrochemical techniques and external techniques 

such as Clark probe, mass spectrometry and NMR analysis.  
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(iii) To investigate interactions between micropores hosts, reactants and the 

catalysts during the photoelectrochemical process, achieving selective 

utilisation of various biowaste or biological molecules.   

 

Experiments will be carried out to improve the performance of 

photocatalytic reactions with/ without polymer hosts. Access to 

reactants and control over the transport of gas phase products, 

especially hydrogen and oxygen will be studied. Size effect and 

selectivity introduced from microporous hosts will be identified by 

comparing the photocatalytic performance with various biomass 

molecules. 
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Chapter 2. Introduction to Experimental Techniques 

 

Abstract 

Electrochemistry is a subject to probe reactions involving electron transfers. 

On the fundamental side, it provides insights from microscale, nanoscale, and 

even to the molecular scale. At the practical level, it relates closely to 

applications such as sensors, fuel cells, solar cells, and batteries. In order to 

fully understand mechanisms behind electrochemical techniques, basic 

theories and fundamentals are discussed here. Employing electrochemical 

techniques for photocatalysis is a critical question in this thesis. This chapter 

presents the fundamentals of electrochemistry, including thermodynamics of 

electrochemical reactions, electrode kinetics and mass transport. Standard 

electrochemical methods such as cyclic voltammetry, chronoamperometry 

and chronopotentiometry are employed to study photocatalytic reactions in a 

photoelectrochemical cell. 
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2.1. Introduction to Electrochemistry 

Electrochemistry is concerned with electricity and chemistry. It measures 

electrical parameters, for instance, current and potential and their relationship 

to chemical reaction quantities.1 Unlike chemical reactions in homogenous 

solutions, electrochemical reactions occur at the interface of different phases, 

usually at an electrode-solution interface. As with all chemical reactions, 

thermodynamics and kinetics are two critical aspects of understanding 

electrochemical reactions. Thermodynamics determines the direction of the 

reaction and how far it goes, while kinetics determines the rate at which the 

reaction occurs. The magnitude of the current usually represents the reaction 

rate. Electrochemical reactions will be affected by parameters, including 

electrode potential, reactivity of the species, properties of the electrode, and 

mass transport. 

 

2.1.1. Fundamentals 

Thermodynamics Thermodynamics answers questions in electrochemistry 

like how potential differences are established and what kinds of chemical 

reactions can occur.2  

 

Consider a given redox species in which the half-reaction occurs at the 

interface of a working electrode and solution,  

 

𝜈$𝑂(&') + 𝑛𝑒" ⇌ 𝜈)𝑅(&')                             (2.1) 

 

Here, 𝜈 is the stoichiometric coefficients. 

 

From standard thermodynamics, the actual Gibbs free energy ∆𝐺 is related to 

the free energy change ∆𝐺* under the standard conditions by the relationship 

below.  

 

∆𝐺 = ∆𝐺* + 𝑅𝑇 ln𝑄+                               (2.2) 
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𝑄+ =	
&!"#
$!

&%&
$%                                           (2.3)  

 

Here, 𝑄+  is the reaction quotient, which is ratio between the chemical 

activities of the reduced form (𝑎),-) and the oxidized form (𝑎$.).  

 

The cell potential changes 𝐸 associated with the electrochemical reaction is 

defined as the decrease in Gibbs free energy per coulomb of charge 

transferred, given by the equation below. 

 

|∆𝐺|=charge passed × reversible potential difference        (2.4) 

 

|∆𝐺| = 𝑛𝐹|𝐸|                                          (2.5) 

 

Here, 𝑛 is the number of electrons passed per molecule, and 𝐹 is the charge 

associated with a mole of electrons, which is 96485 C mol-1.  

 

−𝑛𝐹𝐸	 = −𝑛𝐹𝐸* + 	𝑅𝑇 ln𝑄+                         (2.6) 

 

Therefore, for the redox reaction above    

 

𝐸),- = 𝐸),-* −	)/
01
ln &!

$!

&%
$%                                  (2.7) 

 

For a complete electrochemical cell, the equation can be written as 

 

𝐸2,33 = 𝐸2,33* −	)/
01
ln 𝑄+                                  (2.8) 

 

This relation which refers to the Nernst equation illustrates the potential of 

the O/R electrode vs. NHE as a function of the species activities.  

 

The inherent reason behind the electron transfer is the relative energy level. 

By controlling the potential of electrodes to be more negative, the energy of 
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the electron is raised to a relatively high level, which refers to the Fermi level. 

Electrons at this level are active enough to transfer into the lowest unoccupied 

molecular orbital (LUMO) on species in the electrolyte solution. As a result, 

electron transfer occurs from the electrode to the electrolyte solution with a 

reduction current. In contrast, the energy of the electrode can be lowered by 

applying a positive potential. Electrons at the highest occupied molecular 

orbital (HOMO) of species in the electrolyte solution are favourable to 

transfer to the electrode. The flow of electrons from solution to the electrode 

gives an oxidation current. The critical potential at which these processes 

occur refers to standard potential 𝐸*, for a specific couple of redox species in 

the system. 

 

 
Figure 2.1. Representation of (A) reduction and (B) oxidation processes.  
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Mass Transport Mass transport refers to the movement of the reacting 

species from the bulk solution to the electrode surface. A simple 

heterogeneous electron transfer reaction usually follows five steps in 

sequence.2 

(i) Reactants move to the surface by mass transport. 

(ii) Reactants adsorb onto the surface. 

(iii) Electron transfer occurs. 

(iv) Products desorb from the surface. 

(v) Products move away to the bulk solution.  

 

 
Figure 2.2. Pathway of a general electrode reaction.2  
 

More complex reactions involve additional chemical reactions and surface 

reactions that affect the electrode reaction rate and current. But these 

conditions will not be discussed in detail here. Typically, the overall reaction 

rate will be determined by the slowest step, either the rate of electron transfer 

or mass transport of the reactant.3 For a given system, electron transfer rate 

may depend on the applied potential. In reactions with fast electron transfer, 

mass transport becomes the dominant factor that limits currents.  
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There are three modes of mass transport, diffusion, convection and migration. 

While in most electrochemical experiments, we will mainly concern diffusion 

process. Convection can be controlled by preventing stirring or vibrations, 

and migration is usually reduced to a minimized level by adding a supporting 

electrolyte in electrochemical cells. Diffusion refers to the movement of a 

species driven by a gradient of chemical potential such as a concentration 

gradient.2 

 

Fick’ s law governs this in the equations below. Fick’ s first law describes the 

positive correlation between flux and concentration gradient 

 

−𝐽$(𝑥, 𝑡) = 𝐷$
42%(.,6)

4.
                              (2.9) 

 

Fick’ s second law explains the change in the concentration of O as a function 

of time 

 
42%(.,6)
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= 𝐷$(

42%(.,6)
4.'

)                           (2.10) 

 

Here, −𝐽$(𝑥, 𝑡) is the number of moles of O that passes a given location 𝑥 

per second per cm2 of area normal to the axis of diffusion, 𝐷$ refers to the 

diffusion coefficient of O and 𝐶$ refers to the concentration of O.  

 

2.1.2. Electrochemical Cells and Techniques  

One of the earliest and simplest electrochemical cells is a galvanic cell in 

which reactions occur at two electrodes when connected by a conductor. 

Chemical energy can be converted directly in this type of cell to electricity. 

The focus of this type of cell is usually on potential that is with greater value 

than current, such as in energy conversion and storage applications. However, 

in most electrocatalytic experiments, when the electrode is polarised, the 

auxiliary electrode is not suitable as a standard for potential measurement 

because it is also polarised.4 Therefore, in addition to the working/auxiliary 
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electrodes for passing polarisation currents, a third electrode with a fixed 

interfacial potential difference needs to be introduced.  

 

Three Electrode Configuration Electrocatalytic experiments are typically 

carried out in an electrolytic cell with a three-electrode system.2 The three-

electrode system consists of a working electrode (WE), a counter electrode 

(CE), and a reference electrode (RE), as shown in Figure 2.3. The reference 

electrode is introduced here for precise control and measurement of the 

working electrode potential without any current flowing. 

 

 
Figure 2.3. Schematic of a three-electrode electrochemical cell, where WE, 
CE and RE is working electrode, counter electrode, and reference electrode, 
respectively.   
 

Working Electrode The working electrode defines the electrochemical 

interface and produces the electrochemical reactions of interest. A 

potentiostat is used to precisely control the applied potential between working 

and reference electrodes. The material, size, and shape of working electrodes 

vary with experiments and matches best with the intended work. Typically, 

the working electrode must be redox-inert material that does not interfere with 

the electrical reactions of interest. A glassy carbon electrode is the most used 

working electrode in the lab scale. Besides, platinum mesh electrodes, screen-
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printed electrodes and rotating ring disk electrodes are common working 

electrodes in practical experiments.5 

  

Counter Electrode The counter electrode transfers the flowing current to the 

working electrode, thus realising the complete circuit. Counter electrodes are 

usually made of platinum, gold, and graphite materials. The large surface area 

of the counter electrode is necessary so that electron transfer on this electrode 

is not rate limited. 

 

Reference Electrode The reference electrode is a standard for the working 

electrode's potential by providing a fixed potential drop across the electrode | 

solution interface.6 The potentiostat, reference electrode and working 

electrode constitute a measurement control loop. This loop has no polarisation 

current, only a tiny measurement current flows. The reference electrode 

should have a reversible reaction and maintain a fixed interfacial potential 

difference under normal conditions. The potential between the WE and the 

electrolyte can be accurately measured and controlled according to equation 

2.11. In this equation, 𝑖𝑅 drop is caused by the polarisation of the solution. 

This drop can be minimised by adding supporting electrolytes and placing 

WE and RE as close as possible. Table 2.1 lists some commonly used 

reference electrodes with their electrochemical reactions. 

  

∆𝐸&77 = 𝜙8"9 − 𝜙)"9 − 𝑖𝑅                                  (2.11) 

 

Here, ∆𝐸&77 is the applied potential from the potentiostat, 𝛷8"9 and 𝛷)"9  is 

the potential difference at the interface between working electrode and 

electrolyte solution and between reference electrode and electrolyte solution 

respectively. 

 

Table 2.1. Common reference electrodes with their reactions and potentials 
relative to the Normal Hydrogen Electrode at 25°C.2, 6 

Reference 

electrode 
Reaction 

Filling 

solution 

Potential 

vs. NHE 

@25°C 
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Calomel 𝐻𝑔#𝐶𝑙# + 2𝑒" ⇌ 2𝐻: + 2𝐶𝑙" 
Sat’ d KCL 

/ 1 M KCL 

0.241 V 

0.280 V 

Silver - 

silver 

chloride 

𝐴𝑔𝐶𝑙 + 𝑒" ⇌ 𝐴𝑔 + 𝐶𝑙" Sat’ d KCL 0.197 V 

Mercury - 

mercury 

oxide 

𝐻𝑔𝑂 + 𝐻#𝑂 + 2𝑒" ⇌ 𝐻𝑔 + 2𝑂𝐻" KOH (20%) 0.098 V 

Mercury -

mercurous 

sulphate 

𝐻𝑔#𝑆𝑂; + 2𝑒" ⇌ 2𝐻𝑔 + 2𝑆𝑂;#" 
Sat’ d 

K2SO4 
0.64 V 

 

Cyclic Voltammetry Cyclic Voltammetry is a very common electrochemical 

method for analysing solids, solutions, and organics.3, 4 This technique studies 

the electrochemical reaction by recording the current response as a function 

of the applied potential. The trace of recorded current versus potential is 

called cyclic voltammogram. It can provide information ranging from 

electron transfer to kinetic processes and mass transport, even on an unknown 

electrode system. The potential corresponding to the current peak can tell us 

what electrochemical reaction is taking place. The potential’ s difference with 

the equilibrium potential indicates the difficulty of the reaction. For a given 

electrode system, the same electrode reaction should occur at the same 

potential under the scan rate control. A change in the peak current value or 

position usually indicates a change at the electrode surface.  

 

To fully understand the process of voltammetry, we will consider an example 

of a fully reversible redox reaction below and explain how the trace is 

recorded.  

 

𝑂(&') + 𝑛𝑒" ⇌ 𝑅(&')                                  (2.12) 

 

Here, O and R are the oxidised and reduced forms of the redox couple.  
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Figure 2.4 shows a plot of the current versus potential for this redox system. 

There are many factors to consider in understanding duck-shaped peaks in the 

voltammogram. To answer why the duck-shape peaks in a cyclic 

voltammogram. First, we will consider the equilibrium between O and R, 

given by the Nernst equation below. The Nernst equation described the 

potential of an electrochemical cell (𝐸) to the standard potential of the species 

(𝐸*) and the relative activities of the oxidised (O) and reduced (R) species at 

equilibrium.3 

 

𝐸 = 𝐸* + )/
01
𝑙𝑛 [$]

[)]
                                       (2.13) 

 

Here, 𝐸 is the applied potential, 𝐸* is the standard potential of the species 

relative to the normal hydrogen electrode, 𝑅 is the ideal gas constant, 𝑇 is the 

temperature, 𝑛 is the number of electrons transferred in the reaction, and 𝐹 is 

the Faraday constant.  

 

As shown in Figure 2.4, the potential starts sweeping at 𝐸1 in a negative 

direction and gradually approaches the reduction potential of O. At this site, 

O starts to be reduced to R locally at the electrode surface. Electron transfer 

occurs, and Faradic current is measured. The rate constant of electron transfer 

depends on the applied potential. Higher applied potential generally induces 

a faster electron transfer with a higher current recorded. As the potential goes 

further negative, the current continues to rise until the highest point is 

reached. In this cyclic voltammetry experiment, the reaction is under kinetic 

control before reaching the reduction current peak. However, a diffusion layer 

forms on the local electrode surface during the reaction. Then, mass transport 

of redox species is the main factor for the current drop, hence the current peak.  
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Figure 2.4. An example of cyclic voltammogram of a reversible redox 
reaction. The potential sweeps from 𝐸1 (point A) at a constant rate to 𝐸2 
(point B) then back to the starting potential (point C).  
 

The Diffusion Layer A diffusion layer forms on the electrode surface during 

the reaction, which is time-dependent in cyclic voltammetry. Figure 2.5 

shows a concentration gradient of the reactant species near the electrode 

surface with the growth of a diffusion layer. In the example described earlier, 

the reactant O in the solution approaches and reaches the electrode surface by 

diffusion. The species of O is continuously depleted during the reaction at the 

electrode surface until the first current peak is observed. The current suffices 

with efficient transport of O from the bulk solution, while the product R 

diffuses away. However, the diffusion layer continues to grow with increasing 

scan time, resulting in a lower diffusion rate of the reactant. Thus, the current 

starts to drop accordingly. When the potential is switched at point B, the 

scanning direction is reversed. As the potential approaches the oxidation 

potential, the species of R accumulated near the electrode surface is oxidised 

back to O. At the standard potential 𝐸*, the local O and R concentrations are 

equal, and the overall reaction reaches an equilibrium state.   

 
Figure 2.5. Illustration of the growth of a diffusion layer as a function of time. 
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Effect of Scan Rate In cyclic voltammograms, the scan rate determines how 

fast a process occurs. A faster scan rate means a short experimental time. 

Therefore, the diffusion layer thickness is reduced with a higher peak current. 

The Randles-Sevcik equation describes how the peak current relates to the 

square root of the scan rate when the analyte diffuses freely in the solution. 

 

𝑖7 =	−0.446𝑛𝐹𝐴𝐶>?3@O
01AB
)/

                              (2.14) 

 

Here, 𝑛 is the number of electrons transferred, 𝐴 is the electrode surface area 

(cm2), 𝐶>?3@ is the concentration of the analyte (mol cm-3), 𝑣 is the scan rate 

of the experiment (V s-1), and 𝐷 is the diffusion coefficient of the analyte (cm2 

s-1). 

 

Chronoamperometry Chronoamperometry is an electrochemical technique 

in which the electrode potential is stepped in a specific waveform. The current 

produced by the Faraday process is measured as a function of time (see Figure 

2.6). However, as with the expansion of the diffusion layer, the concentration 

of the reactant is effectively zero as time progresses. This technique can help 

identify parameters of the electroactive species and the electrode equivalent 

circuit components. It is suitable for studying coupled chemical reactions on 

electrodes, especially the electrochemical mechanism of organic 

compounds.1 
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Figure 2.6. A variation of applied potential and the Cottrell behaviour in 
current response with time in chronoamperometry. 
 

Chronopotentiometry Chronopotentiometry is an electrochemical technique 

in which a controlled current flows between two electrodes while the potential 

of the working electrode is recorded as a function of time.7 The current in 

chronopotentiometry is usually in a constant mode and large enough to trigger 

a reaction in the species of interest in a short time. Figure 2.7. illustrates the 

controlled current change with time and corresponding potential response.  

 

 
Figure 2.7. A current-time change and typical chronopotentiometry response 
with time. 
 

 

2.2. Introduction to Photoelectrochemical Processes  

While the basic principles of electrochemistry are discussed earlier, the main 

emphasis in this thesis is applying electrochemical technique to 

photocatalytic systems. Here, basic concepts of the photoelectrochemical 

process in the scope of this study are demonstrated. Details with experimental 

data will be discussed in the following chapters.  
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Figure 2.8. Schematic of the reactions in a photoelectrochemical process.  
 

 

 

Photoelectrochemical Cell Photoelectrochemical processes that converts 

light to electricity take place in this type of cell. Here, the semiconductor plays 

an essential role on modified electrodes in contact with the electrolyte. 

Generally, the activity of the photoactivated holes and electrons in 

semiconductors can be characterised by the value of oxidation and reduction 

potentials in electrochemistry. Figure 2.8 illustrates a photoelectrochemical 

cell that generates electricity by a chemical media. Here, hydrogen from the 

half reaction of water splitting carrier act as an “energy carrier” to harvest 

solar energy. This cell operates relying on two systems. One is the reaction 

with photoexcited electrons and holes at the surface of the semiconductor. 

The positive holes on the semiconductor surface are scavenged by the 

reducing agent (R), which effectively suppresses the charge recombination. 

The accumulated negative electrons on the conduction band reduce water to 

generate hydrogen. The second system is the oxidation of the energy carrier 

hydrogen. Electrons from the hydrogen oxidation move to the current 

collector (electrode) and to the external circuit. Then, generated electricity in 

the electrochemical circuit gives information about the photocatalytic 

process. For the scope of this study, photocatalytic processes will be studied 

with conventional electrochemical techniques, such as chronoamperometry, 
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chronopotentiometry and cyclic voltammetry. Figure 2.9 and 2.10 give 

examples of electrochemical measurements in a photoelectrochemical cell 

with the illumination of a pulse mode light. 

 

 
Figure 2.9. Example of chronoamperometry data in a photoelectrochemical 
cell with illumination of pulse mode light. 
 

 
Figure 2.10. Example of chronopotentiometry data in a photoelectrochemical 
cell with illumination of pulse mode light. 
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Chapter 3. Photoelectrochemistry of Immobilised Pt@g-C3N4 Mediated 

by Hydrogen and Enhanced by the Polymer of Intrinsic Microporosity 

(PIM-1) 

 

Graphical Abstract 

 

 

 
 

 

 

 

 

 

This chapter is based on a published work titled Photoelectrochemistry of 

immobilised Pt@g-C3N4 mediated by hydrogen and enhanced by a polymer 

of intrinsic microporosity PIM-1. 

(Y. Zhao, et al., Electrochemistry Communications 2019, 103, 1–6.) 
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Abstract  

Graphitic carbon nitride (g-C3N4), as introduced in Chapter 1, has been 

widely used for effective photogeneration of hydrogen under visible light. 

Photocatalyst modification with co-catalysts like noble metals can effectively 

improve photocatalytic activity. In this chapter, platinum nanoparticles 

modified graphitic carbon nitride was synthesised and tested to produce 

hydrogen in the presence of oxalate or glucose hole quencher. Photocurrents 

from photocatalytically produced hydrogen were observed on a platinum 

electrode and enhanced by a layer of polymer of intrinsic microporosity 

(PIM-1) coating over the photocatalyst. The microporous polymer on the 

electrode surface is proposed to bind hydrogen gas under wet or “triphasic” 

conditions, even in ambient conditions with oxygen. Effects of catalyst 

loading and glucose concentration were investigated. A glucose 

concentration-dependent photoresponse was obtained and modelled with 

Langmuirian adsorption theory. This work gives an insight into this 

photoelectrochemical system for hydrogen production and inspires further 

developments for glucose sensing and hydrogen mediated photovoltaics 

applications.   
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3.1. Introduction  

Photoelectrochemical processes convert optical energy to chemical energy, 

which usually relies on the excitation of a photoabsorber.1 The incident light 

generates charge-hole separations followed by the transport of charges. This 

process consists of two systems: reactions with the positive holes, and the 

other is the transport of negative charges or reactions with charge carrier. 

However, the inefficient charge carrier transport could be a limiting step for 

the overall process. This process can be replaced with the transport of other 

types of mobile species in solutions, such as hydrogen. Here is shown the case 

of the photocatalyst graphitic carbon nitride in the photoelectrochemical 

system, based on hydrogen diffusion.  

 

Graphitic carbon nitride (g-C3N4), a non-metallic layered semiconductor, has 

been well known for photocatalysis for many years.2, 3 It can effectively 

absorb blue light with a narrow bandgap of approx. 2.7 eV.4 This type of 

photocatalyst has been reported to achieve water splitting in pure water.5 It 

can be modified to enhance photocatalytic activity, such as doping,6, 7 

introduction of co-catalyst,8 structure tuning,9 and various nanostructure 

construction.10, 11 Particularly, platinum is found as the widely used co-

catalyst. The photocatalytic hydrogen evolution performance of g-C3N4 

loaded with single platinum as a co-catalyst has been reported to be 50 times 

higher than that of bare g-C3N4.12 In this work, g-C3N4 photocatalyst with 

photo-attached platinum nanoparticles is synthesised and deposited on a 

platinum disk electrode. Hydrogen is generated locally as an energy carrier 

and diffuses to the platinum electrode to give the photocurrent response rather 

than the traditional mechanism based on charge carrier transport. This process 

is shown to be improved with a microporous polymer coating with hydrogen-

capture properties. Figure 3.1 shows the molecular structures of photocatalyst 

g-C3N4 and microporous polymer PIM-1 studied in this work. 
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Figure 3.1. Molecular structures of (A) graphitic carbon nitride (g-C3N4) and 
(B) polymer of intrinsic microporosity (PIM-1). 
 

The polymer of intrinsic microporosity (PIM) has been applied in 

electrochemical processes since 2014.13-15 A PIM coating on electrodes has 

been proved to provide beneficial features, such as mechanical stability, ease 

of processing from solution, high surface area, and gas management when 

multiple phases are involved in electrocatalysis. The effects of PIM on 

triphasic reactions (solid| liquid| gas) acting as a gas management layer has 

been noted in previous work.16 In this work, the importance of PIM-1 films 

to allow electrolyte transport and binding hydrogen gas is emphasised.  

 

In this preliminary study, we demonstrated the effect of PIM-1 coating in a 

light-driven hydrogen evolution process using Pt@g-C3N4 as the 

photocatalyst. Oxalate and glucose are chosen as hole quenchers in the 

photocatalytic process due to their efficient reductivity and, importantly, as 

potential break-down products from biomass. Photocurrents due to hydrogen 

oxidation on the local electrode surface have been clearly observed. It can be 

concluded that, with a proper quencher, hydrogen evolution is achieved on 

the Pt@g-C3N4 and further enhanced with a layer of PIM-1 coating. A 

correlation of photocurrent with glucose concentration is obtained. The 

underlying mechanism behind this phenomenon is proposed by comparing 

results in argon degassing and ambient oxygen conditions. 

 

3.2. Experimental Section 

Material Synthesis PIM-1 was prepared following a literature method.17, 18 

g-C3N4 was synthesised by heating melamine in a semi-closed ceramic boat 

at 500ºC for 3 hours with airflow. Then the yellow-coloured products were 
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ground to a fine powder after naturally cooling down to room temperature. 

For the platinum modified photocatalyst, Pt nanoparticles were photo-

attached on g-C3N4 following a literature procedure.8 Specifically, 0.04 g 

K2PtCl6 with 0.4 g g-C3N4 were suspended in 25 mL saturated sodium oxalate 

solution followed by illuminating blue light (𝜆 = 385 nm) for 72 hours with 

constant stirring. The platinum modified photocatalyst was obtained with a 

colour change from pale yellow to dark grey. The solid phase Pt@g-C3N4 was 

collected after washing, filtering, and drying at 80ºC overnight. Figure 3.2 

shows TEM images and XRD data for the photocatalyst with Pt nanoparticles 

deposition. 

 

 
Figure 3.2. Characterization of photocatalysts and PIM-1. (A)-(D) TEM 
images of g-C3N4 and Pt@ g-C3N4, (E) photographs of Pt@ g-C3N4 
suspension and PIM-1 solution and (F) PXRD patterns of g-C3N4 (black) and 
Pt@g-C3N4 (red). 
 

Reagents All other chemicals were purchased from Sigma-Aldrich or Alfa-

Aesar and used without further treatment. Laboratory grade argon gas was 

purchased from BOC, UK. Milli-Q water with a resistivity of 18.2 MΩ·cm at 

around 25°C was collected to prepare solutions in all experiments. 

 

Instrumentation Electrochemical measurements were performed with a 

potentiostat system (μAUTOLAB III, Metrohm, Herisau, Switzerland). 

GPES software was used to record the experimental data. Transmission 

electron microscopy (TEM) images were captured with a JEOL JSM-

2010Plus (JEOL UK. Ltd, Welwyn Garden City, UK). PXRD patterns were 
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recorded in transmission mode on a STOE STADI P equipped with a multi 

Mythen detector using monochromated Cu-Kα radiation (1.54060 Å). Light 

source used for photochemical reactions was from a Mounted LED light with 

a dominant wavelength of 385 nm (Thorlabs, UK, Inc., M385LP1).  

 

Photoelectrochemical Reactions A platinum disk electrode (3 mm in 

diameter) was coated with Pt@g-C3N4 (5 mg/ml suspension in isopropanol) 

and PIM-1 (2 mg/ml dissolved in chloroform) by a layer-by-layer method and 

dried in air to give uniform deposits. After each measurement, the working 

electrode was refreshed on a wet polishing cloth with 0.3 µm particle size 

alumina powder. Photoelectrochemical experiments were conducted in a 

home-designed glass cell (see Figure 3.3) with a KCL saturated calomel 

reference electrode and a platinum wire counter electrode. A pulse mode UV-

light (385 nm, ca. 80 mW cm-2) was irradiated through a quartz window to 

the working electrode surface with a distance of approx. 2 cm. Measurements 

were carried out either in aqueous saturated sodium oxalate at pH7.4 or in 

glucose solutions of different concentrations (10 mM, 20 mM, 50 mM, 100 

mM and 500 mM). For degassing experiments, the electrolyte was degassed 

with argon gas for 30 mins before measurements. 

 

 
Figure 3.3. Schematic diagram of the photoelectrochemical cell setup and 
illustration of the photocatalyst-modified platinum electrode surface.  
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3.3. Results and Discussion 

3.3.1. Photoelectrochemical Hydrogen Evolution at Pt@g-C3N4 

Enhanced by PIM-1: Oxalate Quencher 

Initially, the photoelectrochemical system was assessed in saturated sodium 

oxalate solution (approx. 0.33 M di-sodium oxalate at pH 7.4). A platinum 

working electrode was deposited with 75 μg Pt@g-C3N4 on the surface and 

then immersed in the oxalate solution irradiated by LED light (𝜆 = 385 nm). 

Cyclic voltammograms in ambient air are shown in Figure 3.4A. A prominent 

reductive peak at -0.1 V vs. SCE is observed at the black line under the dark 

environment, which is identified as an oxygen reduction signal in ambient air. 

When switching on pulse mode light (2 s on and 1 s off, coloured line), pulse 

mode photocurrents are detected consistent with the light. This is considered 

as the oxidation response from locally produced hydrogen at the Pt@g-C3N4 

photocatalyst. The hypothetical processes can be described with equations 

below. With light illumination, the photocatalyst is effectively excited 

following the charge-hole pair separation process (equation 3.1-3.2). With the 

deposited platinum cocatalyst on the photocatalyst surface, electrons prefer 

to jump from the conduction band to platinum particles due to a lower Fermi 

level.8 Here, sodium oxalate acts as an electron donor transferring electrons 

to photoexcited holes on the photocatalyst valance band (equation 3.3). The 

accumulated negative electrons on the platinum reduce water to generate 

hydrogen when the solution pH is 7.4 (equation 3.4). With a close-by 

platinum electrode, oxidation of locally generated hydrogen occurs on the 

electrode surface, thus generating the observed photocurrents (equation 3.5). 

 

𝑃𝑡@𝑔 − CCN; 	+ 	ℎ𝑣	 → 	𝑃𝑡@𝑔 − CCN;∗                           (3.1) 

𝑃𝑡@𝑔 − CCN;∗ 	→ 	𝑃𝑡"@𝑔 − CCN;!	                              (3.2) 

𝑃𝑡"@𝑔 − CCN;! 	+ 	1 2+ 𝑜𝑥𝑎𝑙𝑎𝑡𝑒#"(𝑎𝑞) 	→ 	𝑃𝑡"@𝑔 − CCN; 	+ 	𝐶𝑂#	(3.3) 

𝑃𝑡"@𝑔 − CCN; 	+ 	𝐻#𝑂	 → 	𝑃𝑡@𝑔 − CCN; +	1 2+ 𝐻# +	𝑂𝐻"		    (3.4) 

𝐻# + 2𝑂𝐻" → 	2𝐻#𝑂	 + 	2𝑒"(𝑝𝑙𝑎𝑡𝑛𝑖𝑢𝑚)	                        (3.5) 
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When repeating the experiment under the same condition but degassing the 

electrolyte with argon, the oxygen reduction peak disappears at the black line 

in Figure 3.4B. The photocurrent significantly increases over the whole range 

of applied potential windows without interfering with oxygen. The 

photocurrents show a threefold increase at the coloured line with the same 

pulse mode light. The oxygen recombination process can explain this with the 

generated hydrogen. Next, a double amount of photocatalysts deposited on 

the electrode was tested with data shown in Figure 3.4C. However, a minor 

change in the photoresponses is observed. This result indicates that the 

loading of catalysts amount is not a crucial parameter in this experiment. 

 

 
Figure 3.4. Cyclic voltammograms in saturated sodium oxalate solution 
(pH7.4) at a platinum disk electrode coated with (A) 75 μg Pt@g-C3N4 in 
ambient air, (B) 75 μg Pt@g-C3N4 under argon and (C) 150 μg Pt@g-C3N4 
under argon. Scan rate 20 mV s-1; black line is no illumination; the coloured 
line is with pulse mode blue light, 385 nm, 2 s on and 1 s off.  
 

Although oxygen recombination can be eliminated under argon, partial 

hydrogen oxidation signal is still lost as not all hydrogen generated from the 

photocatalytic process diffuse to the electrode surface. A layer of intrinsic 

microporous polymer is coated over photocatalysts to modify the local 

conditions due to its ability to capture hydrogen according to literature.19 The 

same experiment as above was conducted firstly in argon deaerated oxalate 

solution as shown in Figure 3.5 with (A) no PIM-1, (B) 10 μg PIM-1 layer 

and (C) 20 μg PIM-1 layer. When applying a layer of PIM-1, the 

photocurrents double as hydrogen is trapped and accumulated in the PIM-1 

structures. As a microporous polymer, PIM-1 allows small molecule 

diffusion, such as glucose, ions, water, and gas diffusion, such as hydrogen. 

Here, a triphasic condition with gas, liquid and solid is formed within PIM-1 

structure during hydrogen production process. After hydrogen gas reaching a 
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concentrated state in the PIM-1 film, hydrogen is effectively transported 

towards the platinum electrode rather than escapes to the aqueous solution. It 

is notable that the apparent background current changes with the polymer 

coating. The hydrogen evolution onset potential significantly shifts towards 

the positive direction. This shift is thought to be related to the local 

acidification from hydrogen oxidation on the platinum surface. PIM-1 coating 

can modify the local reaction conditions by accumulating reactants and 

products on the local electrode surface. This process is further approved by 

data in Figure 3.5C with a thicker PIM-1 coating. Further increase of 

photocurrents is shown but with a more noticeable shape change due to local 

proton accumulations. Next, experiments were repeated in ambient air. Data 

in Figure 3.5E presents the apparent advantage of PIM-1 by the increased 

currents over the whole potential range. Doubling the PIM-1 amount can 

further enhance the photoresponses, as shown in Figure 3.5F.  

 
Figure 3.5. Cyclic voltammograms in saturated sodium oxalate solution 
(pH7.4) at a platinum disk electrode coated with (A) 75 μg Pt@g-C3N4 under 
argon, (B) as before with 10 μg PIM-1, (C) as before with 20 μg PIM-1, (D) 
75 μg Pt@g-C3N4 in ambient air, (E) as before with 10 μg PIM-1 and (F) as 
before with 20 μg PIM-1. Scan rate 20 mV s-1; black line is no illumination; 
the coloured line is with pulse mode blue light, 385 nm, 2 s on and 1 s off.  
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3.3.2. Photoelectrochemical Hydrogen Evolution at Pt@g-C3N4 

Enhanced by PIM-1: Glucose Quencher 

Glucose is a natural break-down molecule from biomass and is possible to be 

oxidised at about 0.15-0.3 V vs. RHE with a suitable catalyst.20 Thus, glucose 

as a reducing carbohydrate can readily scavenge the photoexcited holes to 

drive the formation of hydrogen. Here, experiments were initially tested in 

alkaline environment. Glucose tends to degrade and be easily oxidised in 

strong alkaline solutions. Also, the alkaline media can add the benefit of being 

a supporting electrolyte. The mechanism for the photoreactions with glucose 

quencher is expressed as equations below. Electron and hole pairs are 

generated during illumination of g-C3N4. Holes are quenched by glucose to 

drive the hydrogen generation. But a competition with oxygen evolution 

cannot be ruled out. The strong alkaline environment may enable this water 

oxidation reaction to occur (equation 3.11). Figure 3.6A shows the data with 

photocatalyst on the platinum electrode in 0.1 M sodium hydroxide solution 

with 0.1 M glucose (pH13). Oxygen reduction occurs in the dark environment 

at the black line. With the illumination of pulse mode light, pulse 

photocurrents originated from hydrogen production appears. However, these 

pulses show weak at the positive potential range over 0.0V vs. SCE due to 

oxygen interfere. When the potential is negative of 0.0V vs. SCE, oxygen can 

be directly consumed at the Pt electrode surface then the photocurrents 

increase. When applying a layer of PIM-1 film, the photocurrents increase 

and become more stable over the wide potential range. Thus, the polymer 

layer is not only to capture hydrogen but also to manage gas phases at the 

catalytic sites to minimise oxygen interference.  

 

𝑃𝑡@𝑔 − CCN; 	+ 	ℎ𝑣	 → 	𝑃𝑡@𝑔 − CCN;∗                        (3.6) 

𝑃𝑡@𝑔 − CCN;∗ 	→ 	𝑃𝑡"@𝑔 − CCN;!	                         (3.7) 

𝑃𝑡"@𝑔 − CCN;! 	+ 	𝑔𝑙𝑢𝑐𝑜𝑠𝑒	 → 	𝑃𝑡"@𝑔 − CCN; 	+ 	𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠       (3.8) 

		𝑃𝑡"@𝑔 − CCN; 	+ 	𝐻#𝑂	 → 	𝑃𝑡@𝑔 − CCN; +	1 2+ 𝐻# +	𝑂𝐻"	      (3.9) 

𝐻# + 2𝑂𝐻" → 	2𝐻#𝑂	 + 	2𝑒"(𝑝𝑙𝑎𝑡𝑛𝑖𝑢𝑚)	                 (3.10) 

4𝑃𝑡"@𝑔 − CCN;! 	+ 	4𝑂𝐻" 	→ 	4𝑃𝑡"@𝑔 − CCN; 	+ 	𝑂# 	+ 	2𝐻#𝑂	(3.11) 
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A further enhanced photocurrent is achieved by increasing the glucose 

concentration to 0.5M, as shown in Figure 3.6C. A higher current response is 

obtained with a thicker polymer film over the Pt@g-C3N4 deposit. However, 

the equations above suggest a competition between glucose oxidation and 

oxygen consumption. The rate of rising and decay is relatively slow in these 

experiments. Therefore, chronoamperometry experiments with longer 

illuminating time need to be performed over a series of glucose 

concentrations to understand the mechanism better.  

 
Figure 3.6. Cyclic voltammograms at a platinum disk electrode coated with 
75 μg Pt@g-C3N4 (A) in 0.1 M NaOH solution with 0.1 M glucose in ambient 
air, (B) as before with 10 μg PIM-1, (C) with 10 μg PIM-1 in 0.1 M NaOH 
solution with 0.5 M glucose in ambient air and (D) as before with 30 μg PIM-
1. Scan rate 20 mV s-1; black line is no illumination; the coloured line is with 
pulse mode blue light, 385 nm, 2 s on and 1 s off.  
 

 

3.3.3. Photoelectrochemical Hydrogen Evolution at Pt@g-C3N4 

Enhanced by PIM-1: Glucose Langmuirian Binding Model 

Figure 3.7A shows the chronoamperometry data with a modified electrode 

with 75 μg Pt@g-C3N4 and 30 μg PIM-1 under the illumination of 10 s on and 

10 s off pulse light. In Figure 3.7B, it can be observed that the photoreaction 
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behaviour is consistent with the increase in glucose concentration. However, 

when the glucose concentration reaches 1 M, the photoelectrical signal starts 

to grow less pronouncedly even to stagnate, and a saturated plateau is 

observed. This is understood that only glucose adsorbed and reached the 

active catalytic sites can react and generate the photocurrent responses. The 

photocatalyst surface reaches saturation in terms of adsorption in high glucose 

concentration solutions. A model line based on Langmuirian glucose 

adsorption theory (equation 3.12) is included in Figure 3.7B to illustrate this 

process. A binding constant KLangmuir is adjusted to 40 mol-1 dm3 to fit the 

experimental data to the ideal Langmuirian glucose adsorption line.  

 

𝜃 = E2
F!E2

                                                (3.12) 

 

Here, 𝜃  is the surface coverage of glucose on g-C3N4, 𝐾  is the binding 

constant for glucose, and 𝐶 is the glucose concentration in the solution.   

 

The deviation in the lower concentration range possibly results from the 

recombination process with oxygen. Oxygen is known to react with the photo-

excited electrons to generate superoxide radical or hydrogen peroxide, which 

suppress the hydrogen generation reaction. Another possibility is that oxygen 

(or superoxide radicals) may react with generated hydrogen with a Pt catalyst 

(platinum nanoparticles or the bulk Pt electrode surface). Therefore, a series 

of experiments are carried out under the same condition but in argon 

degassing solutions, as shown in Figure 3.7C and 3.7D. Even though the gap 

narrows, some factors still interfere with the fitting between theory and 

experimental data. Other mechanisms, such as interactions of glucose with 

the platinum electrode, are believed as a potential reason. More experiments 

are definitely needed to explore other possible mechanisms. Also, systematic 

and experimental errors are factors that cannot be ignored. Photoresponses 

reliability and stability need to be improved in the future work. 
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Figure 3.7. (A) Chronoamperometry data at a platinum disk electrode coated 
with 75 μg Pt@g-C3N4 and 30 μg PIM-1 in 0.1 M NaOH solution with (i) 0, 
(ii) 10, (iii) 20, (iv) 50, (v) 100 and (vi) 500 mM glucose in ambient air. 
Potential is fixed at 0.0 V vs. SCE; 10 s on and 10 s off; 385 nm LED light, 
(B) plot of photocurrents versus glucose concentration with a Langmuir 
modelling line, (C) as above but under argon and (D) plot as above but under 
argon.   
 

 

3.4. Conclusions 

This chapter carried out a preliminary exploration of a photoelectrochemical 

system with Pt@g-C3N4. It has shown that hydrogen evolution occurs in an 

aqueous environment with hole quenchers. Anodic currents are obtained on a 

platinum electrode from the oxidation of photogenerated hydrogen. A layer 

of microporous polymer coating can capture and transport hydrogen towards 

the platinum electrode surface to give further enhanced photocurrents. A 

triphasic condition involving hydrogen gas, liquid solution, and the solid 

polymer is established on the local electrode surface. Photoreponses with 

glucose quencher suggests Langmuirian adsorption behaviour between 

quencher molecule and photocatalyst, indicating a potential to detect glucose 

concentration in aqueous environments. More studies are required to fully 
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understand the mechanism in triphasic conditions and develop analytical 

applications (e.g., for different carbohydrates). 
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Chapter 4. Indirect Photo-Electrochemical Detection Based on a 

Palladium Hydrogen Capture Membrane with Pt@g-C3N4 Immobilised 

into a Polymer of Intrinsic Microporosity (PIM-1) 

 

Graphical Abstract 

 

 

 
 

 

 

 

 

 

 

 

 

This chapter is based on a published work titled Indirect photo-

electrochemical detection of carbohydrates with Pt@g-C3N4 immobilised 

into a polymer of intrinsic microporosity (PIM-1) and attached to a palladium 

hydrogen capture membrane. 

(Y. Zhao et al., Bioelectrochemistry 2020, 134, 107499.) 
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Abstract 

This chapter investigates the indirect detection of carbohydrates based on a 

photoelectrochemical system of Pt@g-C3N4 immobilised into PIM-1. An 

indirect sensor is presented here for measuring a mixture of analytes, 

including reducing sugars, such as glucose, fructose, and non-reducing 

sugars, such as sucrose and trehalose. The novelty of this work is the 

employment of a palladium film to separate the sensing cell into two 

compartments, photocatalytic compartment and electrochemical 

compartment. The photocatalytic compartment relies on the photocatalyst 

Pt@g-C3N4 embedded into a polymer of intrinsic microporosity (PIM-1). 

When applying blue light, hydrogen is generated driven by quenchers and 

captured by the polymer coating. The photocatalyst composite is deposited 

on a palladium foil, which allows pure hydrogen diffusion. 

Chronopotentiometry response is monitored in the electrochemical 

compartment. This concept develops a potential to measure any hole-

quenching analytes with no conductivity or buffer requirements. The potential 

for “indirect sensing” applications is shown with commercial soft drink 

samples. This design is proposed to pave the way for sensing applications, 

studying complex samples like colloids, foods, formulations, or drugs without 

any directly applied electrochemical process. 
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4.1. Introduction 

Photoelectrochemical (PEC) sensing1, 2 is a recently developed analytical 

technique to detect analytes under dual-activation in conditions with applied 

current/ potential and light.3, 4 There have been several examples of 

photoelectrochemical procedures in the literature, such as glucose detection,5 

mercury sensing6 and ascorbate sensing.7 Some reports have been utilising g-

C3N48, 9 to fabricate photo-driven electrochemical sensors.10, 11 From previous 

work, graphitic carbon nitride has also shown a successful example for 

photocatalytic hydrogen evolution. 

 

This work proposes an indirect photoelectrochemical sensor based on local 

hydrogen generation with Pt@g-C3N4 embedded into a hydrogen capture 

material PIM-1. A palladium film membrane is utilised here to separate the 

electrochemical compartment from the photocatalytic compartment (see 

Figure 4.1A). This design allows any samples independent of the chemical 

nature of conductivity to be analysed. Therefore, the photocatalytic reactions 

occur in pure sugar water solutions, of which the pH value is measured as 

neutral. This process follows a series of reaction steps in the equations below. 

First, the photocatalyst Pt@g-C3N4 is excited (equation 4.1) followed by 

generating electron-hole pairs (equation 4.2). Next, the hole can be scavenged 

by a quencher such as glucose (to give gluconic acid, equation 4.3). The 

remaining negative charge jumps to the platinum nanoparticles cocatalyst 

surface, resulting in hydrogen formation (equation 4.4). The produced 

hydrogen rapidly diffuse through an adjacent palladium film.12 After crossing 

the thin palladium film, the electrochemical oxidation of hydrogen to protons 

(equation 4.5) results in the establishment of a new equilibrium potential. 

 

𝑃𝑡@𝑔 − CCN; 	+ 	ℎ𝑣	 → 	𝑃𝑡@𝑔 − CCN;∗                           (4.1) 

𝑃𝑡@𝑔 − CCN;∗ 	→ 	𝑃𝑡"@𝑔 − CCN;!	                              (4.2)  

										𝑃𝑡"@𝑔 − CCN;! 	+ 𝑠𝑢𝑔𝑎𝑟 +	1 2+ 𝐻#𝑂	 → 	𝑃𝑡"@𝑔 − CCN; +

																																																	𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 + 2𝐻!                                                       (4.3) 

𝑃𝑡"@𝑔 − CCN; 	+ 	𝐻#𝑂	 → 	𝑃𝑡@𝑔 − CCN; +	1 2+ 𝐻# +	𝑂𝐻"		        (4.4) 

𝐻# 	→ 	2𝐻! + 	2𝑒"(𝑝𝑎𝑙𝑙𝑎𝑑𝑖𝑢𝑚	𝑖𝑛	10𝑚𝑀	𝐻𝐶𝐿)                  (4.5) 
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PIMs are a novel class of glassy porous materials with excellent 

processability.13 The use of PIMs in this work is based on recent progress in 

controlling the transport of gas species at electrode surfaces.14 In previous 

studies, glucose is revealed to quench the photocatalytic reaction for 

hydrogen formation.15 It is logical to extend this concept to other 

carbohydrate molecules with the big aim of photocatalytically biomass 

energy conversion.  

 

In this chapter, exploratory data are presented to illustrate the concept of an 

indirect carbohydrate sensor based on a photoelectrochemical process (via 

palladium membrane). The Pt@g-C3N4 photocatalyst is applied coupled with 

the hydrogen capturing material PIM-1. Four types of reducing or non-

reducing sugars are studied here. Potential for practical sensing application is 

indicated with commercial fruit juice analysis. 

 

4.2. Experimental Section 

Reagents Pt@g-C3N4 and PIM-1 were synthesised as described in Chapter 3. 

Palladium film (0.025 mm thickness, 99.95% purity, light tested) was 

purchased from Goodfellow Ltd. Commercial soft drinks (a sugar-containing 

soft drink ‘‘Innocent Coconut Water” (Innocent UK) and a sweetener-

containing soft drink ‘‘Oasis Aquashock Chilled Cherry” (Coca Cola UK)) 

were purchased from a local supermarket in University of Bath. All other 

chemicals were purchased from Sigma Aldrich without further treatments. 

All experiments were conducted in an ambient condition (𝑇 = 22 ± 2 °C).  

 

Instrumentation Electrochemical measurements were performed with a 

potentiostat (μAUTOLAB III, Metrohm, Herisau, Switzerland). Light source 

was from a LED light (Thorlabs, Inc., M385LP1, 𝜆	= 385 nm). 1H NMR 

spectra were recorded on a Bruker 500 MHz spectrometer with water 

suppression method. Mass spectrometry was performed on an Automated 

Agilent QTOF (Walkup) used with HPLC (4 chromatography columns) and 

variable wavelength detector (VWD). 
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Photo-electrochemical Sensing Experiment Photopotential responses to 

different carbohydrates were tested in a homemade glass cell with an 

electrochemical compartment and a photocatalytic compartment in contact 

with analytes, as shown in Figure 4.1A. A palladium membrane working 

electrode with photocatalyst deposits was prepared in the laboratory, as 

shown in Figure 4.1B. Typically, a piece of lamination paper was punctured 

with a hole of 2 mm diameter. A Pd foil (0.025 mm thickness, 0.5 cm ×	0.5 

cm) was placed between the two laminate pieces. A strip of copper tape was 

brought in contact with the Pd foil for a conductivity connection. The 

laminate was then fully sealed with a hot iron. A suspension of Pt@g-C3N4 

and PIM-1 in chloroform was prepared after ultrasonication for 15 mins and 

deposited on the palladium membrane hole area by drop-casting. 

Electrochemical measurements were carried out with the modified palladium 

working electrode, a SCE reference electrode, and a Pt wire counter electrode 

in 10 mM HCL solution. Chronopotentiometry data was recorded at zero 

current.  

 

 
Figure 4.1. (A) Schematic illustration of a homemade photoelectrochemical 
cell with an electrochemical compartment and a photocatalytic compartment 
(where the analyte is placed) with quartz window, optical path length 20 mm, 
385 nm, approximately 80 mW cm-2 LED light source and (B) photograph of 
the laminated palladium membrane electrode exposed with 2 mm diameter 
holes on both sides. 
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4.3. Results and Discussion 

4.3.1. Photopotential Response to Hydrogen Evolution from Glucose 

To test the sensing activity, glucose was initially chosen as the analyte. 60 μg 

Pt@g-C3N4 immobilised into 12 μg PIM-1 was deposited on the 2 mm hole 

area at the palladium membrane surface. Chronoamperometry was recorded 

as zero current to observe the photoresponses in terms of a final equilibrium 

potential. Figure 4.2A shows chronoamperometry data in some typical 

analytes solutions. After switching the light on at 50 seconds, only distilled 

water, or only aqueous 0.1 M NaOH did not give any photoresponses with a 

constant potential. This result is due to oxygen dominating the redox 

equilibrium on both compartments. When glucose is present, the potential 

shows an obvious drop under light and ends with a final potential of 0.0 V vs. 

SCE. Trace iv shows a further decreased equilibrium potential with glucose 

in 0.1 M NaOH due to alkaline degradations of D-glucose. Therefore, the 

substantial potential drop proves the ability of glucose as a quencher for 

hydrogen formation. Hydrogen is produced and diffuse through the adjacent 

palladium membrane. Thereby, an equilibrium potential at the interface of 

palladium membrane in the electrochemical compartment is established, 

according to the Nernst equation (equation 4.6). Here, the diffusion 

coefficient for hydrogen in palladium has been reported as approx. 3´10-11 

m2 s-1 at room temperature.16, 17 Thus, a delay in response time is inevitable 

due to the diffusion process through a 25 μm thickness membrane (typically 

𝜏	» 𝐿# 𝐷⁄  = 20 s). Although some factors such as oxygen combination and 

diffusion rate of hydrogen through the membrane can affect the equilibrium 

state, the final equilibrium potential mainly depends on the amount of locally 

generated hydrogen.  

 

𝐸G,&H?+,- = 	𝐸*I 	− 	)/
1
𝑙𝑛 [J']( '⁄

[J*]
                                    (4.6) 

 

Since glucose undergoes a series of complex reactions in an alkaline 

environment and considering the additional aspect of no electrolyte required 

in the photocatalytic compartment, the following experiments are carried out 
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in pure water solution. Figure 4.2B shows data with different concentrations 

of glucose in water. The dependence of the final potential on glucose 

concentration is apparent. A signal in the electrochemical side can be detected 

even with a low glucose concentration of 10 mM. However, a response delay 

is nonnegligible after switching the light on. With higher glucose 

concentration, the potential drop resulting from photocatalysis is more 

pronounced with a faster response.  

 

  
Figure 4.2. (A) Chronopotentiometry (zero current) data with 60 μg Pt@g-
C3N4 photocatalyst with 12 μg PIM-1 deposited on the pallidum membrane 
in contact to four different solutions. Light was switched on at 50 s. (B) as 
above but with different concentrations of glucose in water (i) 0.01, (ii) 0.05, 
(iii) 0.1, (iv) 0.2, (v) 0.5, and (vi) 1 M.  
 

Next, the effect of polymer is studied in terms of optimising the ratio between 

photocatalyst and PIM-1. Figure 4.3 shows photopotential responses with (A) 

60 μg Pt@g-C3N4 with 24 μg PIM-1 and (B) 60 μg Pt@g-C3N4 without PIM-

1. When increasing the catalyst and PIM-1 ratio to 5:2, a similar trend but 

slightly more positive final equilibrium potential is observed in Figure 4.3A. 

This decreasing and slowing response is due to additional polymer either 

slowing reactants transport to photocatalyst or blocking partial light intensity. 

A control experiment is carried out without any PIM-1 in Figure 4.3B. 

Voltage change is negligible until the glucose concentration increases to 0.5 

M. This can be explained by oxygen competition during photocatalysis. Plots 

in Figure 4.3C summarise behaviours with different photocatalyst and PIM-

1 ratios. The 5:1 ratio seems to perform best Nernstian dependency under the 

given condition and is employed in the following experiments. Clearly, with 

the presence of PIM-1 film, hydrogen can be captured and saturated within 
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PIM-1 pores. Hydrogen then tends to diffuse towards the palladium 

membrane rather than escaping into the solution. Meanwhile, PIM-1 may can 

not only immobilise the photocatalyst to provide mechanical stability but also 

increase the flux of hydrogen to palladium membrane against oxygen 

interference. Oxygen can take the photo-excited electrons through the 

recombination pathway, then possibly affect the hydrogen generation process. 

PIM-1 films with triphasic conditions (hydrogen| electrolyte| polymer) may 

minimise the oxygen diffusion to the photocatalytic sites. A schematic 

drawing is given here to explain the possible mechanism from the observation 

with the presence of the polymer. However, more experiments are needed to 

further explore other possible mechanisms in this case.  

 

 
Figure 4.3. (A) Chronopotentiometry (zero current) data with 60 μg Pt@g-
C3N4 and 24 μg PIM-1 deposited on the palladium membrane in contact with 
different concentrations of glucose in water, (B) as above but with 60 mg 
Pt@g-C3N4 and no PIM-1, (C) plots of final equilibrium photo potential (at 
800 s ) as a function of glucose concentrations with (i) no PIM-1, (ii) 24 μg 
PIM-1 and (iii) 12 μg PIM-1, and (D) schematic drawing of photocatalytic 
hydrogen generation within PIM-1 microporous structure competing with 
oxygen ingress.  
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4.3.2. Photopotential Response to Hydrogen Evolution from 

Carbohydrates 

The possibility of analytical detection for other carbohydrates is further 

assessed, particularly in the view of reducing and non-reducing sugars. 

Glucose is a typical reducing sugar that contains a free aldehyde group. The 

reducing ability enables glucose as an active hole-scavenge quencher during 

photocatalytic reactions. Applications with non-reducing sugars remain 

doubtful. Thus, a set of chronopotentiometry data were recorded with 

different concentrations of fructose, sucrose, and trehalose solutions in Figure 

4.4. It is evident that both reducing and non-reducing show considerable 

photoresponses. Both glucose and fructose show photoresponses dependency 

over the entire concentration range. Compared with other three types of 

sugars, trehalose exhibits weaker quenching ability with delayed 

photoresponses until the concentration is higher than 0.1 M. As discussed 

before, photoresponses from the electrochemical compartment comes from 

hydrogen formation from photocatalysis. The reaction of carbohydrates is 

likely based on the adsorption process onto the g-C3N4 photocatalyst 

surface15, 18 Therefore, high energy of holes may be sufficient to trigger 

oxidation even for non-reducing sugars. This work suggests applications with 

this indirect sensor to detect analytes in solutions such as sucrose, which is a 

common non-reducing sugar in soft drinks. 
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Figure 4.4. (A) Chronopotentiometry (zero current) data with 60 μg Pt@g-
C3N4 and 12 μg PIM-1 deposited on the palladium membrane for (i) 0.05, (ii) 
0.1, (iii) 0.2, (iv) 0.5, and (v) 1 M trehalose in water, (B) as above but for 
sucrose, (C) as above but for fructose. (D) plots of the final equilibrium 
potential (at 1000 s) as a function of carbohydrate concentrations in water for 
(i) trehalose, (ii) glucose, (iii) sucrose, and (iv) fructose. 
 

 

4.3.3. Photopotential Response to Hydrogen Evolution from Soft Drink 

Samples  

To further verify the analytical possibility for real application, photopotential 

responses to commercial soft drinks were investigated. In the following 

experiments, sugar-containing drinks and non-sugar containing drinks were 

injected into the photocatalytic cell and sequentially detected. Here, 

transparent soft drinks samples are chosen to avoid blocking light during 

experiments. The palladium membrane separates the electrochemical 

compartment from the analytical compartment, thus allowing any complex 

samples to be detected by generating photoresponses. Figure 4.5A shows the 

chronopotentiometry data with a sugar-containing soft drink solution 

(Innocent coconut water) but diluted systematically. Clearly, the voltage 

decreases with varying degrees as the concentration of the solution changes. 
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Nuclear Magnetic Resonance (NMR) and mass chromatography (MS) were 

employed as external techniques to calibrate the sugar contents and specific 

concentrations in this drink sample. This sugar-containing soft drink is 

revealed to contain three types of sugars: glucose, fructose, and sucrose with 

a molar ratio of 1: 4.95: 2.42 and with a total content of 0.355 g glucose + 

1.75 g fructose + 1.3 g sucrose in 100 mL volume. An artificial sugar solution 

was prepared and tested as a control by mimicking sugar contents in the soft 

drink. Data in Figure 4.5B shows a similar response with artificial sugar 

solutions upon dilution. A non-sugar containing soft drink (Oasis zero) was 

tested following this result. As shown in Figure 4.5C, there is nearly no 

change with this solution as it means that hydrogen is not expected to be 

generated from the photocatalytic reactions. Thus, it is clear that there is a 

considerable drop in potential with sugar-containing drink, whereas non-

sugar-containing drink is observed with no noticeable photoresponses under 

light illumination. However, all measurements were carried out in the ambient 

condition. The influence of oxygen and external noise is inevitable during the 

test. Oxygen will affect the equilibrium, and some bumps in the data are 

thought from leaking or external noise. Therefore, it is important to keep 

conditions (oxygen content) on both sides of the palladium membrane the 

same during tests. More work is expected to achieve for an applicable sensing 

system.  
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Figure 4.5. (A) Chronopotentiometry (zero current) data with 60 μg Pt@g-
C3N4 and 12 μg PIM-1 deposited on the palladium membrane for a filtered 
commercial soft drink containing a mixture of carbohydrates as a function of 
dilution, (B) as above but for a lab-made solution of glucose: fructose: sucrose 
mixture with a molar ratio of 1: 4.95: 2.42 (total content of 0.35 g glucose + 
1.75 g fructose + 1.30 g sucrose in 100 mL water) to mimic the soft drink, (C) 
as above but for a filtered zero sugar drink with artificial sweetener, (D) plots 
of final equilibrium potential data (at 1000 s) for (i) the filtered sugar drink, 
(ii) a repeat measurement for the filtered sugar drink, and (iii) the lab-made 
sugar solution as a function of dilution. 
 

 

4.4. Conclusions 

It has been shown that the use of palladium foil to separate the detection 

compartment with analytes and the electrochemical compartment enables 

indirect detections of carbohydrates. Under blue light irradiation, hydrogen 

can be generated on the Pt@g-C3N4 photocatalyst in the analytical 

compartment, leading to the equilibrium potential response from the 

palladium membrane working electrode. A PIM-1 host for the Pt@g-C3N4 

photocatalyst was employed to help capture the generated hydrogen, prevent 

oxygen inference and provide mechanical deposition stability on the 

palladium film. 
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When carbohydrates are introduced into the photocatalytic reactions as hole 

quenchers, significant changes in equilibrium potential are recorded to 

respond. This concept is applicable in water samples or commercial soft drink 

samples. For lower sugar concentrations (below 100 mM), the presence of 

oxygen caused interference. However, for higher concentrations of 

carbohydrates, it can be observed that the final equilibrium potential as a 

function of concentration is approximately linearly related. This analysis 

indicates a possibility to detect non-reducing sugar contents, such as sucrose 

commonly in commercial soft drinks. A recognized disadvantage is different 

types of analytes cannot be distinguished with this sensor. Alternative 

techniques such as flow-through NMR or optical viscosity probes19 could be 

employed as auxiliary tools. 

 

Overall, the “indirect electrochemical sensor” concept is proposed at the first 

time. The separation of electrochemical and analysis compartments is novel, 

allowing the electrochemical detection independent from complex matrix 

elements (colloids, salts, or additives). Analytes are not required in original 

ways to be conductive with electrolyte or buffered. Samples can be monitored 

by simply contacting the Pd membrane and being exposed to light. However, 

the interaction mechanism between catalyst and quenchers during the 

photocatalytic reaction has not been fully explored. More research is needed 

afterwards to achieve higher reliability and faster response.  
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Chapter 5. Size-Selective Photoelectrochemical Reactions in 

Microporous Environments: Clark Probe Investigation of Pt@g-C3N4 

Embedded into Intrinsically Microporous Polymer (PIM-1) 

 

Graphical Abstract 

 

 
 

 

 

 

 

 

 

 

This chapter is based on a published work titled Size-Selective 

Photoelectrochemical Reactions in Microporous Environments: Clark Probe 

Investigation of Pt@g-C3N4 Embedded into Intrinsically Microporous 

Polymer (PIM-1). 

(Y. Zhao et al., ChemElectroChem 2021, 8, 3499–3505.) 
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Abstract 

Platinum nanoparticles modified graphitic carbon nitride (Pt@g-C3N4) is 

known to produce hydrogen under blue light with the presence of saccharide 

hole quenchers. Microporous material PIM-1 is identified to capture 

hydrogen products, control transport to/ from photocatalyst and provide 

mechanical stability to the catalyst. A Clark probe for oxygen/ hydrogen 

detection is employed with Pt@g-C3N4 immobilised in PIM-1 deposited on 

the gas-permeable membrane. The Clark probe signal quantifies efficient 

hydrogen generation through the Teflon membrane. Pore size effects from the 

molecularly rigid structure of the host PIM material are investigated with 

various quenchers (hexanol, sorbitol, gluconic acid, glucose, sucrose, or 

raffinose). Significant size selectivity by microporous polymer hosts towards 

smaller flexible saccharides or hydrocarbon molecules is revealed.  
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5.1. Introduction  

In previous chapters, modified photocatalyst graphitic carbon nitride has been 

studied for hydrogen generation. The role of Pt@g-C3N4 as a photocatalyst is 

demonstrated to produce hydrogen with various saccharides efficiently and 

sustainably.1, 2 When immobilised in PIM-1 films, Pt@g-C3N4 can be 

deposited on any type of electrode surface without photocatalytic activity loss. 

However, as the work developed, we found it was hard to precisely measure 

the amount of photocatalytically produced hydrogen converted from the 

biomass. Signals from the conventional electrochemical technique are easily 

affected by ambient oxygen and impurities in the sample, especially when 

various biomass molecules are present in the solutions. Reliability and 

response time become two critical issues to concern. Thus, this study 

proposes a more robust and versatile electrochemical measurement with a 

Clark-type probe. PIM-1 is applied over the Pt@g-C3N4 deposit as previously 

but on a Clark probe's Teflon gas- permeable membrane. 

 

Clark probe was first developed by Leland C. Clark in 19563 and has been 

widely used for measuring dissolved oxygen in solutions. It allows oxygen 

detection even with low concentration or in any analytes (liquids, soil). Clark 

probe consists of two electrodes (a platinum sensing electrode and a silver 

auxiliary electrode), KCL electrolyte and an oxygen-permeable Teflon 

membrane, as shown in Figure 5.1. Recent studies have illustrated the 

possibility of a Clark probe to measure of other dissolved gases, such as 

hydrogen.4 Here, in-situ monitoring of hydrogen generation and oxygen 

consumption are achieved with this type of Clark probe sensor. In a Clark 

probe, the gas sensing compartment is separated from the photocatalytic 

compartment by a Teflon membrane, which only allows gas phases to diffuse 

through. Detection of photocatalytically generated hydrogen is expected 

without interference from analytes. Besides, a series of quenchers (hexanol, 

sorbitol, gluconic acid, glucose, sucrose and raffinose) are tested for 

photocatalytic hydrogen generation activity. Size selectivity from PIM-1 

films is studied in this case. In this work, efforts to generate hydrogen from 

various biomass molecules are made to achieve green chemistry. 
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Figure 5.1. Schematic drawing of a Clark probe with Pt@g-C3N4 embedded 
in PIM-1 on a gas-permeable poly-tetrafluoroethylene (PTFE) membrane cap 
immersed in the testing solution (aqueous 0.1 M phosphate buffer solution 
pH 7 with added quencher). Insert: photograph of a commercial Clark probe.   

 

 

5.2. Experimental Section 

Material and Reagents g-C3N45 and PIM-16 were synthesised following 

literature methods. As described previously, graphitic carbon nitride was 

further modified with platinum nanoparticles.7 All other reagents were 

purchased from Sigma Aldrich without further treatments. Ultrapure water 

(18.2 MΩ cm at 20 °C) from a Thermo-Fisher water purification system was 

collected for making solutions.  

 

Instrumentation Electrochemical measurements were performed on an 

Autolab PGSTAT (Metrohm, UK) coupled with a commercial polarographic 

dissolved oxygen Clark electrode (HI-76407/2, Hanna Instruments, UK). The 

light source for photochemical reactions was from a commercial LED light 

(𝜆  = 385 nm, Thorlabs, UK, 1200 mA, approx. 80 mW cm-2). Scanning 

electron microscopy (SEM) images were obtained on a Hitachi SU-3900 

SEM with attached Oxford Instruments Ultim Max 170 mm2 EDX detector. 
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Procedures Photocatalytic composite of Pt@g-C3N4 immobilised in PIM-1 

was prepared. Typically, 5 mg Pt@g-C3N4 with 1 mg PIM-1 was suspended 

in 1 mL chloroform with an ultrasonication for 15 mins. For 

photoelectrochemical tests, the suspension was deposited on the commercial 

Clark probe PTFE (Teflon) membrane cap by drop-casting with a standard 

loading of 60 μg Pt@g-C3N4 with 12 μg PIM-1. After drying in air, the 

modified Clark probe was immersed in varying quencher solutions and 

aligned to a LED light source with a distance of approx. 2 cm. 

Chronoamperometry data was recorded by applying a fixed potential of 0.6 

V vs. Ag/AgCl for hydrogen detection and - 0.7 V vs. Ag/AgCl for oxygen 

detection. SEM characterised the catalyst composite immobilised on the gas 

permeable membrane. Figure 5.2A shows a photocatalyst composite film 

coated on the membrane surface. The approximate location of the Pt disk 

electrode underneath the Teflon membrane is marked in the SEM image. The 

morphology of the Pt@g-C3N4 photocatalyst with PIM-1 is revealed in Figure 

5.2B. Due to the high proportion of solid g-C3N4 in the composite, the 

deposits appear as course/porous bulk structures on the scale of 1 to 10 μm 

scale. This structure may affect the transport of gaseous products and the 

response of the Clark sensor. Effects of this heterogeneous photocatalyst film 

morphology may be essential and will be discussed in the results section.  

 

 
Figure 5.2. SEM images of Pt@g-C3N4 embedded in PIM-1 coated on the 
Clark probe Teflon membrane.  
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5.3. Results and Discussion 

5.3.1. Monitoring Photoelectrochemical Hydrogen Generation in the 

Presence of Glucose: Oxygen Effects.  

Previous work has demonstrated hydrogen generation by Pt@g-C3N4 

immobilised in PIM-1 with glucose as a hole quencher. Platinum disk 

electrodes or palladium membranes were employed earlier to detect the 

locally generated hydrogen. However, direct electrochemical approaches are 

adaptable in an aqueous environment but limited to applications or sensitivity 

to impurities. It has been known that PIM-1 will degrade under the 

illumination of UV light.8, 9 PIM-1 fragments from photodegradation/ 

restructuring may poison the platinum electrode surface or impact molecules 

transport to/ from catalytic sites. Therefore, a versatile approach based on a 

Clark probe has been developed. Clark probe is a polarographic sensor for 

detecting dissolved oxygen which needs to permeate through a gas-permeable 

membrane of the probe. A Clark probe can achieve hydrogen sensing by 

simply adjusting the applied potential.4 Therefore, the Clark probe is 

employed here and expected to detect photogenerated hydrogen in situ. Tests 

on a commercial Clark probe were conducted first in pure water for reference. 

Figure 5.3 shows the Clark probe current responses under three conditions: (i) 

oxygen sensing in aerated distilled water at - 0.7 V vs. Ag/AgCl, (ii) hydrogen 

sensing in aerated 

distilled water at 

0.6 V vs. 

Ag/AgCl, (iii) 

hydrogen sensing 

in hydrogen-

saturated distilled 

water at 0.6 V vs. 

Ag/AgCl. A 

cathodic current 

of – 0.4 μA is 

detected with 

approx. 20% 
Figure 5.3. Tests of Clark probe current responses 
for oxygen/ hydrogen detection. 
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oxygen in freshwater. With 100% hydrogen in water (approx. 0.8 mM), an 

anodic current of typically 0.4 μA is reached. It usually requires 25-30 s 

detection to reach a stationary state. A quicker response of more permeable 

hydrogen is achieved compared with oxygen.   

 

Then, experiments were carried out with Pt@g-C3N4 immobilised in PIM-1 

deposited on the poly-tetrafluoroethylene (PTFE) membrane of the probe cap. 

When added 0.1 M glucose and switched the light on at 50 s, hydrogen and 

oxygen are measured with the Clark probe, as shown in Figure 5.4A. The 

transient signal suggests hydrogen is generated locally on the electrode 

surface while oxygen concentration drops quickly after illumination. This 

observation is due to oxygen consumption at illuminated Pt@g-C3N4 

followed by hydrogen generation after a short delay. When the experiment is 

repeated in argon aerated solution, the hydrogen sensing signal shows a 

quicker and higher current response. In photoelectrochemical experiments, it 

takes a longer time for current responses to reach a complex steady state. This 

is due to a slower diffusion caused by photocatalyst deposits on the Teflon 

membrane. Figure 5.4B demonstrates the current response versus different 

glucose concentrations for hydrogen sensing in air and Ar and oxygen sensing 

in air, respectively. It should be noted that hydrogen sensing currents at the 

glucose concentration over 0.1 M is higher than 0.4 μA, which is the current 

of saturated hydrogen measured in freshwater. This result could be assigned 

to two aspects (i) hydrogen formation occurs directly at the local surface of 

the platinum sensing electrode; (ii) the presence of PIM-1 in the photocatalyst 

deposits directed the diffusion of hydrogen to the probe rather than to the 

solution. This observation has also been discussed in Chapter 3 on a platinum 

disk electrode.5   
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Figure 5.4. (A) Chronoamperometry data for hydrogen sensing (at 0.6 V vs. 
Ag/AgCl) and oxygen sensing (at – 0.7 V vs. Ag/AgCl) with 60 μg Pt@g-
C3N4 embedded in 12 μg PIM-1 in 0.1 M pH 7 phosphate buffer solution with 
0.1 M glucose. Light is switched on at 50 s, and (B) photocurrent responses 
for hydrogen and oxygen sensing versus logarithmic glucose concentration. 
Errors are based on one standard deviation for triplicate measurements.   

 

 

5.3.2. Monitoring Photoelectrochemical Hydrogen Generation in the 

Presence of Small and Large Molecular Quenchers: Pore Size Effects. 

It has been demonstrated that Pt@g-C3N4 immobilised in PIM-1 is reactive 

to both reducing sugar and non-reducing sugars to produce hydrogen in 

Chapter 4.6 Here, a more comprehensive range of quenchers is investigated 

to understand the quenching mechanisms better. Five typical carbohydrate 

molecules with different sizes are compared: glucose, gluconic acid, sorbitol, 

sucrose and raffinose. Experiments were carried out with 60 μg Pt@g-C3N4 

embedded into PIM-1 on a Clark probe's Teflon gas permeable membrane. 

Data in Figure 5.5A compares photocurrent responses with five quenchers of 

0.1 M concentration each. Photocatalyst composite is shown to be reactive 

towards all five different molecules. Steady state photocurrent signals are 

produced at 120 s after the light is switched on. Among the five quenchers, 

gluconic acid shows the highest equilibrium current of 0.8 μA followed by 

sorbitol of 0.6 μA, while all other three show a lower steady state current. A 

broader range concentration of each quencher was further tested under the 

same experimental condition, as shown in Figure 5.5B. All five quencher 

current signals show a climbing trend as concentration increases. Not 
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surprisingly, gluconic acid still gives the highest current from the overall 

trend, followed by sorbitol. The remaining three signals show similar results, 

overlapping with each other.  

 
Figure 5.5. Chronoamperometry data for hydrogen sensing (at 0.6 V vs. 
Ag/AgCl) with 60 μg Pt@g-C3N4 embedded in 12 μg PIM-1 in five different 
quencher solutions (0.1 M pH 7 phosphate buffer solution with 0.1 M 
quencher). Light is switched on at 50 s, and (B) average Clark probe current 
responses for hydrogen sensing versus logarithmic concentrations for five 
different quenchers. Errors are based on one standard deviation for triplicate 
measurements. 

 

Considering five quenchers' structure and molecular size, gluconic acid and 

sorbitol exhibit flexible chain structures and have relatively smaller molecule 

sizes. Table 5.1 compares five quencher molecules in terms of their molecular 

size structures and photocurrent responses. A secondary factor of the 

hydrogen content of each quencher has been considered. However, the ability 

of quenchers to produce hydrogen tends to be linked with size effects. The 

micropores from the rigid and contorted structure of PIM-1 provides 

interconnected channels to allow a facile transport of molecules. A smaller 

and more flexible quencher is more likely to permeate through the porous 

PIM-1 structure and participate in the photocatalytic reactions than that with 

a stiff ring structure. Literature data suggest PIM-1 micropore size mainly sits 

in the range of 0.6-0.8 nm10 to allow transport of small molecular species.11, 

12 Figure 5.6A demonstrates the pore size distribution of PIM-1 from the 

literature.10 and Figure 5.6B compares photocurrent responses from different 

quenchers, including their molecular size information. Data suggests the size 

of both gluconic acid and sorbitol is in the main range of PIM-1 pore size and 
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give relatively high photocurrent, which agrees well with the above 

hypothesis.  

 

 
Figure 5.6. (A) Pore size distribution for PIM-1 from literature,10 and (B) 
effects of quencher molecular size on the photocurrent responses comparing 
with PIM-1 pore size distribution. The concentration of each quencher for 
photoreactions was 0.5 M. 

 

Table 5.1. Comparison of Clark probe photocurrent responses and predictor 
parameters based on molecule volume (data from the crystallographic unit 
cell volume per molecule), molecular diameter (assuming a sphere), and 
stored hydrogen equivalents. 

Quencher 

Molecular 

Volume[a] 

[Å3] 

Molecular 

Diameter[a] 

[Å] 

Stored H2 

equivalents[b] 

photocurrent   

(with 0.5 M 

quencher) 

[μA] 

glucose 189.913 3.57 12 0.59 

gluconic 

acid 
235.314 3.83 11 1.24 
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sorbitol 200.915 3.63 13 0.97 

sucrose 357.716 4.4 24 0.66 

raffinose 647.217 5.37 36 0.42 

1-hexanol 382.718 4.50 18 

0.26 

(with 0.01 M 

quencher) 

[a] calculated by crystallographic unit cell volume per molecule according to 
Cambridge Structural database (CCDC) cif-files; [b] calculated by assuming 
stoichiometric production according to the equation quencher + x H2O ® y 
CO2 + z H2. 

 

5.3.3. Monitoring Photoelectrochemical Hydrogen Generation in the 

Presence of Hydrophobic Molecular Quenchers: Partitioning Effects. 

Polymers of Intrinsic microporosity are primarily hydrophobic and has been 

observed with partitioning effects for hydrophobic molecules in 

heterogeneous electrocatalytic reactions.19 In order to explore the partitioning 

effect with PIM-1 in the photoelectrochemical process, additional 

experiments were performed with 1-hexanol as a hydrophobic quencher for 

hydrogen generation. Figure 5.7A shows chronoamperometry data for 

hydrogen production with 1-hexanol ranging from 10 μM to 50 mM. When 

hexanol concentration is lower than 1 mM, a hydrogen signal appears initially 

but decreases to nearly zero along with time. This result suggests a minor 

quenching effect from 1-hexanol. A certain amount of hydrogen is produced 

but quickly consumed by dissolved oxygen in the aqueous solution. When 

increasing 1-hexanol concentration to 10 mM, a Clark probe current of 0.25 

μA is reached. This current response is much higher than all previously tested 

quenchers at the same concentration. Then experiments were repeated in a 

wider range of concentrations, and errors were estimated from three 

measurements. Even a low concentration of 1-hexanol can contribute to 

relatively high photocurrents, which may indicate a high hydrogen generation 

rate. This phenomenon suggests 1-hexanol tends to accumulate into 



 

 

94 

micropores of the PIM-1 structure and exhibit higher activity at the 

photocatalytic sites. However, Figure 5.7B shows that the photocurrents do 

not increase further after increasing concentration higher than 10 mM. This 

result is possibly due to the flooding of PIM-1 micropores. Unfortunately, 

only preliminary experiments were conducted in these experiments. 

Photocatalytic products remain unknown, which needs more studies in future 

work. 

 
Figure 5.7. (A) Chronoamperometry data for hydrogen sensing (at 0.6 V vs. 
Ag/AgCl) with 60 μg Pt@g-C3N4 embedded in 12 μg PIM-1 in 0.1 M pH 7 
phosphate buffer solution with different concentrations of 1-hexanol. Light is 
switched on at 50 s, and (B) photocurrent responses for hydrogen sensing 
versus logarithmic 1-hexanol concentrations. Errors are based on one 
standard deviation for triplicate measurements. 

 

5.4. Conclusions 

It has been shown that PIM-1 mechanically immobilises the Pt@g-C3N4 

photocatalyst into its microporous structure without loss of catalytic activity. 

The microporous polymer controls photochemical reactions with size-

selective and hydrophobic effects. Heterogenisation of photocatalyst into a 

microporous host for hydrogen generation has been achieved in this work. 

Therefore, photocatalysts can be recovered or reused after photochemical 

reactions. The novelty and importance of this work lie in using a Clark probe 

to monitor oxygen reduction and hydrogen production. A series of potential 

quencher molecules were tested for their reactivity towards the photocatalyst 

composites. The factors affecting the photocatalytic conversion efficiency 

were identified as the following: (i) the size effect when the quencher 
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molecule permeates through the pores of PIM-1 films; (ii) the flexibility of 

the quencher molecules during the transport within the PIM-1 structure; (iii) 

adsorption of quenchers on the photocatalyst surface; (iv) partitioning effect 

of hydrophobic molecules within PIM-1 host. Small and highly flexible 

molecules rapidly permeate through PIM-1 micropores. Hydrophobic 

molecules accumulate into the hydrophobic pores, leading to a localised high 

concentration. Both of these cases can contribute to enhancing photocatalytic 

activity.  

 

However, a potential drawback of utilising the Clark probe is the low 

accuracy for in situ hydrogen sensing. The Clark probe is principally designed 

for oxygen sensing. Even though hydrogen detection is theoretically possible, 

errors from equipment limitations are inevitable. For example, hydrogen 

bubbles can form on the Teflon film, leading to sensor inaccuracy. More work 

is necessary to make improvements to this technique in the future. It is 

interesting to achieve both oxygen and hydrogen detection simultaneously 

with a single probe based on this work. New processes with biowastes and 

biomolecules will be developed based on this technique, aiming at highly 

efficient artificial photocatalytic conversions. 
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Chapter 6. Enhanced Hydrogen Peroxide Photogeneration with g-C3N4 

Heterogenisation into Intrinsically Microporous Polymers 

 

Graphical Abstract 

 

 
 

 

 

 

 

 

 

 

 

 

This chapter is based on a published work titled Effects of g-C3N4 

Heterogenization into Intrinsically Microporous Polymers on the 

Photocatalytic Generation of Hydrogen Peroxide.  

(Y. Zhao, et al., ACS Appl. Mater. Interfaces 2022, 14, 199938-19948.) 
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Abstract 

Photoproduction of hydrogen peroxide (H2O2) on semiconductor systems has 

been shown as a potential method for small-scale decentralised hydrogen 

peroxide synthesis. Early studies on photocatalytic systems for H2O2 

production are limited by low selectivity or relying on alcohols as the hole 

scavengers with high energy consumption. Here, we presented a polymeric 

semiconductor, graphitic carbon nitride, which is able to convert biomass or 

even amphiphilic surfactant molecule (Triton X-100) to generate H2O2 in an 

aqueous environment. The introduction of microporous hosts (PIMs) builds 

up a localised high concentration environment for photocatalysis by 

embedding photocatalysts in the polymer. Mass spectroscopy and nuclear 

magnetic resonance analysis employed in this work revealed that (i) direct 

adsorption on g-C3N4 or (ii) indirect adsorption of carbohydrates in the 

polymer hosts is a crucial process during photocatalysis.  
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6.1. Introduction  

In the previous studies, graphitic carbon nitride can convert solar energy and 

biomass energy in the format of hydrogen into chemical energy. Under blue 

light, graphitic carbon nitride can photo-generate hydrogen in the presence of 

carbohydrate molecules. Another hypothesis on this topic has been proposed 

to photo-generate other high-value chemicals from biomass with this type of 

photocatalyst. H2O2 as a strong oxidising agent, is an essential natural 

disinfectant and efficient energy carrier in a broad range of applications. 

High-efficiency H2O2 production is on-demand in chemical synthesis, 

medicine and biology, environmental remediation, and energy storage and 

generation. However, the mass production of H2O2 relies on the 

anthraquinone (AQ) oxidation reaction1, 2 or electrochemical reduction, 

causing high energy consumption and wastes generation problems. Clean, 

economically viable, and safe approaches to producing H2O2 are urgently 

needed and intensively developed. Photocatalytic H2O2 production (PHOP) 

appeared to be a potential alternative as only water, oxygen and solar energy 

irradiation are required with low toxicity and outstanding sustainability of this 

process.3 Heterogeneous photocatalysts like TiO2,4 BiVO4,5 g-C3N46 have 

been widely studied as promising candidates for photocatalytic H2O2 

production. The development and optimisation of heterogeneous catalysts are 

of great interest. Early photogeneration systems have been reported with 

H2O2 production on graphitic carbon nitride with alcohol and air as the 

hydrogen and oxygen sources.7 

 

Graphitic carbon nitride as a metal-free photocatalyst with a bandgap of 2.7 

eV has been employed in the PHOP area over a decade with high stability, 

facile fabrication and high selectivity. Recent strategies have been proposed 

to promote the photocatalytic H2O2 production efficiency by single atom 

doping,8, 9 defect modifications,10, 11 and nanostructure tailoring.11, 12 

However, a sustainable and efficient photocatalytic H2O2 synthesis requires a 

proper band structure and suitable reactants like water instead of alcohols as 

sacrificial agents. To the best of our knowledge, saccharides, and organic 
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molecules like surfactants as hole quenchers for photocatalytic hydrogen 

peroxide production have not been reported in the literature. 

 
Figure 6.1. Molecular structure for graphitic carbon nitride, PIM-1 and PIM-
EA-TB.  

 

Here, we investigate g-C3N4 photocatalyst (i) suspended in aqueous solution, 

(ii) coated with a PIM material and suspended as particles, or (iii) 

heterogenised into PIM-1 or PIM-EA-TB hosts on a filter paper substrate for 

photocatalytic H2O2 production. Filter paper is introduced here as a cheap 

substrate for the composites to form uniform, stable and recoverable/reusable 

films. This chapter gives sight into the mechanism during photocatalysis. The 

adsorption of quenchers’ behaviour (on the photocatalysts or in PIMs hosts) 

is assessed. NMR experiment indicates the polymer introduces a localized 

high concentration by hydrophobic molecule Triton X-100 adsorption into 

the polymer structure. This concept can be expanded to hydrophobic biomass 

or organic molecules wastes for energy conversion applications.   

 

6.2. Experimental Section 

Materials Synthesis and Characterisation g-C3N4 was synthesised by 

heating melamine at 550ºC in ambient air for 4 hours. The pale-yellow 

product was carefully ground into powder after cooling down to room 

temperature. Metal deposited graphitic carbon nitrides (Pt@g-C3N4, Pd@g-

C3N4 and Au@g-C3N4) were prepared following the previous 

photodeposition method. Briefly, 0.4 g g-C3N4 and 0.04 g metal precursor salt 

(K2PtCl6/ PdCl2/ KAuCl4) were suspended in 20 mL saturated sodium oxalate 

solution (pH is approx. 8), followed by an ultrasonic water bath for 15 minutes. 
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The above suspension was stirred with a closed lid and illuminated with a 385 

nm LED light for 72 hours. Solutions appeared dark colour after irradiation. 

Final products were obtained after filtering, washing, and drying.  

 

PIM-113 and PIM-EA-TB14 were prepared according to a literature recipe. 

PIM-1 nanoparticles were synthesised with an anti-solvent precipitation 

method from the literature.15 Typically, 3 mL PIM-1 solution in chloroform 

(concentration of approx. 15 mg mL-1) was added dropwise into 20 mL of 

methanol with vigorous stirring for 4 hours. Then, the obtained suspension 

was centrifuged at 5000 rpm for 30 mins. Excess methanol was removed, and 

the solid phase was dried in the oven at 80°C overnight. g-C3N4@PIM-1 

mixing particles were synthesised by the same method as above with 60 mg 

g-C3N4 and 12 mg PIM-1 in 3 mL chloroform dropwise adding into 20 mL 

methanol. SEM (JEOL JSM-7900F FESEM instrument at an accelerating 

voltage of 5 kV) was used to characterise the morphology of g-C3N4, PIM-1 

nanoparticles and the mixing composite (weight ratio=5:1). TEM images for 

different metal deposited graphitic carbon nitrides were obtained on JEOL 

JEM-2100Plus instrument with a 200 kV maximum accelerating voltage. The 

morphology of g-C3N4 and PIM-1nanopartciles and their mixing composite 

was characterised by SEM and shown in Figure 6.2. Pristine g-C3N4 shows a 

typical lamellar structure. PIM-1 shows aggregations of nanoparticles on a 

crosslinked structure which agrees with the literature.15 Powder X-Ray 

Diffraction (PXRD) was used to characterise the metal deposited samples 

with equipment STOE STADI P using monochromated Cu-Kα radiation 

(1.54060 Å) transmission mode. All other chemicals were purchased from 

Sigma-Aldrich or Biomol and used without further treatments. Ultrapure 

(18.2 MΩ cm at 18°C) water from a Thermo-Fisher water purification system 

was collected for preparing solutions throughout experiments.  
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Figure 6.2. SEM images of (A) pristine g-C3N4, (B) PIM-1 nanoparticles and 
(C)-(D) mixing composite of g-C3N4 and PIM-1 nanoparticles with a weight 
ratio of 5:1. 

 

Photocatalytic H2O2 Generation For the photocatalytic suspension 

experiment, 5 mg g-C3N4 was added to 20 mL water solutions with different 

concentrations of quenchers. The suspension was illuminated with a blue 

LED light (Thorlabs’ Mounted LED, 385 nm, approx. 80 mW cm-2) with 

continuous stirring in the air atmosphere. Photochemical reactions were 

conducted at ambient temperature and pressure (20% oxygen), unless stated 

otherwise. For the photocatalytic immobilisation experiments, a mixing 

powder of 5 mg g-C3N4 and 1 mg PIM-1 was firstly dispersed in 1mL 

chloroform, forming a suspension with an ultrasonic bath for 20 mins. The 

composite was immobilised on a filter paper substrate (Whatman, pore size 

less than 2 μm, cut into a size of 4 cm ´ 1 cm strip) by drop-casting. After 

drying in air, the g-C3N4@PIM immobilised filter paper was immersed in 20 

mL quencher solutions and illuminated with blue light with continuous 

stirring in the air atmosphere. 
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Quantitative Analysis of H2O2 Quantification of photogenerated hydrogen 

peroxide was carried out with liquid chromatography-mass spectroscopy 

(LC–MS) technique following a literature method16 (see the reaction in Figure 

6.3). LC-MS was performed with an automated Agilent QTOF (Walkup) 

instrument used with HPLC (4 chromatography columns) and a variable 

wavelength detector. Data analysis was performed with an Agilent 6545 

Accurate-Mass Q-TOF LC/MS system. Typically, 100 μL sample after 

photocatalysis was collected and mixed with 10 mL MS detection reagent 

solution (0.1 mM 4- nitrophenylboronic acid solution with 10% DMSO and 

90% 10mM pH 9 carbonate buffer as co-solvents). After completely reacting 

in a dark environment for 1 hour, the sample solution was further diluted ten 

times by mixing 10% DMSO and 90% H2O before the mass spectrometry 

measurement. Thus, the concentration of H2O2 in the sample solution can be 

quantitively analysed by the corresponding peak intensity of the nitrophenol 

product.  

 

 
Figure 6.3. The reaction of H2O2 with para-nitrophenyl boronic acid to give 
para-nitrophenol. 
 

NMR Binding Experiment NMR spectra were acquired on a 400 MHz 

Bruker Neo spectrometer with an automated shimming routine performed on 

the 1H signal. The 1H NMR spectra were obtained in H2O, at 298 K, with 

single solvent suppression using presaturation (Bruker pulse program 

noesygppr1d) to suppress the water signal. The relaxation delay was set to 30 

seconds to allow for accurate integration of peaks. Initially, 15 mL solution 

with approx. 1 mM glucose/ Triton X-100 solutions were prepared with a 

certain amount of internal standard DMSO. Firstly, 600 μL solution was 

collected as the first NMR sample. Here, as the added internal standard 

DMSO concentration is fixed, the concentration of initial glucose/ Triton X-
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100 concentration is measured by the NMR quantitative analysis. Then, 

approx. 5mg material (g-C3N4 powder/ PIM-1 nanoparticles powder) was 

added into the solution and stirred for 20 mins to allow sufficient binding 

between glucose/ Triton X-100 and the substrate material (g-C3N4/ PIM-1). 

Before repeating this step, 600 μL solution was extracted for each NMR 

sample. The concentration of glucose/ Triton X-100 can be quantified by 

integrating NMR peaks against the internal standard. Table 6.1 shows the 

corresponding NMR peaks for each chemical used for quantification. Figure 

6.4 shows typical NMR spectra for glucose with DMSO in water and Triton 

X-100 with DMSO in water.  

 

 
Figure 6.4. 1H NMR spectra for (A) glucose in a water solution with an 
internal standard molecule DMSO, (B) Triton X-100 in a water solution with 
an internal standard molecule DMSO.   
 

Table 6.1. 1H NMR chemical shifts of alpha-D-glucose, beta-D-glucose and 
Triton X-100 in water solutions for calibrated concentration calculations. 
 H atom 1H (ppm) number of H atoms 

alpha-D-glucose H-1 (Fig. 6.4A) 5.01 1 

    

beta-D-glucose H-2 (Fig. 6.4A) 3.01 1 

    

Triton X-100 H-4 (Fig. 6.4B) 7.02 2 

    

DMSO  2.50 6 

 

BET Analysis of g-C3N4 and PIM-1 Gas adsorption analysis for g-C3N4 and 

PIM-1 powder was performed with an Autosorb-iQ-C instrument by 
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Quantachrome. Figure 6.5 shows N2 adsorption isotherms for g-C3N4 and 

PIM-1. Data shows the pore size of g-C3N4 is mainly distributed between 2 

and 10 nm and the pore size of PIM-1 is mainly between 3 to 8 nm. Modelling 

analysis indicates the surface area of g-C3N4 and PIM-1 is 36.4 m²/g and 

875.5 m²/g, respectively.  

 
Figure 6.5. N2 adsorption isotherms at 77.35 K for (A) g-C3N4 and (B) PIM-
1 with insert of pore size contribution. 

 

 

6.3. Results and Discussion 

6.3.1. Photogeneration of Hydrogen Peroxide Quenching by Glucose: 

The Effect of Host Materials 

Photocatalytic measurements were initially conducted to probe the effect of 

host materials with glucose as the quencher for photo-excited holes. For the 

suspension experiment, 20 mL water solution in a glass vial containing 5 mg 

photocatalyst was illuminated by a 385 nm blue light with magnetic stirring 

under the air atmosphere. Figure 6.6A shows the results for the H2O2 

production with different time and glucose concentrations (0, 5, 10, 20, 50, 

100, 200 mM). Without glucose in pure water, nearly no H2O2 is detected 

after 1 hour of reaction under the light. However, the concentration of H2O2 

in the solution climbs with increasing glucose concentration and longer 

reaction time, with a maximum of 216 mM H2O2 after 6 hours. This result 

suggests the quenching effect from glucose during photocatalysis, which 

agrees with previous work. A possible reaction mechanism is illustrated in 
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the equations below. Here, the reaction occurs in glucose water solutions. The 

pH value is measured as neutral in room temperature. The photocatalyst 

graphitic carbon nitride is excited by the light irradiation followed by 

photoexcited electron and hole separation. The holes can be scavenged by the 

glucose giving products (not identified in this study). The remaining negative 

electrons reduce oxygen from the air and generate hydrogen peroxide by a 

two-electron transfer pathway. It must be noted here, in all systems, hydrogen 

peroxide is assumed as the main photocatalytic product, along with minor 

errors during measurements. Experiments were repeated by immobilising the 

photocatalyst with PIM-1 or PIM-EA-TB hosts (5 mg g-C3N4 with 1 mg PIM) 

on a 4 cm ´ cm filter paper. Data in Figure 6.6A shows similar trends 

compared with the g-C3N4 suspension experiment, although the yield with 

polymer hosts is less when glucose concentration is more than 50mM. 

Conclusions can be summarised that polymer hosts can stabilise photocatalyst 

while retaining the photocatalytic activity. Both glucose and dissolved 

oxygen can permeate into the microporous polymer structure and get access 

to the photocatalyst surface. Higher glucose concentration or longer reaction 

time in all systems does not promote the hydrogen peroxide yield with a 

plateau in the data. This is possibly due to the quencher concentration 

reaching saturation linked to Langmurian binding theory in Chapter 3,17 or 

light irradiation leads to hydrogen peroxide decomposition in solutions. 

Stability investigations into photocatalytic performance with different hosts 

were conducted under the same condition, as shown in Figure 6.6B. All three 

systems show increasing H2O2 yield as a function of time. However, the 

concentration growth slows down after 5 hours. Even a decrease of H2O2 

concentration after five hours can be seen in the PIM-1 host case. PIM-1 may 

degrade under light illumination with porosity change considering the 

photoactive behaviour of PIM-1,18, 19 thus affecting the photocatalytic activity 

and stability. Here, PIM-EA-TB appears to provide good stability under these 

conditions.   

 

        𝑔 − CCN; 	+ 	ℎ𝑣	 → 	𝑔 − CCN;∗                                  (6.1) 
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		𝑔 − CCN;∗ 	+ 	𝑔𝑙𝑢𝑐𝑜𝑠𝑒	(𝑎𝑞) 	→ 	𝑔 − CCN;" 	+ 	𝐻! 	+ 		𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠    (6.2) 

		2𝑔 − CCN;" 	+ 	𝑂# 	+ 	2𝐻! 	→ 	2𝑔 − CCN; 	+ 	𝐻#𝑂#		          (6.3) 

 
Figure 6.6. (A) Photogeneration of hydrogen peroxide with (i) 5 mg g-C3N4 
in suspension, (ii) 5 mg g-C3N4@PIM-1 immobilised on a 4 cm ´ 1 cm filter 
paper and (iii) 5 mg g-C3N4@PIM-EA-TB immobilised on a 4 cm ´ 1 cm 
filter paper. Experiments were carried out in a 20 mL solution with stepwise 
addition of glucose under 385 nm LED light, (B) as above, stability 
investigation on H2O2 yield versus time with different hosts as a function of 
time in 20 mL 0.1 M glucose solution. 

 

Further exploration of the photocatalyst loading amount and density effects 

is shown in Figure 6.7A. For this process, tests with (i) 5 mg g-C3N4 in PIM-

1 over 4 cm2, (ii) 10 mg g-C3N4 in PIM-1 over 4 cm2 and (iii) 10 mg g-C3N4 

in PIM-1 over 8 cm2 were compared. The concentration of produced H2O2 

reaches 118 mM after 6 hours of reaction. As doubling photoactive area, the 

amount of generated H2O2 doubles. However, as shown in Figure 6.7A, 

doubling loading density only increases by 30 mM compared with initial 

loading density. The photoactive area seems to be more important for H2O2 

production in this case. A thicker film deposit cannot boost the yield as not 

all the photocatalysts are active due to limited reagents transportation. Figure 

6.7B illustrates the possibility to use acetate as the quencher. With 0.1M 

glucose, both g-C3N4 suspension and that with PIM-1 hosts show significant 

H2O2 production. When using sodium oxalate with the same concentration, 

the yield of H2O2 is much lower than glucose but higher than suspension in 

water. This suggests each quencher molecule exhibits different perpetration 
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and transport behaviours within polymer structure and of course different 

interactions with the photocatalyst.  

 
Figure 6.7. (A) Photogeneration of hydrogen peroxide with different loading 
density and area (i) 5 mg g-C3N4@PIM-1 immobilised on 4 cm ´ 1 cm filter 
paper, (ii) 10 mg g-C3N4@PIM-1 composite immobilised on 4 cm ´ 1 cm 
filter paper and (iii) 10 mg g-C3N4@PIM-1 immobilised on 4 cm ́  2 cm filter 
paper. Experiments were carried out in a 20 mL solution with stepwise 
addition of glucose under 385 nm LED light, (B) comparison of 
photocatalytic H2O2 production peroxide with different quenchers. 
Experiments were conducted in 20 mL 0.1 M quencher solution under 385 
nm LED light.   

 

 

6.3.2. Photogeneration of Hydrogen Peroxide Quenching by Glucose: 

The Effect of Photocatalyst Modification 

According to previous work, graphitic carbon nitride can be modified by 

metal deposition for higher photocatalytic reactivity, for example, platinum 

deposition with enhanced hydrogen evolution activity.17 Here, the effects of 

photo deposited Pt, Pd and Au nanoparticles on the g-C3N4 surface were 

assessed for photocatalytic H2O2 production. Figure 6.8 shows TEM images 

of (A) nano-Pt, (B) nano-Pd, (C) nano-Au modified g-C3N4 and (D)- (E) bare 

g-C3N4. Samples of g-C3N4 with and without metal deposition show a similar 

morphology with a typical lamellar structure. In Figure 6.8A and 6.8B, dark 

spots appear preferentially in the edge region, identified as Pt and Pd 

nanoparticles with a diameter of around 2-3 nm. EDX mapping shows that 

the distribution of Pt and Pd is in good agreement with those of C and N 

elements in each sample. For the gold modified graphitic carbon nitride, only 
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big nanoflakes with a diameter of approx. 100 nm can be observed at the 

edges. Gold probably nucleates less readily and forms bigger size 

nanoparticles on the g-C3N4 surface. To further demonstrate the metal 

deposition on graphitic carbon nitride, powder XRD measurement was then 

carried out to characterise the crystal structures of the materials. The 

diffraction pattern in Figure 6.8F shows g-C3N4 displays two peaks at 

12.7°(100) and 27.7° (002), ascribed to interplanar packing of tri-s-triazine 

units and interlayer stacking of aromatic systems, respectively.20 For metal 

deposited carbon nitrides, the peak becomes broader with typical Pt, Pd, Au 

peaks in each sample, initially indicating the successful metal deposition on 

the g-C3N4 particles.  
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Figure 6.8. TEM images of (A) Pt@g-C3N4 with EDX mapping analysis of 
C, N, Pt elements, (B) Pd@g-C3N4 with EDX mapping analysis of C, N, Pd 
elements, (C) Au@g-C3N4 with EDX mapping analysis of C, N, Au elements, 
(D)- (E) g-C3N4, (F) XRD pattern of pristine g-C3N4, Pt@g-C3N4, Pd@g-
C3N4 and Au@g-C3N4 (from bottom-up). 

 

The photocatalytic performance of pristine g-C3N4 and modified g-C3N4 was 

assessed with results shown in Table 6.2. Pristine graphitic carbon nitride 

shows an H2O2 yield of 66.5 µM after 1 hour with a double amount of 138 

µM obtained by Au@g-C3N4. The photocatalytic performance of Pt and Pd 

modified carbon nitride is disappointing, with no H2O2 detected after one hour 

of reaction. Previous studies suggest that the H2O2 is selectivity generated by 

two-electron reduction of oxygen relying on forming the 1,4-endoperoxide 

species on g-C3N4.6 EPR measurement has recorded a decrease in 

photoactivated 1,4-endoperoxide species with Pt@g-C3N4 in literature.7 In 

theory, metals can drive the charge separation process as co-catalysts with 

fast transport of photoexcited electrons from the g-C3N4 conduction band to 

the metal phase. Endo-peroxides form directly on the g-C3N4 surface. 

Although charge and hole separation may be improved, the H2O2 production 

is less effective with the presence of metal particles. This well explains that 

the metal loading on the carbon nitride surface suppresses the reaction for 

H2O2 production. Gold modified photocatalyst exhibits significant H2O2 

production reactivity with 100 mM glucose. This may be known as gold 
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(electro)chemically produces H2O2 from O2 at intermediate/mild reduction 

potentials. Based on these results, pristine carbon nitride is employed for 

photocatalytic H2O2 production in the following experiments from a material 

science perspective. 

 
 
 
 
 
 
 
 
 
 
Table 6.2. Comparison of metal modified g-C3N4 performance for 
photoproduction of hydrogen peroxide (suspension in 20 mL solution) 

Photocatalyst Amount 
Reaction 

method 
Quencher 

Reaction 

time 

H2O2 

yield / 

µM 

g-C3N4 5 mg suspension 
0.1 M 

glucose 
1 hour 66.5 

Pt@g-C3N4 5 mg suspension 
0.1 M 

glucose 
1 hour none 

Pd@g-C3N4 5 mg suspension 
0.1 M 

glucose 
1 hour none 

Au@g-C3N4 5 mg suspension 
0.1 M 

glucose 
1 hour 138.0 

 

6.3.3. Photogeneration of Hydrogen Peroxide Quenching by Glucose: 

The Effect of Quencher Adsorption onto g-C3N4 

After identifying the best reaction condition for photocatalytic H2O2 

production, the next question is to explore the photocatalytic mechanism in 

the presence of hole quenchers. A binding assay for glucose on the 

photocatalyst was carried out with the help of the NMR technique. A water 

solution containing glucose and a small amount of internal standard was 

submitted to 1H NMR (with water signal suppression pulses). Then the 
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glucose concentration change was monitored as a function of added 

photocatalyst or added PIM-1 particles, as displayed in Figure 6.9. The data 

shows approx. 30% alpha glucose and approx. 60% beta glucose present in 

the initial sample (with total concentration of approx. 0.15 mM). By adding 

g-C3N4, the total glucose concentration in the solution (blue dots) 

significantly decreases while alpha glucose shows a more obvious drop than 

beta glucose. This result suggests alpha glucose is favoured to bind on g-C3N4. 

Experimental data are fitted with Langmurian adsorption theory for both 

alpha glucose and beta glucose. A binding constant of Ka-glucose = 200 (± 50) 

mol-1dm3 and Kb-glucose = 10 (± 5) mol-1dm3 for each glucose isomer are 

estimated based on a competitive binding model binding on the same 

substrate. Thus, direct interaction between alpha glucose with photocatalysts 

is necessary for hole quenching and efficient H2O2 production. Previous 

studies elucidated a similar phenomenon in that alpha glucose shows 

preferred adsorption with boronic acid groups.21 The mechanism behind 

organic molecules and g-C3N4 was also reported humic substances adsorption 

on carbon nitrides mediated by electrostatic interactions, π−π interactions, 

and H-bonding.22 Similarly, a binding experiment was conducted in a fresh 

batch of glucose solution (with initial total concentration of approx. 0.85 mM) 

to investigate the interaction between glucose and PIM hosts. Here, PIM-1 

nanoparticles were added stepwise into the glucose solution. As shown in 

Figure 6.9B, both glucose isomers show weak interactions with PIM-1 

particles and no quantifiable binding isotherm is observed. Literature has 

proved that PIM materials would not block catalytic sites or affect catalytic 

activity in electrochemical reactions. In this case, PIM hosts seem to only 

permeate small molecules and transport reactants/ products with no apparent 

interaction with quenchers. However, the data is from exploratory 

experiments and provides preliminary information about the binding behavior 

between glucose with g-C3N4 or PIM-1 hosts. The methods clearly fall short 

of standards in terms of large errors from NMR measurement (e.g., the point 

at 17 mg g-C3N4 in Figure 6.9A) and lack of repeatable experiments.  
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Figure 6.9. (A) Plot of glucose concentration as a function of added g-C3N4 
powder amount (determined by 1H-NMR). Lines correspond to best fit trends 
based on competitive Langmuirian binding of alpha and beta glucose with Ka-

glucose = 200 (± 50) mol-1dm3 and Kb-glucose = 10 (± 5) mol-1dm3, (B) as above, 
but for the addition of PIM-1 nanoparticles. No significant binding of glucose 
to PIM-1 is observed. 
 

 

6.3.4. Photogeneration of Hydrogen Peroxide Quenching by Triton X-

100: Localised High Concentration Quencher Adsorption in PIM-1 

Next, the possibility for quenchers to generate hydrogen peroxide is extended 

to a broader range of carbohydrates, for example, hydrophobic or amphiphilic 

molecules. Triton X-100 is surface active and prefers to bind into the polymer. 

A low concentration of surface-active quencher molecules may produce 

sufficient hydrogen peroxide in the hydrophobic PIM environment. Here, 

experiments were performed to further investigate the importance of PIM 

with a surfactant molecule Triton X-100. Triton X-100 is a neutral poly-

ethylene-glycol based surfactant with a critical micelle concentration of 0.22 

mM to 0.24 mM.23, 24 Figure 6.10A shows data with three different materials: 

g-C3N4 suspension, g-C3N4@PIM-1 immobilised on filter paper, and g-

C3N4@PIM-1 particles suspension for photogeneration of hydrogen peroxide. 

All three materials can produce significant hydrogen peroxide yield with 

Triton X-100 concentration lower than 10 mM. Data in Figure 6.10B 

summarises hydrogen peroxide production performance as a function of time. 

It is clear that the presence of PIM-1 nanoparticles significantly promotes 

hydrogen peroxide efficiency, and the composites in suspension appear most 

effective.   
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Figure 6.10. (A) Photogeneration of hydrogen peroxide with (i) 5 mg g-C3N4 
in suspension, (ii) 5 mg g-C3N4@PIM-1 immobilised on a 4 cm ´ 1 cm filter 
paper and (iii) 5 mg g-C3N4@PIM-1 nanoparticles in suspension. 
Experiments were carried out in a 20 mL solution with stepwise addition of 
Triton X-100 under 385 nm LED light, (B) as above, stability investigation 
on H2O2 yield versus time with different hosts as a function of time in 20 mL 
1 mM Triton X-100 solution. 

 

Table 6.3 compares hydrogen peroxide production performance of the 

different materials with two specific Triton X-100 concentrations, which are 

below and above CMC concentrations, respectively. After one hour of 

illumination, even with a low concentration of 0.2 mM, H2O2 production is 

observed. Triton X-100 is a bendy molecule and able to form chains, thus can 

easily diffuse though the PIM-1 pore channels. This observation agrees with 

the results about quencher molecule size and flexibility effects in Chapter 5. 

However, high concentrations of Triton X-100 would possibly destroy the 

PIM structure. Therefore experiments are carried out with low concentrations 

of Triton X-100 with early stage signal for hydrogen peroxide generation 

observed. Then, the adding of PIM-1 nanoparticles speeds up the H2O2 

production rate, especially for the case of g-C3N4@PIM-1 nanoparticles in 

suspension. However, this benefit is not obvious when the Triton X-100 

concentration increases to 1 mM. Overall, the presence of PIM-1 

nanoparticles will not affect the photocatalytic activity of photocatalysts. In 

contrast, PIM-1 boosts the efficiency of H2O2 production with Triton X-100 

as the quencher. This leads to the question of binding behaviour Triton X-100 

occurs directly to the photocatalyst surface or into the microporous host. 

 



 

 

115 

Table 6.3. Comparison of g-C3N4 performance with different hosts for 
photogeneration of hydrogen peroxide in the presence of 0.2 mM and 1 mM 
Triton X-100. 

Catalyst 

(5 mg g-C3N4) 

Reaction 

method 

Triton 

X-100 

Reaction 

time 

H2O2 

yield / µM 

g-C3N4@PIM-1 Immobilised on 

filter paper 
0.2 mM 1 hour 10.4 

g-C3N4@PIM-1 Immobilised on 

filter paper 
1 mM 1 hour 46.3 

g-C3N4 suspension 0.2 mM 1 hour 27.6 

g-C3N4 suspension 1 mM 1 hour 24.8 

g-C3N4@PIM-1 

particles 
suspension 0.2 mM 1 hour 62.9 

g-C3N4@PIM-1 

particles 
suspension 1 mM 1 hour 45.4 

 

Therefore, the binding behaviour of Triton X-100 between photocatalyst and 

PIMs host are studied similarly to previous glucose experiments. Figure 6.11 

shows data based on monitoring the Triton X-100 concentrations with 1H-

NMR when adding g-C3N4 (Figure 6.11A) and PIM-1 particles (Figure 

6.11B). A Triton X-100 solution of 10.5 moles in 15 mL (corresponding to a 

concentration of approximately 0.7 mM) is initially studied with no binding 

observed with a small amount of g-C3N4. Upon the continuous addition of g-

C3N4, the concentration of Triton X-100 in the solution remains nearly 

constant. This may occur due to insufficient binding of Triton X-100 to the 

g-C3N4 surface. In contrast, data in Figure 6.11B indicates significant 

interaction between Triton X-100 and PIM-1 particles. The initial amount of 

9.5 μmoles Triton X-100 in 15 mL solution (corresponding to a concentration 

of 0.6 mM) decreases linearly with the addition of PIM-1 particles. 

Approximately one molecule of Triton X-100 uptakes every 4 PIM-1 polymer 

repeat units (agreeable with a water|PIM-1 partitioning process). The 
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partitioning process was slow at 20°C but exhibits more drastic at 50 °C. This 

phenomenon is due to a significant binding effect and a sign for effective 

quencher filling of the microporous space. It should be noted here that all data 

points are obtained in the range at or higher than the CMC. Thus, a constant 

concentration-independent uptake of Triton X-100 seems to be the most 

possible. The hydrophobicity of PIM-1 may promote this accumulation of 

Triton X-100 into its microporous structure. It can be concluded that PIM-1 

can effectively bind Triton X-100, which can contribute to the photochemical 

reactivity enhancement of g-C3N4 embedded into PIM-1. 

 
Figure 6.11. Binding experiment (determined by 1H-NMR) for Triton X-100 
in water solutions (initial volume 15 mL; removal of 0.6 mL for each data 
point). (A) Plot of Triton X-100 concentration in solution as a function of 
added g-C3N4 amount, and (B) as above, but for the addition of PIM-1 
nanoparticles (for both 20 °C and 50 °C). Trendlines are added only as a guide 
to the eyes. 

 

 

6.4. Conclusions 

The preliminary data has shown that both processes (i) direct adsorption onto 

the photocatalyst and (ii) indirect adsorption into the microporous host are 

critical steps in the photocatalytic H2O2 production with photocatalyst g-C3N4. 

For the case of glucose as a photocatalytic hole quencher, adsorption for both 

a-glucose (Ka-glucose = 200 (± 50) mol-1dm3) and b-glucose (Kb-glucose = 10 (± 

5) mol-1dm3) occur according to 1H-NMR experiments while a-glucose 

binding is significantly more robust. In contrast, the adsorption of glucose 

into PIM-1 was shown to be weak. Data for glucose-driven hydrogen 
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peroxide production thus agrees with the binding of a-glucose to the 

photocatalyst before hole quenching processes occur. In contrast, Triton X-

100 adsorption onto g-C3N4 was shown to be insignificant, although Triton 

X-100 binding into PIM-1 is absolute (with the partitioning of one Triton X-

100 molecule for every 4 PIM-1 monomeric repeat units). Hydrogen peroxide 

production with Triton X-100 as quencher is enhanced in g-C3N4@PIM-1 

(either immobilised in a film on filter paper or suspended as composite 

particles) compared to bare g-C3N4. These are two distinct mechanisms with 

(i) adsorption directly onto the photocatalyst and (ii) adsorption indirectly into 

a host material with embedded photocatalysts. 

 

The production of H2O2 with suspended catalyst particles is the commonly 

employed method. However, the use of PIM-embedded photocatalyst 

immobilised on filter paper as a substrate has been investigated for the first 

time. Such immobilised photocatalyst can be easily manufactured and 

recovered. Although some fragments from photo-degradation of PIM-1 and 

the resulting formation of H2O2 have been observed, PIM materials provide a 

molecularly rigid structure that prevents other substances from directly 

interacting with the photocatalyst. From experimental results, PIM-EA-TB 

behaves as a more photostable microporous polymer host. More experiments 

with PIM-EA-TB (and other types of PIMs) will be performed in the future 

in order to provide a detailed comparison with this work. Photocatalyst 

surfaces are not obstructed even embedded in PIMs and thus, interact with a 

molecular quencher. This exploratory study lays the groundwork for the 

further development of photocatalysts in a microporous environment. The 

molecular structure of the PIM host will provide more opportunities for 

improvement of photocatalytic activity. 
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Chapter 7. Conclusions and Future Work  

This thesis presents a work utilising an organic photocatalyst g-C3N4 with 

PIMs hosts aimed at converting solar energy and biomass energy into 

chemical fuels (hydrogen or hydrogen peroxide). This was briefly achieved 

by (i) employing hydrogen acting (or hydrogen peroxide) as an energy carrier 

in photocatalytic reactions to harvest solar energy, (ii) testing various 

carbohydrates as hole quenchers to convert biomass energy to chemical 

energy, and (iii) introducing microporous polymer hosts (PIMs) to create a 

triphasic condition that modifies the local photocatalytic environment to 

further improve the photocatalytic performance.  

 

Initial results using voltammetry methods revealed that the hydrogen 

evolution at Pt@ g-C3N4 photocatalyst occurs with glucose as a hole quencher 

in an aqueous environment. Photocurrents consistent with pulsed mode light 

(385 nm) confirmed this photocatalytic hydrogen generation. A microporous 

polymer PIM-1 coating over the photocatalyst almost doubled photocurrents 

by trapping the hydrogen gas and minimising oxygen interference. The 

adsorption of glucose on the photocatalyst surface based on Langmuirian 

adsorption theory was initially proposed. Next, this system was further tested 

using an indirect carbohydrates sensor setup. The immobilisation of 

photocatalyst in PIM-1 matrix was employed and tested on a palladium 

membrane surface. Hydrogen was produced during the photocatalytic process 

with a range of carbohydrates, including reducing sugars (glucose, fructose) 

and non-reducing sugars (sucrose, trehalose). With these results, more 

biomass molecules are possible to be used in biomass-to-energy applications. 

Subsequently, a Clark-type probe was employed to monitor hydrogen 

generation and oxygen consumption during photocatalytic processes. The use 

of such probe effectively addressed the reliability and sensitivity issues of 

previous studies. Here, the size-selective effect and partitioning effect from 

microporous hosts were revealed by comparing photoresponses of a series of 

aqueous quenchers (hexanol, sorbitol, gluconic acid, glucose, sucrose, or 

raffinose). Finally, the application of this photoelectrochemical system has 

been extended to the case of hydrogen peroxide generation. Photocatalyst g-
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C3N4 in three conditions i) in aqueous suspension, ii) coated by microporous 

polymer films, and iii) heterogenisation in microporous polymer hosts were 

studied for photoproduction of hydrogen peroxide. The photocatalytic 

performance of g-C3N4@PIM-1 achieved a H2O2 production rate of 10.2 

mmol h-1 g-1 under the ambient condition in 0.1 M glucose solution (light 

source, 385 nm, 80 mW cm−2). Two distinct mechanistic cases have been 

revealed with (i) adsorption directly onto the photocatalyst g-C3N4 and (ii) 

adsorption indirectly into a host material PIM-1. 

 

The series of studies in this thesis demonstrated the principle and 

developments of a photoelectrochemical system for biomass energy 

conversion. Whilst the outcome and devices are not yet fully optimised, a 

proof- of- principle for biomass energy conversion has been demonstrated. In 

the near future, practical applications of this photoelectrochemical system are 

expected for energy conversion with appropriate biomass molecules or 

organic wastes. 

 

Further efforts are needed to improve the overall energy conversion 

efficiency. Most biomass molecules are large and polymeric. To achieve 

biomass energy conversion in a broad sense, how to break these large 

molecular chains so that they are efficiently transported and involved in the 

reaction remains a main future challenge. This thesis has shown a strong 

interaction between photocatalyst and quencher molecules, also between 

microporous hosts and quencher molecules. One aspect could be the 

improvement of the photocatalytic adsorption process. This be achieved by 

modifying photocatalyst surface, tuning the material structure or developing 

advanced photocatalytic composites. Work on these topics has been reported 

in the literature but was not studied in this thesis. Another aspect is to employ 

PIMs hosts to attract or effectively select biomolecules. Therefore, more work 

needs to be done in the future to fully understand the interaction mechanism 

between polymer structures and quenchers. How quencher molecules are 

transported within PIMs host and how they bind to the PIMs structure may 

be among key questions.  
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Regarding to the practical applications, the stability of the g-C3N4@PIM-1 

composites needs to be improved. Two key issues should be considered here. 

One is that the photocatalysts stability for long-term reactions needs to be 

improved. The limiting part has been rarely reported in photocatalysts fading 

or failure. Its long-term performance has to be benchmarked with the 

performance of commercially available photocatalytic materials such as TiO2 

and crystalline silicon. This will need to rely on additional research on 

material modifications. For example, heterostructure constructions can 

improve the stability through proper surface passivation. The other issue is 

the degradation of PIM hosts. One of the weaknesses of PIM-1 in this thesis 

is its degradation under UV light. The benefit of PIMs to mechanically 

stabilise photocatalysts would be lost, which leads to photocatalysts 

exfoliation from substrates or electrode surfaces. Therefore, explorations on 

alternative PIMs with good photo-stability is important in the future work. 

More effects from g-C3N4/PIM ratio, acid/ base environment, temperature, 

and mass loading need to be verified for large-scale production. 

Considerations are needed in terms of cost, scaling-up technology, 

transportation, safety issues, environmental value and supply chain.  

 

In addition, products from the photoexcited hole quenching process have not 

been identified clearly at the moment. The oxidised products from the 

photoreaction may be diverse and complex. Identifications is needed with the 

help of techniques such as gas chromatography-mass spectrometry, liquid 

mass spectrometry, and NMR analysis, etc.  

 

In terms of future applications, more collaborations with scientists in other 

areas such as chemical engineering are expected. Organic biowastes 

(especially hydrophobic molecules) or surfactants can potentially act as hole 

quenchers. This photoelectrochemical system is also expected to be applied 

in areas such as water pollutants treatment.  

 

 

 




