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II. Abstract 

Efficient utilisation of solar energy could alleviate major energy and the related environmental 

issues. The conversion of solar energy into chemical fuels by artificial photosynthesis has thus 

received much attention, e.g. production of renewable hydrogen from water. Since the first 

photoelectrode titanium dioxide was found for photoelectrochemical water splitting in 1972, 

substantial progress on semiconducting materials for photocatalytic water splitting has been 

made. Specifically, to utilise sunlight efficiently, developing visible-light-responsive 

photocatalysts is indispensable to realise the application of solar-to-chemical energy conversion 

in practice. Considering few overall water splitting systems reported, investigation on the 

oxidative and the reductive half reactions separately is significant for fundamental understanding, 

optimisations and finally complete water-splitting cycles. 

Among these photocatalysts, inorganic photocatalysts have been widely explored for the 

hydrogen evolution reaction. However, most of them are either only active under UV light 

irradiation or their efficiency is moderate, due to either large band gap energy or fast charge 

recombination. In the past few years, the increasing interest in a class of metal-free organic 

photocatalysts for water splitting has been raised, as these organic polymers feature two-

dimensional (2D) conjugated structures, high chemical stability, ease of modification to achieve 

suitable thermodynamical potentials to overall water splitting. The most common metal-free 

organic photocatalyst is melon-based graphitic carbon nitride (for simplicity, usually denoted g-

C3N4). Moreover, a series of covalent triazine frameworks (CTFs) were synthesised recently. 

These materials were formed by the ionothermal trimerization of aromatic nitriles in molten 

ZnCl2 and built up by alternating triazine and phenyl building blocks. Because of the covalent 

triazine-based structure, CTFs possess excellent thermal and chemical stability, beneficial as new 
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catalysts in liquid phase reactions. CTFs with the π-stacked aromatic units would also be expected 

to promote exciton separation and charge transportation, promising for photocatalytic light-

driven water splitting. 

As such, the research project targets on visible light-driven CTF photocatalysts for pure water 

splitting. Firstly, the photooxidation of water using oxygen doped CTF-1(OCT) was investigated. 

The OCT was created by a simple dynamic trimerization reaction of the precursor 1,4-

dicyanobenzene in ionothermal conditions, that is, in molten zinc chloride at high temperature. 

It was found that due to the oxygen-containing reaction atmosphere, some oxygen was doped in 

the crystals to modify the structure, optical, and electrical properties of the materials, resulting in 

the much better operation window (from UV to NIR) than the benchmark photooxidation catalyst 

BiVO4 (only active from UV to 500 nm). The external quantum efficiency of OCT was determined 

to be 2.6% at the wavelength of 400 nm, 1.5% at 500 nm, even ~0.2% at wavelength as long as 800 

nm. Structure optimization, thermodynamic calculation and electronic structure analysis of OCT 

calculated by density functional theory (DFT) were carried out to illustrate the mechanism of the 

increasing photooxidation yield successfully, which could be applied to improve other 

semiconductors.  

Furthermore, hydrogen and oxygen evolutions from water were carried out by another polymer 

photocatalyst CTF-0, which is one member of the CTFs group and based on 1,3,5-tricyanobenzene 

as monomer under ionothermal conditions. Compared with OCT, CTF-0 crystals have higher 

nitrogen ratio and smaller pore size. Herein, two different synthesis ways of a novel photocatalyst 

covalent triazine framework CTF-0 were utilised and tested for photocatalytic H2 and O2 

evolution under visible light irradiation. The CTF-0-M2 produced by a microwave method shows 

an almost 7 times higher photocatalytic activity of hydrogen evolution (up to 701 µmol/h) than 
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the CTF-0-I produced by an ionothermal trimerization method under similar photocatalytic 

conditions, which leads to an extremely high turnover number (TON) of 726 over a platinum 

cocatalyst after seven circles. This can be attributed to the narrow band gap and the rapid 

photogenerated charge separation and transportation. Whereas, CTF-0-I has produced rough 6 

times higher oxygen of 22.6 µmol in the first hour than CTF-0-M2 under the same experimental 

condition. A high apparent quantum efficiency (AQY) of 7.2% at 420 nm for oxygen production 

was obtained from aqueous AgNO3 solution without any cocatalysts, exceeding most of the 

reported CTFs, due to the large driving force of water oxidation and the large number of active 

sites. 

Finally, considering that the CTF-0 has a wide bandgap, which could produce both hydrogen and 

oxygen theoretically, decorating the different co-catalysts on the CTF-0 was explored for the 

entire water splitting to produce hydrogen and oxygen. The presence of the cocatalyst Pt and 

Co3O4 promotes the H2 and O2 evolution on the surface of the photocatalysts simultaneously, due 

to enhanced separation of photogenerated charge carriers, more active sites for catalytic H2 and 

O2 evolution and the improved stability by suppressing photo-corrosion. Loading different ratio 

of cobalt cocatalysts on CTF-0 has been explored for overall water splitting. And it is found that 

water splitting rates are influenced by the concentration of the cocatalyst. 6 wt% Co3O4 and 3wt% 

Pt-deposited CTF-0 shows the best photocatalytic performances of 0.82 μmol/h H2 and 0.42 

μmol/h O2, nearly close to the stoichiometric H2/O2 ratio of 2:1. Whereas, the system didn’t work 

under the visible light but UV light irradiation, which might be because of the limitation of light 

absorption range and the efficiency of the charged carriers. Further work is required to confirm 

the factors and mechanism of the pure water splitting of CTF-0s.  
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III. Impact statement 

Abundant energy is necessary for the developments in the modern world. However, the energy 

resource from fossil-fuels is finite. Another drawback is that the exhaust after the consumption of 

these fuels is potential for environmental pollution and impulses the climate change, especially 

increasing the greenhouse effect. This situation urges the society to discover renewable energy 

sources as sustainable alternatives to the limited fossil-fuels. Given the abundance of water and 

sunlight in nature, artificial photocatalytic splitting of water might be applied to produce 

hydrogen sustainably, which can be used as an alternative clean-fuel and become a part-solution 

to satisfy the increasing global energy demands. Despite more than four decades of intensive 

researches in photocatalytic water splitting, an efficient photocatalyst, possessing long-lived 

charge carriers, proper energy level offsets, stability against irradiation and wide-window 

absorption, is still highly desirable for the development to achieve a practical solar to fuel 

efficiency. 

In this research, I have successfully synthesised a series of polymeric photocatalysts utilised in 

the water splitting into H2 and O2 separately. Firstly, OCT synthesised by an ionothermal method 

can produce oxygen efficiently at a wide operation window from UV, visible, and even to NIR 

with an unprecedented external quantum efficiency even at 600 nm and 800 nm. Furthermore, it 

remains active for H2 production. The simulation and experimental results illustrated that a 

controlled small amount of oxygen in the ionothermal reaction could not only narrows the band 

gap but also causes appropriate band-edge shifts. Secondly, the photocatalysts of higher 

performance of water reduction and oxidation, CTF-0, were synthesised by two methods. The 

covalent triazine framework CTF-0-M2 produced by the microwave method shows the best 
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photocatalytic hydrogen evolution under both UV and visible light irradiation. CTF-0-I 

synthesised by ionothermal method with the highest amount of benzene units exhibits the best 

photocatalytic water oxidation performance under the same light irradiation condition. 

Furthermore, such kind of tunable bandgap materials can be explored and applied in the 

photocatalytic water splitting and photocatalysis. It is also beneficial for the fundamental research 

of the modification of other framework photocatalysts by different reaction conditions or 

precursors, and their influence on the structure and physical and chemical properties. 

In the end, pure overall water splitting into hydrogen and oxygen was achieved on CTF-0 after 

loading both Pt and Co3O4 as cocatalysts. My research provides novel methods for polymers 

synthesis with controlled dopants to tune their band structure and new catalysts to realise overall 

water splitting. Furthermore, my project results offer alternative directions for utilising polymeric 

photocatalysts in sustainably producing of H2 fuel and partially to prevent environmental 

pollutions. 
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1. Chapter 1 

Introduction 

1.1 Background 

It has been predicted that fossil fuels (including oil, coal and gas) will deplete in 2042, 2112 and 

2046, respectively, calculated by the modified Klass model1. The consumption of fossil fuels also 

has brought out the large amount of greenhouse gas, which will lead to catastrophic climate 

change2. Therefore, it is very urgent for us to discover alternative sources of energy which is 

sustainable, clean and abundant3-4. Among all renewable energy sources, sunlight is the most 

abundant one in the world. Moreover, solar energy is clean and environmentally friendly. 

Therefore, finding a method to convert and store solar energy for the subsequent use is the 

primary goal for researchers in the field today. Brilliantly, plants show us how to utilise sunlight, 

which can oxidise water into O2 and reduce CO2 into glucose in the photosynthesis. Following 

the similar mechanism, an artificial system can be designed not only to oxidise the water by a 

light driven process to produce O2 but also to drive the reduction of protons to yield hydrogen. 

Hydrogen has the highest energy density by weight as well as its combustion product is only 

water. At the same time, producing O2 is the rate-determining and most energy-intensive step in 

the overall water splitting process. Due to these considerations, hydrogen and oxygen generation 

by visible-light-driven water splitting have been widely investigated. 

1.2 Motivation 

Since the first report about photocatalysis of TiO2 to produce H2 and O2 in a photoelectrochemical 

cell5, numerous semiconductor photocatalysts6-7 have been reported in the last four decades. 
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Considering that the intense irradiance of sunlight is mainly in the visible region as shown in Fig. 

1, the discovery of economic and sustainable photocatalysts active and efficient under visible light 

irradiation is a key target but very challenging. Spectacular advances have been made on 

inorganic nanomaterials8-10, however, most of them are either only active under the UV light 

irradiation or their efficiency was very moderate, due to either wide band gaps or fast charge 

recombination11-13. Very recently conjugated polymers8 attracted particular interests they are 

much closer to biological systems in composition and their electronic structure can be tuned 

readily. In particular, these organic photocatalysts are able to overcome the weakness of inorganic 

materials, namely heavily metals with significant toxicity14 and limited concentration of active 

sites15. Until right now, in spite of the wide application of conducting polymers in the 

photovoltaics16, the influence of these polymers on water splitting technology remains minor. 

 

Figure 1. Solar irradiance spectrums above atmosphere and at surface. Extreme UV and X-rays are 

produced (at left of wavelength range shown) but comprise very small amounts of the Sun’s total output 

power. 
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Recent advances in synthetic chemistry have shown the success of fabricating the 2D organic 

CTFs. These porous polymers can change the parameters flexibly, such as C/N/H ratio, pore size 

and surface area. Moreover, there are two potentials that result into the possibility of organic 

photocatalysts for water splitting. Firstly, CTFs have the similar structure and chemical properties 

to the graphitic carbon nitride (g-C3N4), which has been studied since 200617 and is suitable for 

the photocatalytic application on visible-light-driven water splitting but with a relatively large 

band gap of 2.7 eV8. Secondly, these thermalised triazine frameworks are porous and their band 

gaps can be modified to match to the solar spectrum. 

1.3 Objectives 

Here, the aim of the project is to realise the overall water splitting on polymer semiconductors 

under visible light irradiation which has hardly been reported. The most important aspect of 

realising the overall water splitting by a polymer semiconductor is the design of the suitable z-

scheme system composed of two suitable photocatalysts with matching electronic structure or a 

single photocatalyst with the suitable co-catalysts. Basically, suitable photocatalysts available in 

the water splitting system under visible light irradiation has to satisfy the following three 

requirements, as shown in Fig. 218-19: (i) The photocatalyst must have a relatively narrow band 

gap to absorb visible light as much as possible; meanwhile, the bottom of its conduction band has 

to be more negative than the reduction potential of water to produce H2 or the top of its valance 

band has to be more positive than the oxidation potential of water to produce O2. (ii) It’s essential 

to make sure the photogenerated charge carriers can separate efficiently and move to the surface 

reaction sites simultaneously. (iii) The photocatalysts have low overpotential for water reduction 

or oxidation reactions. 
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Figure 2. The main processes and the principle of photocatalytic water splitting on semiconductor 

photocatalysts. 

However, there are always conflicts appearing on these requirements in practice and thus some 

comprises have to be made. Therefore, the ultimate target of this project is to design a cost-

effective, highly efficient and stable polymer photocatalytic system for overall water splitting in 

a suspension system driven by visible light. In details, the objectives of this project can be 

summarised as below: 

(1) Design the efficient and stable photocatalysts for O2 evolution based on CTFs, e.g. CTF-0, CTF-

1 and CTF-2 as well as the modified CTFs. 

(2) Design the efficient polymer photocatalysts for H2 evolution, e.g. CTF-0, CTF-1 and CTF-2  

(3) Maximise photocatalytic performance by optimizing the reaction conditions, such as pH, the 

concentration of the scavengers, and the different efficient cocatalysts;  

(4) Exploring the mechanism of charge transfer in polymer photocatalysts. Some assumption of 

the mechanism will be verified by using density functional theory (DFT) to probe the electronic 

structures and optical properties of prospective modified structures; 

(5)  Realizing the overall water splitting on a single photocatalyst. 
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1.4 Outline 

This project will focus on developing an efficient polymer photocatalyst based on CTFs to 

produce H2 and O2 from water under visible light irradiation, in which the only feedstocks are 

sunlight and water. In the first chapter, the background of energy source and motivation to 

convert solar energy into chemical fuels via solar-driven water redox route is discussed. The 

fundamental principle of water redox (i.e. photo induced charge carriers’ generation, charge 

carriers transfer mechanisms on the surface of the photocatalysts in a suspension system and 

surface kinetics for water oxidation or reduction reaction), key factors for solar water redox, 

strategy for an optimised photocatalyst active under visible light in a suspension system, and the 

materials development for photocatalysis will be introduced in Chapter 2. The methodology used 

for material synthesis, characterization and performance test will be described in Chapter 3. In 

Chapter 4, oxygen-doped covalent triazine polymers (OCT) will be investigated as a 

photocatalyst for oxygen and hydrogen evolution. The recent work on CTF-0 as a photocatalyst 

will be discussed in the Chapter 5. The overall water splitting on CTF-0 decorated by the 

cocatalysts will be explored in the Chapter 6. The conclusion on strategies to optimise CTFs to 

realise the entire water splitting into hydrogen and oxygen, and the mechanism and the factor 

influencing the activity will finally be summarised in Chapter 7. Ultimately, the further 

requirement for detailed mechanism, the application of CTFs on the commercial scale and the 

factors affecting pure water splitting efficiency will be discussed in Chapter 8.  
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2. Chapter 2 

Literature review 

2.1 Principle of photocatalytic water splitting 

In Chapter 1.3, Fig. 2 shows the major three steps of photocatalytic water splitting. The first step 

is the absorption of photons to generate pairs of electron and holes (I). Afterwards these charges 

will separate and migrate to the reaction sites or recombine together (II). Finally, electrons or 

holes react with water molecules to evolve O2 or H2, respectively (III).  

The key of the first step is that the energy of incident light should be larger than the band gap of 

the irradiated photocatalyst, resulting in the excitation of the electrons from the valence band 

(VB) to the conduction band (CB), and holes left in the VB. Numerous oxide photocatalysts were 

found to be active in the visible region20,21, which means their band gap is narrower than 2.95 eV 

corresponding to the wavelength of 420 nm based on the equation 1. At the same time, the bottom 

level of the CB should be more negative than the reduction potential of H2O/H2 (0 eV νs. Normal 

Hydrogen Electrode (NHE), pH=0), while the top level of the VB should be more positive than 

the oxidation potential of O2/H2O (+1.23 eV νs. NHE, pH=0). Therefore, the theoretical minimum 

band gap for water splitting is 1.23 eV that corresponds to light about 1100 nm based on the 

equation 1. In short, the width of the band gap and the levels of the CB and VB are extremely 

important for semiconductor photocatalysts, which is the footstone for the second and the third 

step. 

Equation 1. The absorbed light wavelength is directly related to the band gap size  

𝑏𝑎𝑛𝑑 𝑔𝑎𝑝 (𝑒𝑉) =
1240

𝜆
(𝑛𝑚) 
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Dynamically, the charge generation is at picosecond timescale and these electrons and holes will 

be separated and transferred to active sites on the surface of photocatalyst powders at nano- to 

microsecond timescale while surface reaction for water splitting is extremely slow at microsecond 

to second timescale due to the slow rate determine step of O2 production in the third step22-23. 

Thus, it needs much longer life time electron-hole pairs to realise efficient water redox reactions 

on the surface. However, the recombination of charger carriers competes with the last step22, 24. 

As a result, it is challenging to keep the life time of electrons and holes long enough against the 

recombination of electrons and holes. Here, a cocatalyst can solve this problem as enhancing the 

charge separation by forming a Schottky junction with semiconductors25. For the half reactions of 

water splitting, appropriate sacrificial reagents can also prevent the recombination of electrons 

and holes efficiently by extracting one type of charge carriers, leaving the other carrier to react 

with water  and to produce hydrogen or oxygen25, as explained in chapter 2.2.5. 

The reaction rate of the last step is important for the whole photocatalytic process. The reason is 

not only that the competition of the recombination of charge pairs will reduce the concentration 

of reacted charges, but also that the desorption rate of the created H2 or O2 molecules is much 

slower, limiting the surface reaction dynamically23. In addition, water redox will take place when 

the practical potential meets the energetic requirements, which has to be much higher than the 

minimum required to overcome overpotential and other system losses26. Therefore, the 

slowdown of charge recombination is the most important step and improving the surface 

chemical reactions is highly important in the research field, which has a great meaning for the 

improvement of the conversion efficiency from solar energy to chemical fuels. 
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2.2 Key factors influencing the photocatalytic performance of semiconductor photocatalysts 

According to the main process in photocatalytic water redox, there are a few key factors that 

influence the photocatalytic performance of semiconductor photocatalysts, including doping, 

architecture parameters, cocatalysts, the solution pH and sacrificial and mediator reagents as 

explained in the following. 

2.2.1 Band gap changes by doping 

As shown in Fig. 2, when light of high enough energy is irradiating on the surface of the 

photocatalysts, electrons are promoted from the VB to the CB, and the concomitant oxidation and 

reduction process take place. The materials, who have band gaps wider than 3.10 eV as mentioned 

in chapter 2.1, are not active under visible light irradiation, especially for TiO2, which is among 

the semiconductors of highest photocatalytic activity but requires irradiation with light of 

wavelength shorter than the absorption band onset (~400 nm)27-28. Thus, metal doping or doping 

with no-metallic elements have become an intense forefront aimed at expanding the 

photoresponse of the materials with wide bandgaps to the visible region. Doping anions (e.g. N, 

C and P) or cations (e.g. Cr, Ni, Ta, Sb and Fe) in the UV-active photocatalysts can provide new 

VB or CB positions between the original VB and CB positions, thus reducing the band gap and 

increasing the range of light responsiveness as shown in Fig. 329. To a short sum up, doping is an 

efficient method for extending the light-absorption range of the individual photocatalysts to 

achieve activity under visible light as well as UV light irradiation. 
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Figure 3. Formation of new valence and conduction bands by electron donor and acceptor atoms, enabling 

a UV-active material to respond to visible light. 

2.2.2 Architecture parameters 

The separation and migration of photogenerated electrons and holes and the surface chemical 

reaction of H2 or O2 evolution are also affected by their architectures, such as morphology, the 

crystal structure, particle size and surface area28, 30. The improvements on the morphology of the 

photocatalysts can increase the reflection and scattering of incident light among its constituent 

nanoparticles28. For example, Cu2O with different morphologies, such as spherical particles, 

porous spherical particles, cubes and octahedral could be obtained via adjusting the 

concentration of NH3 solution during the synthesis31. The edge lengths of octahedral could be 

easily tuned from 130 to 600 nm via adjusting the NaOH concentration. As a result, the octahedral 

Cu2O particles showed the better absorption ability and photocatalytic activity than the cubic 

particles as shown in Fig. 431. Usually, changing the morphology can also adjust the particle size 

and crystallinity. Photogenerated charges are extremely easy to be trapped and recombine at 
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boundaries and defects. Thus, if the crystallinity is much better, the defects and boundaries will 

become less, which will improve the photocatalytic activity. Normally, the crystallinity can be 

improved by calcination in the suitable temperature, which can change the crystal structure and 

surface area as well32. Generally, the specific surface area (as determined by BET measurements) 

is relevant to the particle size. Experimentally, it was reported that the smaller particle size and 

the higher crystallinity of the NiO/NaTaO3:La photocatalyst powder (0.1-0.7µm)33 showed the 

higher efficiency of water splitting into H2 and O2 than the nondoped NaTiO3 crystal (2-3µm), 

and the reason was that the small particle size with a high crystallinity was advantageous to an 

increase in the probability of the reaction of photogenerated electrons and holes with water 

molecules against the recombination. The small particle size to some extent brings about the 

quantum size effect especially in colloidal system, resulting in widening a band gap and blueshift 

in the absorption spectrum, which increases driving force and also leads to higher activity18. In 

conclusion, optimising the practical hydrogen or oxygen evolution rate is based on the balance of 

the various parameters of the architecture mentioned above. 
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Figure 4. Schematic illustration of the growth mode of Cu2O (a) Octahedra and (b) Cubes. The ammonia 

solution with a certain concentration may favour the preferential crystal growth along the <100> direction 

and make it far exceed that of <111>, thus {100} faces shrink31. 

2.2.3 Cocatalysts 

The CB levels of many oxide photocatalysts are not negative enough to overcome the 

overpotential and provide the driving force dynamically for hydrogen evolution. Co-catalysts 

such as Pt34, RuO235, Ni/NiO36 usually require a small overpotential and also provide more active 

sites for the photocatalysis. At the same time, these cocatalysts can form the Schottky junctions 

with semiconductors and enhance charge separation on the photocatalysts. Not only water 

reduction but also the water oxidation can be enhanced by cocatalysts. The most common 

cocatalysts  for oxygen production in the half water oxidation reaction are PtOx37-38, IrOx39 and 

CoOx40-42. However, it is not crucial for photocatalytic O2 evolution to load co-catalysts on oxide 

photocatalyts, because their VBs are usually much more positive than the redox potential of 

O2/H2O (+1.23 V vs. NHE). But one molecular O2 is formed by oxidising water by four holes, 
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which is kinetically more challenging than the two-electron reduction of H2O into one molecular 

H243, so active sites on cocatalysts for four-hole oxidation of water are very helpful to enhance the 

O2 evolution rate. For example, in the NiO loaded NaTaO3 doped with lanthanum system33, H2 

was produced on the ultrafine NiO particles while the O2 evolution proceeded on the groove of 

NaTaO3:La nanostep structure (Fig. 5), which contributed to the highly efficient water splitting 

into H2 and O2 stoichiometrically. 

Furthermore, the catalytic performance of cocatalysts can be significantly influenced by their 

physical and chemical properties, such as particle size and valence states. Usually the more active 

sites on the photocatalysts, the better performance the photocatalysts will have. But in most cases, 

the more active sites induced by cocatalysts would lead to the lowered light absorption of the 

photocatalysts due to a shielding effect. Therefore, optimising the loading amount of the 

cocatalysts should be considered to obtain the maximum activity of water splitting under light 

irradiation. Because the low-coordinated metal atoms often function as the catalytically active 

sites, the specific activity per metal atom usually increases with decreasing size of the metal 

particles. The ultimate small size for metal particles is the single-atom catalyst (SAC), which 

contains isolated metal atoms singly dispersed on the surface of the photocatalysts. SACs 

maximise the efficiency of metal atom use. Moreover, with well-defined and uniform single-atom 

dispersion, SACs often great potential for achieving high activity and selectivity44-49. For example, 

isolated metal atoms (Pt, Pd, Rh or Ru) stably by anchoring on TiO2 by a facile one-step method 

leaded to a 6-13-fold increase in photocatalytic activity over the metal clusters loaded on TiO2 by 

the traditional method, as well as enhancing the stability of the photocatalysts46. Both 

measurements and first-principle calculations illustrated that introducing the single-atom Pt 

could optimise the performance of TiO2 catalyst in photocatalytic H2 evolution. Moreover, the 
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catalytic activity of the isolated Pt atoms could be even better than that of the metallic Pt deposited 

on TiO2, owing to the decreased H̽ adsorption energy on Pt and increased exposing reaction sites, 

which is closer to the optimum thermodynamically46. 

Cocatalysts, by definition, should lower the activation energy of the reaction taking place at their 

surfaces. In photocatalysis, the ‘cocatalyst’ term is often incorrectly used for any surface 

decoration which improves the charge separation and therefore decreases the recombination rate 

but cannot reduce the activation energy. Although such effect is in general desired, it has nothing 

to do with a real catalytic process. 

 

Figure 5. Mechanism of highly efficient photocatalytic water splitting over NiO/NaTaO3:La photocatalysts. 

The small particle size and the ordered surface nanostep structure created by the lanthanum doping 

contributed to the suppression of recombination between the photogenerated electrons and holes and the 

separation of active sites to avoid the back reaction, resulting in the highly efficient water splitting into H2 

and O233. 
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2.2.4 The solution pH 

Because the different pH can change the band edge levels, surface chemistry and the states of 

compounds in a suspension system, the solution pH is one of the key factors influencing the 

semiconductor photocatalysis, especially in a Z-scheme water splitting system. The suitable pH 

in an Fe3+/Fe2+ redox system is limited to the acidic condition because iron ions undergo 

precipitation to give iron hydroxide in neutral and basic conditions. On the other hand, it is 

possible to perform a reaction in a wide range of pH when an IO3-/I- couple is employed. One 

comprehensive study illustrated these aspects, in which  a Pt-TiO2-anatase/TiO2-rutile system 

was fabricated50. It was found the basic pH condition was favourable for the overall water 

splitting with the presence of IO3-/I-. The reason was that the main oxidative product over Pt-

TiO2 anatase was I3- at the acidic conditions, which caused a light loss due to the strong absorption 

of the I3- anion around 350 nm. On the contrary, the basic condition was more favourable for 

efficient water splitting because the redox cycle of IO3-/I- mainly took place in this condition. This 

research also discussed the different pH led the different thermodynamic standpoint of the 

reactions. The oxidation of water was a thermodynamically less favourable reaction compared 

with the oxidation of I-, and preferentially proceeded over TiO2-rutile than TiO2-anatase even in 

the presence of I-. However, in a Pt-SrTiO3:Cr/Ta and Pt-WO3 system, the water splitting reaction 

would be carried out in a neutral condition around pH=7 with the presence of IO3-/I- pairs 

because WO3 was unstable in basic conditions. This paper comprehensively indicates the pH 

condition is a crucial factor to be considered in the water redox especially Z-scheme water 

splitting system.  

On the other side, adjusting the suitable pH value could also improve the stability of the 

photocatalysts and reactant species. For example, the photocatalytic performance of RuO2-loaded 
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GaN:ZnO51 was found to be strongly dependent on the pH value of the aqueous solution. The 

activity increased as the pH decreased from pH=7, passing through a maximum at pH=3, and 

then decreased. The reason was that (oxy)nitride materials usually had an inherent instability in 

basic media but were stable in acidic media, resulting in the highest activity at pH=3.  

The above studies all indicate that adjusting the proper pH in a suspension system can improve 

the hydrogen or oxygen evolution rate due to acquiring better reaction environments including 

the stability of reactants, the chemical states of sacrificial reagents, the absorption intensity at the 

certain wavelength and the thermodynamic states of reactants. 

2.2.5 Sacrificial and mediator reagents 

The half reaction of water reduction into H2, in particular oxidation into O2 is very inefficient due 

to rapid recombination of the excited holes and electrons on the surface of the photocatalyst. But 

the higher gas production can be achieved by the addition of a suitable sacrificial reagent (a hole 

or electron scavenger). In principle, the sacrificial reagent tends to react with one type of charge 

carrier while the other type of carrier reacts with water to produce hydrogen or oxygen. A hole 

scavenger (an electron donor) can consume the generated holes on the surface of the 

photocatalyst and the left electrons are used for water reduction reaction. On the opposite side, 

an electron scavenger (an electron acceptor) can react with the generated electrons and the left 

holes are consumed in the water oxidation reaction. Theoretically, the hole scavengers must have 

stronger power to capture photoexcited holes than water due to their less positive potential, while 

the electron scavengers must be more readily reduced than water by photoexcited electrons19. 

Methanol52, ethanol53, ethylenediaminetetraacetic acid (EDTA)54, triethanolamine (TEA or 

TEOA)55 and an aqueous solution of K2SO3 +Na2S56 or Na2SO3+NaS57 are widely acknowledged 
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as good electron donors for the photocatalytic hydrogen evolution, whereas the metal salts such 

as AgNO358, Na2S2O859, KIO360 and NaIO361 are usually used as electron scavengers. 

Different from sacrificial reagents, redox mediators take the necessary roles in the Z-scheme 

system or a dual system (Fig. 6). The mediator shuttles usually have two different molecules, so 

that they can capture the electrons from one semiconductor as well as the holes from the other 

semiconductor. At the same time, these two molecules take the redox reactions, so that they can 

return to their original chemical states. More importantly, it needs two different photocatalysts, 

in which one can provide the excited holes to recombine with one mediator molecule and the left 

excited electrons for H2 evolution, and the other can provide the excited electrons to recombine 

with hole mediators and the left excited holes for O2 evolution in the water splitting system as 

shown in Fig. 6. The most popular mediators are IO3-/I- 38, I3-/I- 37, 43 and Fe3+/Fe2+37, 43. The use of 

these mediator molecules is, however, not free of some serious drawbacks. For example, the pairs 

of IO3-/I-  require the exchange of six electrons50, as shown in equation 2, and proceed in neutral 

or basic media. This process is often a very slow step and requires an effective cocatalyst, such as 

Pt or PtOx. Moreover, an unwanted side reaction (competing with water splitting) leading to the 

I3- production takes place at low pH as shown in equation 3. I3- ions absorb efficiently UV and 

visible light and play the role of a light shield50. Similarly, the Fe3+/Fe2+ redox pairs appear 

reversible only at pH lower than 2, since at higher pH precipitation of Fe(OH)3 takes place62. 

Non-sacrificial Z-scheme water splitting is the eventual goal for the artificial conversion of solar 

energy into renewable chemical fuels43. Especially, the all-solid-state Z-scheme photocatalytic 

systems without redox mediators have been recently reported in water splitting, as it can avoid 

the undesirable backward reactions and shorten the path of Z-scheme electron transfer63. 

However, the non-sacrificial Z-scheme system has some drawbacks compared to the one-step 
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system, such as a higher complexity and double photons are needed for producing the same 

amount of charges reacted63. 

Equation 2. 

𝐼𝑂3
− + 3𝐻2𝑂 + 6𝑒− → 𝐼− + 6𝑂𝐻− (𝐼− + 6𝑂𝐻− + 6ℎ+ → 𝐼𝑂3

− + 3𝐻2𝑂, 𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐼− 𝑡𝑜 𝐼𝑂3
−) 

Equation 3. 

3 𝐼− + 2ℎ+ → 𝐼3
− (𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐼− 𝑡𝑜 𝐼3

− 𝑏𝑦 ℎ𝑜𝑙𝑒𝑠) 

 

Figure 6. Schematic of the principles of Z-scheme water splitting system. 

2.3 Material development on photocatalytic water reduction and oxidation in a suspension 

system 

In order to highlight recent developments and to identify promising directions in the increasingly 

complex research area of photocatalytic water reduction and oxidation in a suspension system, 

this section summarises the known inorganic and organic photocatalysts and discusses property-

activity relationships with a focus on structural features. 
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2.3.1 Inorganic semiconductors 

This project mainly focuses on the research of organic materials, due to their facile synthesis, 

appealing electronic band structure, high physicochemical stability and ‘earth-abundant’ nature. 

But before introducing the organic materials, vast of inorganic materials have been explored as 

visible-light-responsive photocatalysts, which is illustrated below as a footstone in the history of 

the light-responsive photocatalysts. The inorganic photocatalysts are usually composed of active 

metal cations and organic elements (oxygen, sulphur, nitrogen). Fig. 7 illustrated the common 

transition-metal and main-group-mental cations that act as active cation components in a water 

splitting photocatalyst. The typical metal cations with filled d orbitals (red and green colour) that 

can form suitable band-gap structures of the corresponding oxide materials, which have been 

successfully applied as photocatalysts for water splitting64. The transition-metal cations with 

partly filled d electrons are widely used as the cocatalysts to promote the performance of the 

photocatalysts65. This section will mainly focus on the typical and most common photocatalysts, 

starting with the TiO2, perovskites, metal(oxy)nitrides, metal sulphides, metal phosphides, WO3, 

BiVO4, Ag3PO4, metal-organic frameworks, etc.. 
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Figure 7. Principal cation components of semiconductor photocatalysts for water splitting. The red and 

green colour elements are the typical metal cations with filled d orbitals having a d0 and d10 electronic 

configuration, respectively, widely used as active photocatalysts for water slitting. The blue colour elements 

are the transition-metal cations with partly filled d electrons (i.e., dn electronic configuration: 0 < n < 10), 

usually functioning as cocatalysts in the photocatalytic water splitting systems. 

TiO2 

Titania (TiO2) was the first material applied as a photochemical water-splitting catalyst 

successfully by Fujishima  and Honda5. They found that the photolysis of water into H2 and O2 

was greatly affected by the nature of surface defects. However, the wide band gap of TiO2 results 

in the only UV-active photocatalytic performance, limiting its application in the visible light range. 

It crystallises in three structure types: rutile, anatase and brookite. TiO2 (anatase, rutile and 

brookite) and lepidocrocite-type titanate are constructed of basic TiO6 octahedral structure unites. 

Their band gaps are slightly different (3.0 eV for rutile, 3.2 eV for anatase and 3.3 eV for brookite)66. 
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Due to the nontoxicity, abundance (inexpensiveness), thermal/chemical stability, and high redox 

potential of TiO2, the extensive efforts have been made to improve its photocatalytic activity 

under both UV and visible light irradiation, mainly from the surface area, particle size, ratio of 

polymorphs, type of dopants, defect concentration and phase purity67-71. As a summary, Table 1 

shows the main features of the different procedures for the development of TiO2 photocatalyst. 

The chemical synthesis methods used for the doping of trace impurities into TiO2 usually include 

high temperature sintering in different atmospheres, wet chemical methods such as sol-gel 

processes, hydrothermal treatment, spray pyrolysis and supercritical methods. Besides the 

chemical doping methods, physical doping methods, including transition metal ion-implantation 

techniques, also effectively incorporated anions or transition metal ions into TiO2 to prepare 

visible light-responsive TiO2 photocatalysts72. Especially, Pd nanoparticles anchored on the 

tetrahedrally coordinated Ti oxide moiety within the zeolite frameworks had contributed to the 

high reactivity of the electron-hole pair excited in the Ti-oxide sites by investigations employing 

various molecular spectroscopies such as XAFS and TEM73.  The photocatalytic reactions on such 

single site oxide catalysts have subsequently been investigated by various research groups45, 47, 49, 

74-76. Recently, the sensitizing effect of the surface plasmon resonance absorption by metal 

nanoparticles has been considered to also be a promising approach for the development of visible 

light-responsive TiO2 photocatalysts72. Furthermore, a new class of inorganic-organic materials 

called metal-organic frameworks (MOFs) or porous coordination polymers (PCPs) has emerged, 

and attention has been focused on their photocatalytic properties under visible light irradiation77. 

Especially, the recent milestone to improve visible and infrared optical adsorption was 

engineering the disorder of nanophase TiO2 with simultaneous dopant incorporations52. In its 

simplest form, a disorder in the surface layers of nanophase TiO2 was introduced by 

hydrogenation. The disorder-engineered black TiO2 nanocrystals obtained 24% of the quantum 
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efficiency for hydrogen production. It could more efficiently harvest the infrared photons for 

photocatalysis than bulk anatase, presumably due to the localization of both photoexcited 

electrons and holes preventing fast recombination as suggested by authors52. 

Table 1. Summary of TiO2 modification approaches for photocatalytic applications, except dye 

sensitisations52. 

 doping elements TiO2 based Junction   

Main 

elements and 

compounds 

used 

Non-metal dopants and co-dopants: N, C, S, 

F; 

Metal dopants: transition metals (Cu, Fe, 

Mn, Ni, V, Zn, Zr, etc.); noble metals (Ag, 

Au, Os, Pd, Pt, Ru, Rh, IR, etc.); rare earth 

metals (Sc, Y, La, etc.). 

CdS, Fe2O3, CdSe, ZnO, SnO2, 

WO3, or V2O5, Bi2S3. 

Objectives To enhance the photocatalyst response to visible light 

To promote the separation between electron-hole pairs to enhance 

photocatalytic activity 

Drawbacks Metal ions may also serve as recombination 

centres for electron-hole pairs, thus 

reducing the overall photocatalytic activity 

Possible 

aggregation/dissolution 

during the photocatalytic 

reaction 
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Figure 8. Photoinduced reactions in TiO2 photocatalysis and the corresponding time scales72. 

For a better design of the photocatalytic systems, it is important to understand the photocatalytic 

reaction mechanism. Thus, various fundamental studies concerning the initial and very fast 

photocatalytic process, induced by the absorption of a photon, the energy of which exceeds the 

bandgap energy of the photocatalyst, inside and at the surface of the semiconductor, have been 

carried out at the same time. Fig. 8 provides an overview of the possible photoinduced steps 

inside and on the surface of a TiO2 photocatalyst in the time scale region from femtoseconds to 

microseconds. The reaction dynamics of the photogenerated charge carriers in TiO2, are usually 

obtained by means of time-resolved absorption spectroscopy (TAS), being a widely employed 
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technique to study the formation, relaxation, recombination, and transfer processes of 

photogenerated charge carriers in photocatalysts. The mechanism of redox processes induced in 

a photocatalytic system by light absorption is presented in Fig. 2, in which the absorption of a 

photon with an energy exceeding its bandgap energy generates an electron/hole pair (process I) 

that either recombines (process II) or induces two redox processes (process III), both of which 

take place in close vicinity on the particle’s surface. However, considerable evidence has been 

collected that this mechanistic picture is highly oversimplified78-82. A so-called “antenna effect” 

has been observed by various research groups79, 83. Excitons formed through the absorption of 

light in one of the aggregated photocatalyst nanoparticles are likely to be transported throughout 

until arriving at a suitable trap site. Once one of the charge carriers has been trapped, that is, has 

been involved in a redox reaction with the adsorbate, the other charge carrier can continue its 

“journey” through the particle network until reacting itself. Obviously, the particle network 

replaces the individual photocatalyst particle shown in Fig. 2, thus resulting in an improved 

photocatalytic activity of the overall system, that is, through a cooperative effect within the 

network. Interestingly, a mechanism for water oxygen production that the production of one 

molecule of oxygen from two water molecules requires four holes has been proved under the 

condition of a single laser pulse, which impulses the generation of holes, contributing to almost 

all of the oxygen production and rarely migrating between nanoparticles22. Besides the 

experimental techniques described so far, such as FTIR spectroscopy and ATR-FTIR 

measurements, the combination of electrochemical investigations and measurements of the 

photocatalytic activity can provide interesting information concerning the properties of 

photocatalytic materials. A comparison of the results of Mott-Schottky measurements carried out 

on TiO2 thin film electrodes with the photocatalytic activities of these films for the photocatalytic 
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water reduction into H2, revealed a good correlation of both the flatband potential and the donor 

density with the photonic efficiencies of the photocatalytic water reduction84. 

Perovskite materials 

 

Figure 9. Crystal structures of perovskites and layered perovskite compounds (red spheres: oxygen; dark 

blue spheres: B-site element; green and light blue spheres: A-site element)85. 

Among a large library of photocatalyst materials, perovskite oxides and their derivatives (layered 

perovskite oxides) comprise a large family of promising semiconductor photocatalysts because 

of their structural simplicity and flexibility, good stability and efficient photocatalytic 

performance. The ideal perovskite has a cubic structure with a general formula of ABO3, as shown 
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in Fig. 9a. The A cation is normally an alkali or alkali earth metal or a rare earth element, while 

the B cation is typically a metallic transition metal element, which thus extends the family of 

perovskite oxides by rationally combining different metal ions at A and B sites86. Apart from the 

ideal cubic perovskite, structural distortion can be induced by multiple metal cation substitutions, 

which can inevitably change the physical, electronic and photocatalytic properties of pristine 

materials. A slightly distorted perovskite structure with orthorhombic or rhombohedral 

symmetry is presented in Fig. 9b. The A and B atoms can be with the same or different valences 

and ionic radii. Furthermore, either A or B cations can be partially substituted by the other 

dopants, to extend the ABO3 perovskite into a broad family of AxA1-x’ByB1-y’O3±δ. Fig. 9c-g present 

the general formula for the most well-known layered perovskite oxides, such as (Bi2O2)(An-

1BnO3n+1) (Aurivillius phase), An+1BnO3n+1 or A2’An-1BnO3n+1(Ruddlesden-Popper phase) and A’[An-

1BnO3n+1](Dion-Jacobson phase) for {100} series, (AnBnO3n+2) for {110} series and (An+1BnO3n+3) for 

{111} series. In these structures, n represents the number of BO6 octahedra that span a layer, which 

defines the thickness of the layer. Compared with TiO2 materials, perovskite photocatalysts have 

their unique features in terms of tunable compositions, crystalline and electronic/energy band 

structures, which in some cases lead to more effective photocatalytic reduction and oxidation 

efficiencies. 

Strontium titanate (SrTiO3) is a typical perovskite semiconductor belonging to the cubic phase 

and has shown photocatalytic activity in overall water splitting.  SrTiO3 has a band gap of 3.2 eV, 

so responds to UV light (λ < 387 nm). After loading of Pt and Co3O4 dual-cocatalysts as catalytic 

sites, SrTiO3 single nanocrystal can easily achieve spatial charge separation for photocatalytic 

overall water splitting87. But this spatial separation of photo-reduction and photo-oxidation 

catalytic sites on SrTiO3 can only be achieved for 18-facet nanocrystals with anisotropic facets but 
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not for 6-facet SrTiO3 with isotropic facets. And a fivefold enhancement in apparent quantum 

efficiency for photocatalytic water splitting could be achieved87. La2Ti2O7 is a member of a family 

of perovskite-type layer-structured photocatalyst (similar to Sr3Ti2O7 and K2La2Ti3O10)88-89. The 

La2Ti2O7 prepared by the conventional solid-state reaction (SSR) had a band gap of 3.2 eV, 

narrower than that (3.87 eV) of the samples prepared by polymerised complex (PC)90. However, 

the quantum yield of the Ni-loaded heat-treated PC samples was 27%, much higher than that 

(12%) of the SSR samples for the photocatalytic decomposition of water under UV light. The 

reason was that the La2Ti2O7 formed in the heat-treated PC sample had better crystallinity and 

phase purity, higher surface area, and the wider dispersed state of nickel metal. 

Metal (oxy)nitrides 

Because the electronegativity of nitrogen is lower than that of oxygen, metal nitrides are prone to 

anodic photocorrosion due to the lower electronegativity of nitrogen than that of oxygen. 

However, in the presence of sacrificial reagent methanol, Ta3N5 nanocrystals generated 135 µmol 

H2 in 5 h under visible light irradiation (λ > 400 nm) after the attachment of Pt cocatalyst particles91. 

As nitrogen and oxygen have the similar chemical, structural and electronic characteristics such 

as polarizability, electronegativity, coordination numbers and ionic radii, the substitution of 

nitrogen for oxygen in oxides, forming oxynitrides, would significantly extend the nitride 

family84, 92-98. Transition-metal oxynitrides are an important class of emerging materials that, in 

optimal cases, may combine the advantages of oxides and nitrides. Generally, oxynitride 

stabilities in air and moisture are greater than those of the pure nitrides, but with smaller band 

gaps than those comparable oxides. The reason is that nitrogen is less electronegative than oxygen 

so the optical gap between the anion-based valence band and the cation-based conduction band 

decreases as oxide is substituted by nitride. Moreover, nitrogen is more polarizable than oxygen; 
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the metal-ligand bond in metal oxynitride is more covalent and this increases the nephelauxetic 

effect (expansion of electron cloud), and then decreases the electronic repulsion and the energy 

of the d orbitals96, resulting the better stabilities of oxynitrides than the pure nitrides and the 

narrower band gap than the pure metal oxides. The valence bands of these oxynitride materials 

are populated by hybridizing N2p and O2p orbitals while conduction is mostly composed of the 

empty d orbitals of the corresponding metal ions, resulting in more negative valence band levels 

and smaller band gaps compared to those of conventional oxide semiconductors, allowing 

visible-light driven water splitting40, 91, 98-101. In this case, it is expected that the conduction band 

levels are not significantly affected because the cationic components are not changed. Since N3- 

has a similar ionic radius to that of O2-, the substitution of N3- for all or part of the O2- in the oxide 

is possible in some cases99. For example, β-TaON is an extensively investigated visible 

photocatalyst with yellow or green colour, which has a smaller band gap than Ta3N5, sufficient 

to absorb visible light100. Photooxidation of water on TaON proceeded very efficiently, but the 

photocatalytic activity for H2 evolution was not satisfactory. Experimental analysis found that the 

bottom of the conduction band and the top of the valence band were estimated to be -0.3 and +2.2 

eV νs. NHE at pH=0, respectively, suggesting that TaON had a small overpotential for reduction 

of H+, thus having small H2 evolution rate. One of the most active oxynitride photocatalysts under 

visible light irradiation is a gallium-zinc oxynitride solid solution of GaN and ZnO also known 

as (Ga1-xZnx)(N1-xOx), which had an absorption edge at ~500 nm and a quantum yield of 5.2% at 

410 nm. The band gap of (Ga1-xZnx)(N1-xOx) was roughly estimated to be 2.6-2.8 eV, which was 

substantially smaller than that for either GaN (3.4 eV) or ZnO (3.2 eV)92. 

Nitridation of perovskite oxides to form oxynitride-type perovskite ABO2-xN1+x is also an effective 

approach to reduce the band gap of ABO3 and enhance the photocatalytic performance under 
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visible light. Most of the ABO2-xN1+x materials have strong visible light absorption up to 600-650 

nm. The tantalum, niobium and titanium oxynitride perovskites are promising candidates for 

photocatalytic water splitting under visible light illumination, due to their narrow band gap (1.5-

2.5 eV)101. For example, LaTiO2N had a band gap of 2.1 eV and exhibited both photocatalytic H2 

and O2 evolution from a sacrificial aqueous system under visible light irradiation up to ca. 600 

nm102. Niobium-based perovskite type oxynitrides, ANbO2-xN1+x (A=Ca, Sr, Ba and La), have 

smaller band gap energies than the corresponding Ta-based analogous oxynitrides because the 

conduction band of Nb formed by the empty Nb4d orbitals lied at a more positive potential and 

had the higher electronegativity than the Ta5d. BaNbO2N was of particular interest for solar 

energy conversion for its narrow band gap of 1.7 eV allowing light absorption up to 740 nm, and 

it could be activated for photocatalytic water splitting in the presence of sacrificial reagents by 

modifying the materials and loading appropriate co-catalysts41, 95. BaNbO2N generated O2 of ca. 

300 µmol/(hg) from an aqueous AgNO3 solution under visible light irradiation (λ > 410 nm) after 

modification with CoOx and was active even under illumination up to 740 nm, the longest 

wavelength ever reported for (oxy)nitride photocatalysts103. 

Metal sulphides 

Although metal sulphides usually have a problem of photocorrosion, they are attractive as 

photochemical water splitting catalysts because of their small band gaps that allow absorption of 

visible light. The valence band position of S3p orbitals is more negative than that of O2p and thus 

some sulphides have narrower band gaps. CdS is probably the best studied metal sulphide 

photocatalysts57, 104-106, due to its relatively narrow band gap (2.4 eV) and the absorption of light 

wavelengths up to 510 nm. The flat-band potential of CdS (-0.87 eV vs. NHE) was sufficiently 

high to reduce H2O, and the top of valence band (+1.5 eV vs. NHE) was theoretically suitable to 
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allow oxidation of water107. For CdS nanoparticles with the diameter of 4 nm, the lifetime of 

photogenerated charge carrier was on the order of 50 ps108. However, prolonged irradiation of 

CdS suspensions leaded to photocorrosion of CdS into Cd2+ and S (sulfide in the presence of 

O2)109. This reaction could be suppressed by the addition of reducing agents to the aqueous phase, 

such as DETA110-111, S2-, SO32-, or S2-/HPO2-109. The most recent studies have focused on other forms 

of CdS, including CdS nanoparticles stabilised in micelles112, CdS composites with other 

semiconductors (TiO2113, ZnS114 and CdSe115, MoS2105), metal cocatalysts (Pt, Pd, Rh, Ru, Ir, Fe, Ni 

and Co)116, hollow CdS microparticles117 and Cu-doped CdS118. For example, loaded Ni119 or 

MoS2105 as a cocatalyst on CdS could significantly enhance the H2 production under visible light 

in the appropriate reagent. 

ZnS is the other major metal sulphide investigated for photocatalytic water splitting, which has 

a wide band gap of around 3.54 eV. But after doped by Ni, Zn0.999Ni0.001S showed an energy gap 

of 2.3 eV20. Without cocatalyst such as Pt, the rate of H2 evolution was 280 µmol/h under visible 

light (λ>420 nm) and the quantum yield at 420 nm was 1.3%20. Similar to CdS, ZnS underwent 

photocatalytic decomposition into the elemental sulphur when irradiated in the absence of 

electron donors. The most comprehensive study on photocatalysis of ZnS and ZnS-Pt was 

investigated under the consideration of the effect of catalyst preparation, electron donors, pH and 

the temperature120. Importantly, it was found that, in the presence of SO32-, metallic Zn was 

formed, which was thought to assume a role in electron transfer to water molecules. Long-time 

photocatalytic tests showed that no deactivation of ZnS occurred over 34 h. Doping of ZnS with 

variable amounts of AgInS2 or CuInS2 produced a series of solid solutions that crystallised in the 

cubic zinc blende or Wurtzite structure56, 121-122. For the Pt-loaded Ag0.22In0.22Zn1.56S2 photocatalysts, 

a QE of 20% was measured at 420 nm under solar irradiation conditions122. 
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While pure InS or In2S3 was inactive for photocatalytic water splitting, several ternary indium 

sulphides were active for that. Na14In17Cu3S35X·H2O evolved small quantities of H2 under visible 

light irradiation in the presence of Na2S as the sacrificial, equal to QE = 3.7% at 420 nm122. 

Interestingly, WS2 formed the MoS2 structure containing layers of trigonal-prismatic WS6 units, 

which had a 1.7 eV direct band gap and a 1.3 eV indirect band gap and could produce H2 from 

EDTA solution under visible light irradiation123. Bi2S3 containing chains of corner-shared BiS4 

tetrahedra in the bismuthinite structure type, could produce H2 at intermediate rates from an 

aqueous sulphide solution. Rates declined after 100 min, but the activity was improved by 25% 

by platinization124. Other metal sulphides had also been tested. Of these, In2Se2, SnS2, HgS, Tl2S, 

PdS, EuS, CuS, FeS, CoS and Fe2S3 were found to be inactive because of their narrow band gaps 

(< 2 eV)118. 

Metal phosphides 

Metal phosphides demonstrate different characteristics according to the metal species, M/P ratios, 

and crystallographic structure. Generally, most metal-rich phosphides, such as Ni2P, Ni12P5, Co2P, 

CoP and Cu3P, have comparable properties to metals and ceramics. They not only possess 

excellent heat and electrical conductivity, but also have good thermal and chemical stability. The 

chemical states of the metals and phosphorus were usually measured by XPS125. The 

measurement results showed nearly all mentioned metals and phosphorus band binding energies 

close to that of the zero-valent state. The related metals had very small positive charges and the 

phosphorus possessed a rather small negative charge in comparison with elemental metals and 

phosphorus. At the same time, the metal-P bond possessed charge-transfer characteristics. Thus, 

numerous transition-metal phosphides have been reported as highly efficient, stable and low cost 

cocatalysts and are even comparable with some classical noble metals, such as Pt and Pd. For 
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example, Ni2P highly improved the efficiency and durability for photogeneration of hydrogen in 

water as a cocatalyst to form a well-designed integrated photocatalyst with one-dimensional 

semiconductor CdS nanorods126. The highest rate for hydrogen production reached ~1200 μmol 

h−1 mg−1 based on the photocatalyst. The turnover number (TON) reached ~3 270 000 in 90 hours with 

a turnover frequency (TOF) of 36 400 for Ni2P, and the apparent quantum yield was ~41% at 450 nm.  

WO3 

Developing visible-light-sensitive materials with the alternative ability to evolve H2 or O2 is 

significant for the wide application of the semiconductors with narrow band gaps to treat water 

splitting reaction in terms of two coupled half reactions127-129. As water oxidation is found to be 

more challenging than hydrogen generation because the formation of one molecular oxygen 

involves the transportation and reaction of four electrons or holes22, 130-132, exploring a relatively 

cheap, robust and efficient water oxidation photocatalyst is widely accepted to be key to solar 

driving fuel synthesis, if it is to be commercially viable. 

In terms of native oxide photocatalysts, WO3 is well-known for oxygen production from water in 

the presence of an electron scavenger such as Ag+. This compound is an n-type semiconductor 

with a band gap of 2.7 eV and is capable of harvesting the blue part of solar spectrum. WO3 

modified with two different cocatalysts together, PtOx and RuO2, led to excellent activity for 

water oxidation in an aqueous NaIO3 solution, giving an apparent quantum yield of 14.4% at 420 

nm133. Electrochemical analyses suggested that PtOx and RuO2 loaded on WO3 collected 

photogenerated electrons and holes, reducing IO3- ions and oxidizing water, respectively.  
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BiVO4 

Another excellent semiconductor for photocatalytic oxygen evolution from water is BiVO4, with 

a 2.3 eV band gap. In 1998, BiVO4 was synthesised and firstly used in photocatalyzing water 

oxidation to produce O2 in an aqueous solutions containing Ag+ as an electron scavenger under 

visible light, leading to a quantum yield of 0.5% at 450 nm134. Recently, experimental results 

revealed spatial separation of the photogenerated electrons and holes between {010} and {110} 

facets of BiVO4, which were mainly owing to the different energy levels of these facets135. When 

the reduction cocatalyst Pt was selectively photo-deposited on the electron-accumulated {010} 

facet while the oxidation cocatalyst MnOx on hole-concentrated {110} facet of BiVO4, the 

photocatalytic activity of water oxidation could be greatly enhanced.  

Ag3PO4 

Ag3PO4 is regarded as a significant breakthrough in the field of visible light responsive 

photocatalysts for water oxidation, with a quantum yield of nearly 90% for visible light driven 

photocatalytic water oxidation136. Under the same reaction conditions, Ag3PO4 produced O2 of 

636 µmol·h-1 from aqueous AgNO3 solution under illumination (λ > 400 nm), while BiVO4 and 

WO3 produced O2 of 246 and 72 µmol·h-1, respectively. Given the fact that most photocatalysts 

show a relatively poor quantum yield as low as 20%, the exceptionally high efficiency of Ag3PO4 

is intriguing. The energy-band dispersion and density of states of Ag3PO4 was calculated using 

CASTEP by Ray L. Withers et al.136, which illustrated that the bottoms of the conduction bands of 

the materials were mainly composed of hybridised Ag 5s5p as well as a small quantity of P 3s 

orbitals, whereas the tops of the valence bands were composed of hybridised Ag 4d and O 2p 

orbitals. Both the highly dispersive VBs and CBs should be beneficial for the transport of 
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photoexcited electrons and holes, which in turn was likely to suppress the recombination of 

electron-hole pairs and thus account for the high photooxidation activity. 

But the most serious drawback of unwanted and uncontrolled photocorrosion would inevitably 

become a main obstacle for Ag3PO4136-137. This is mainly due to its slight solubility in solution and 

its own characteristic of energy-band structure136-137. The CB energy of Ag3PO4 is +0.45 eV vs. 

NHE, which is higher than the reduced potential of H2O/H2 (0.0 eV vs. NHE), resulting the 

reduction of Ag+ and then the deposition of Ag0 on the surface, subsequently reducing the light 

absorption efficiency136-137. Thus, many efforts have been devoted recently to further improve and 

optimise the photocatalytic activity and stability of Ag3PO4, such as morphology control138, 

doping139, cocatalyst decoration140-141, conjunction with other materials142-143, optimising the 

photocatalytic system137. For example, as the theoretical calculations predicted that the {111} facet 

of Ag3PO4 crystal possessed considerably higher surface energy than either {110} or {100}, the 

tetrahedral Ag3PO4 crystals, composed of {111} facets, were successfully synthesised, which 

showed an extremely high activity for water photooxidation, with an initial oxygen evolution 

rate exceeding 6 mmol·(hg)-1, 10 times higher than either {110} or {100}138. It was the first time that 

the internal quantum yield for water photooxidation was almost unity at 400 nm, and greater 

than 80% from 365 to 500 nm, achieved by {111} terminated tetrahedrons. This was due to the 

differences in the effective masses of holes and electrons, which were directionally sensitive to 

the crystal structure. The hole mass along [111] was much smaller compared to other directions 

in Ag3PO4 crystals, indicating the hole migration towards {111} facets was greatly encouraged, 

since hole mobility was increased, which favored the fast and efficient transport of holes to the 

surface for oxidation reactions. Furthermore, the over-abundance of dangling phosphorus-

oxygen bonds resulted the high surface energy of the {111}, which provided more oxidation sites. 



66 

 

Metal-organic frameworks 

Metal-organic frameworks (MOFs) are a new class of highly porous materials, found in 1995 by 

Hailian Li et al.144, which are formed by linking organic and inorganic moieties through covalent 

coordination linkages, in part through H-bonding, π-π stacking and van der Waals forces. The 

sunlight absorption capability (band gap), the number of active sites and the charge 

separation/transfer efficiency of a MOF-based material will strongly influence the photocatalytic 

efficiency for water splitting. The band gap energy of MOFs can be tailored by changing the 

metal-oxo clusters and bridging organic linkers. The incorporation of active sites, such as Pt 

nanoparticles145, into MOFs was found to dramatically enhance the photocatalytic activity. Post-

synthetic functionalization by organic dyes could also improve the light harvesting and the 

charge transfer146-147. For example, a stable photoactive MOF UiO-66(Zr) sensitised by absorbed 

or directly added rhodamine B dye enhanced the photocatalytic activity to 30 and 26 times in the 

presence of Pt as a cocatalyst than that of Pt@UiO-66(Zr) and the bare UiO-66(Zr)146. The probable 

mechanism was that a large energy band offset would form between RhB* and UiO-66(Zr) when 

visible-light irradiates on RhB sensitised Pt@UiO-66(Zr), resulting the excited electrons 

transferring to the LUMO of UiO-66(Zr) composed of empty metal orbitals, afterwards, the 

trapped electrons subsequently transferred to Pt nanoparticles due to the higher work function 

of Pt than UiO-66(Zr), thus restraining the recombination process and the promoting electron 

transfer and photocatalytic hydrogen generation. 

2.3.2 Metal-free photocatalysts  

The metal-free photocatalysts, such as graphitic carbon nitride (g-C3N4), graphene, covalent 

organic frameworks, and phosphorene, containing earth-abundant non-metallic elements (C, N, 

H, O, etc.), have emerged as alternative catalysts for water splitting. The activities of these 
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materials for either H2 or O2 generation are limited without modification, but they will have 

comparable or even better performances than metal-containing photocatalysts after doping with 

heteroatoms, engineering defects, and/or forming composites among them. This section will 

discuss and summarise the latest developments of metal-free photocatalysts for water splitting. 

g-C3N4 and the hybrids 

In 2009, g-C3N4, a polymeric semiconductor with tri-s-triazine (melem) as the basic building unit 

connected by planar amino groups (Fig. 10), has been reported as an organic photocatalyst for 

hydrogen evolution under visible light8. It has a graphite like sp2-bonded C-N structure and 

behaves like a π-conjugated semiconductor. The band gap of g-C3N4 was measured to be 2.7 eV 

with the CB and VB positions located energetically possible for water splitting127. Theoretically, 

the electronic structure calculated by density functional theory (DFT) reveals that the carbon and 

nitrogen atoms could be preferred sites for proton reduction and water oxidation, respectively. 

However, the relatively large band gap of pristine g-C3N4 limits its visible light absorption and 

the nature of covalent bonding in g-C3N4 leads to low proton reduction and water oxidation 

efficiencies on its surface. Great efforts have been made by many groups to improve such 

properties of g-C3N4 to improve its photocatalytic performance, such as the combination with 

other carbonaceous materials. 
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Figure 10. Schematic diagram of a perfect graphitic carbon nitride sheet constructed from melem units. 

For example, loading a small amount of carbon dots (0.0016 wt%) in the matrix of g-C3N4 could 

lead to stable overall water splitting into H2 and O2 in a stoichiometric ratio under visible light 

for at least 200 days148. Remarkably, the quantum efficiencies was achieved, such as 16% at 

wavelength λ= 420 ± 20 nm, 6.29% at λ = 580 ± 15 nm, and 4.42% at λ = 600 ± 10 nm, and 

determined an overall solar energy conversion efficiency of 2.0 % when loading 0.48 wt% carbon 

dots (CDots), which was not far away from the target set by the U.S. Department of Energy-for a 

reasonable production cost of H2 by photocatalytic systems. Different to the conventional one-

step four-electron reaction, CDots-C3N4 catalysed water splitting to hydrogen and oxygen via the 

stepwise two-electron/two-step pathway under visible light irradiation. C3N4 was responsible 

for the first step to photocatalyse the water into H2O2, and CDots were responsible for the second 

step to decompose H2O2 to O2, however it was challenging to reproduce such a breakthrough149. 
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Interestingly, carbon quantum dots (CQDs) was integrated with exfoliated g-C3N4 nanosheets 

(CNNSs) as a hetero-photocatalyst via a brief one-step hydrothermal method, which largely 

improved the H2 evolution rates of CNNS in both under UV and visible light irradiation, and for 

the first time, near-infrared (NIR) light from an 808 nm laser beam induced H2 generation with a 

rate of 6.76 µmol·(hg)-1 without any cocatalysts150. This was mainly attributed to the excellent light 

absorption from UV to NIR of the narrow gap sp2 carbon clusters embedded in CQDs and the 

decreased apparent band gaps by forming subband energy levels in the band gap of 

CNNS/CQDs148. 

Graphene and related materials 

Graphene is a relatively new member of the carbon family as it was experimentally discovered in 

2004151, which is a single-atom-thick planar sheet of sp2 hybridised carbons that are densely 

bound in a hexagonal lattice. Furthermore, graphene is the mother block of all graphitic forms, 

and it can build a variety of graphitic materials including 0D fullerene, 1D carbon nanotubes, 3D 

graphite, and even other 3D carbon architectures. In general, pristine graphene holds a symmetric 

band structure and is regarded either as a conductor or a zero band-gap semiconductor, which 

means almost no photocatalytic activities. Fortunately, opening its band gap is feasible by 

extensive functionalization and modification strategies due to its unique structure properties, and 

thus improves its reactivity for photocatalytic applications. Firstly, one of most promising options 

is to incorporate heteroatoms (e.g. N, S, B, P) into the graphene frameworks, which could disrupt 

the sp2 network and cause sp3 defects in the graphene lattice, leading to the change in the 

electronic density within the graphene sheet. Secondly, chemical modified graphene materials 

(e.g. GO and reduced GO), possess abundant structural defects and residual functional groups, 

which feature the various electronic properties and conductivities based on the type and quantity 
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of functionalities introduced. Thirdly, optimising the size and morphology of graphene materials 

is also an alternative strategy to tune their properties. 

Among the modified graphene materials, GO has a wider bandgap by introducing oxygen 

functional groups into the surface of graphene and thus exhibits p-type characteristics due to that 

the electronegativity of oxygen atoms is larger than that of carbon atoms, which makes GO a 

potential candidate for a metal-free photocatalyst. For example, GO was utilised as a 

photocatalyst for H2 production from an aqueous methanol solution, which revealed the 

photocatalytic activity of H2 evolution was related to the oxidation levels during synthesis152. The 

GO semiconductor showed a bandgap energy of 2.4 ~ 4.3 eV based on the controlled oxidation, 

which was sufficient to overcome the energy barrier for the water splitting reaction but hinder 

the O2 evolution due to the p-type conductivity of GO impeding the photogenerated hole transfer 

to the surface of the photocatalyst due to downward band bending. But engineering the 

composition of its oxygenated groups and the oxidation level could change the type of 

conductivity of GO. For instance, treating GO with NH3 gas at room temperature introduced the 

amino and amide groups into its surface, thus transforming GO into an n-type semiconductor 

and change the electronic structure153. The resulting n-type N-containing GO realised the 

photocatalytic oxygen evolution by effectively promoting the transfer of photogenerated holes. 

Further exploration of nitrogen-doped quantum dots (NGO-QDs) derived from GO sheets 

achieved the stoichiometrically water splitting into H2 and O2 under visible light irradiation154. 

The NGO-QDs consisted of N-doped graphene sheets stacked into crystals with oxygenated 

groups on the crystal surface (Fig. 11a-c). The N atoms in the graphene lattice functioned for the 

n-conductivity and the oxygenated groups on the surface resulted in the p-conductivity, leading 

to the formation of p-n type photochemical diodes in the structure (Fig. 11d). Therefore, tuning 
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the parameters of the oxidation degree, size, morphology and composition of GO is expected to 

improve its photocatalytic performance for the water splitting reaction. 

 

Figure 11. (a) TEM image of the NGO-QDs, (b) HRTEM image of a NGO-QD, (c) a conceptual schematic 

of the NGO-QD structure and (d) the p-n type photochemical diode in NGO-QDs154. 

Heteroatom (e.g. N, B) doped graphene is another alternative of graphene-based metal-free 

photocatalyst for water splitting reactions. Recent theoretical DFT calculations revealed that the 

band gap of the heteroatom doped graphene should be increased with the doping content155. 

Different from the conductor nature of pristine graphene, N-doped graphene behaves as a 

semiconductor with a quasi neutral absorption and exhibits high efficiency for the photocatalytic 

generation of H2 from water/methanol mixtures in the absences of a metal cocatalyst under both 

UV and visible light. Another featured example is the P-doped graphene photocatalyst, whose 
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optical band gap and the photocatalytic performance of P-doped graphene increased with the P 

content156. The optimal P-doped graphene photocatalyst exhibited an activity for H2 generation 

about 9 times higher than that of GO under UV light irradiation from water/methanol mixtures 

and was also active under visible-light illumination. Besides N and P, a series of halogen atom 

(e.g. F, Cl, Br, I) doped graphene materials could also improve the efficiency of the photocatalytic 

H2 evolution from water in the presence of methanol157. On these basis, more highly efficient 

heteroatom doped graphene materials are still waiting for the exploration through control of the 

type and content of dopants and their bonding configurations in the graphene framework. 

Covalent organic frameworks (COFs) 

Other than g-C3N4 that is invariably composed of heptazine or triazine units, and, thus, offers 

only limited chemical variety and not very susceptible to systematic post-modification, a closely 

related class of organic polymers, dubbed covalent organic frameworks (COFs), are apt to 

overcome these inherent weakness of carbon nitrides by combining chemical versatility and 

modularity with potentially high crystallinity and porosity158-162.  COFs are crystalline porous 

materials constructed from a variety of rigid organic building units solely from light elements (H, 

B, C, N and O) and with different structural configurations, which are connected via robust 

covalent bonds. The designed synthesis of COFs results in the low density, large surface area, 

tunable pore size and structure, facilely-tailored functionality, versatile covalent-combination of 

building units, and so on, which provides the COFs with high potentials in further applications 

for gas storage, adsorption, optoelectricity, catalysis and as functional devices. As the optical and 

electronic properties of the resulting framework materials can readily be tuned by tailoring the 

organic precursors163-165, photofunctional COFs present an interesting area of research with the 

application of the photocatalytic water splitting. For example,  the first COF was achieved for the 
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visible light driven hydrogen evolution in the presence of Pt as the proton reduction catalyst 

(PRC)166. This hydrazone-based COF was constructed from 1,3,5-tris-(4-formyl-phoenyl) triazine 

(TFPT), featuring mesopores of 3.8 nm in diameter and the extremely high surface area of 1603 

m2/g. Using a 10 vol% aqueous triethanolamine (TEOA) solution as a sacrificial donor, the 

maximum quantum efficiency (QE) for H2 production was 2.2% at 400 nm. The triazine moieties 

in the TFPT-COF may point to an active role in the photocatalytic process. Another two-

dimensional (2D) azine-linked COFs were synthesised by using a series of 

triphenylarylaldehydes with the central aryl ring containing 0 - 3 nitrogen atoms as building 

blocks as shown in Fig. 12167. The best photocatalytic performance for hydrogen evolution from 

water was 1703 µmol/(hg) produced by the N3-COF. The corresponding photonic efficiency (PE) 

was highest of 0.44% at 450 nm. Interestingly, a highly stable COF (TpPa-2) functioned as a 

support matrix for anchoring Cd nanoparticles, which significantly enhanced the photocatalytic 

H2 evolution rate up to 3678 µmol·(hg)-1 as compared to the bulk CdS (124 µmol·(hg)-1)168. The 

presence of a π-conjugated backbone, high surface area, and occurrence of abundant 2D hetero-

interface was possibly beneficial for the efficient charge transfer, the nanoparticles stability and 

supressing the recombination of the photogenerated electron-hole pairs on the photocatalyst 

surface, thereby resulting in a high photocatalytic activity. 
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Figure 12. (a) A tunable triphenylarene platform for photocatalytic hydrogen evolution. Replacement of ‘C-

H’ by ‘nitrogen atoms’ at the green dots changes the angle between central aryl and peripheral phenyl rings, 

which leads to varied planarity in the platform. (b) Synthesis of Nx-COFs from Nx-aldehydes and 

hydrazine165. 

Phosphorene 

In 2014, a monolayer of black phosphorous (BP) was synthesised using the same sticky-tape 

technique as for graphene, named as ‘phosphorene’169. BP has an orthorhombic, simple cubic and 

rhombohedral crystalline structure with five valence electrons in its outer shell170. Each P atom 

becomes saturated by making a covalent bond – two of which exist on the same plane, whilst 

another is on a neighbouring plan via 3p orbitals leaving a hole-electron pair, which leads to a 

quadrangular pyramid structure that resembles a puckered honeycomb structure as shown in 

Fig. 13. It results a highly asymmetric band structure and unique in-plane anisotropic 

properties171-172: (i) quantum confinement in the direction perpendicular to the 2D plane, which 

results in noble electronic and optical properties; (ii) no lattice mismatch issues for constructing 

a vertical heterostructure with other 2D materials; (iii) natural surface passivation without any 

dangling bond ( a suppressed charge carrier recombination is expected); (iv) large lateral size 
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with ultra-high specific surface area and high ratio of exposed surface atoms; and (v) strong 

interaction with light173-174, which are all considered highly desirable in photocatalysis 

applications. For example, a water stable phosphorene synthesised via liquid exfoliation was 

applied successfully in photocatalytic oxygen generation and methyl-orange decomposition175. 

The liquid exfoliated phosphorene nanosheets had a greater number of active sites for surface 

atoms, reduced electron-hole recombination rate and faster charge carrier mobility than bulk BP, 

which illustrated the characteristics as a good photocatalyst. However, the ultrathin BP 

nanosheets would be degrade with prolonged exposure to light, which needed to be resolved 

before large-scale commercial applications. 

 

Figure 13. (a) The puckered structure of a few layer BP sheet. (b) Top view of monolayer BP. The x and z 

axes are along zigzag and armchair directions, respectively176. 
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Porous organic polymers 

An important development made recently is the construction of (nano)porous organic polymers, 

such as hypercrosslinked polymers177, polymers of intrinsic microporosity (PIMs)178, conjugated 

microporous polymers (CMPs)164, and so on179-180. Considering that the copolymers can be 

produced over a continuous range of monomer compositions, thus achieving systematic control 

over physical properties. A series of pyrene-based conjugated microporous polymers (CMPs) 

were used to tune the optical gap over a broad range (1.94-2.95 eV) by varying monomer 

composition164. Unlike most inorganic hydrogen-production photocatalysts, certain copolymers 

were active under visible light, but UV light contributed little to the photocatalytic activity, 

possibly because higher-energy excited states were diverted into pathways that were not suitable 

for hydrogen evolution. Another unique point was that these polymers did not require the 

deposition of an additional metal cocatalyst but still could produce hydrogen. Another series of 

conjugated phenylene oligomers (SM1-SM5) were fused by the introduction of a methylene 

bridge, or other bridging functionality, which lowered the phenylene-phenylene torsion angle 

and increased rigidity181. These planarised conjugated co-polymers strongly enhanced the 

hydrogen evolution from water in the presence of a mixed sacrificial electron donor (methanol 

and trimethylamine) both under visible and UV light irradiation.  Here planarization and 

rigidification might be a general strategy for improving photocatalytic water splitting activity in 

organic polymers where the optical gap could be tuned by composition181. Interestingly, a light 

harvesting microporous organic network (VH-MON) was prepared based on Knoevena gel 

condensation between triformylarene and bicyanomethylarene species182. The VH-MON/TiO2-

Pt system showed promising activity with 50 µmol hydrogen production in the first 5 hours and 

kept stable in the next four rounds of 5 hours, which might be attributed to the electronic push 

and pull organic building blocks. 
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2.3.3 The development of CTFs 

Classic polymers are primarily built up by one-dimensional chains, whereas porous organic 

polymers (POPs) exhibit two or three-dimensional structures which create and stabilise the pores 

in the materials. Among great varieties of POPs, covalent organic frameworks (COFs) are the only 

crystalline polymers. Here, CTFs are very often referred as a subclass of COFs since the CTF-0183, 

CTF-1184 and CTF-2185 are crystalline porous frameworks. This project mainly focuses on the 

crystalline CTFs, one of which was prepared in 2008 when the dicyanobenzene was  melt with 

ZnCl2 in 400 °С for 40 h184. The material showed the excellent surface areas up to 2475 m2g-1 with 

high thermal and chemical stabilities. Most of preparation requires high temperatures186-187 which 

sometimes could be up to 700 °С188. On the other hand, researchers also found that microwave 

assisted synthesis could produce CTFs at very low temperature by using 

trifluoromethanesulfonic acid (CF3SO3H) as a catalyst189. Obvious difference compared with 

previous works is that the CTFs are of pale yellow to brown. Their solid-state UV-vis spectra 

showed relatively broad absorption, and some had the peaks at visible light region. A schematic 

illustration to synthesise CTF-0, CTF-1 and CTF-2 are shown in Fig. 14190. 

CTFs with high surface areas are promising materials for gas storage such as hydrogen184, 191-193, 

carbon dioxide183, 189, 191-192, 194-196 and methane capture191-192. CTFs can also adsorb organic dyes in 

good quantities197-198, such as the pollutant 4,4’-(propane-2,2-diyl)diphenol199. Another popular 

application of CTFs is as matrices for catalysis due to their properties of easy recyclability and 

high stability200-202. Due to the presence of N-heterocyclic moieties in the frameworks, the stability 

of Pd nanoparticles decorated on these frameworks was improved during the liquid glycerol 

oxidation200. Similarly, Pd on the CTF was more stable in recycling than Pd on activated carbon 

(AC) and less sensitive than Pd on AC to the decrease of reactant concentration, resulting into the 
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higher selectivity to benzaldehyde (98%) with a considerable activity (turnover frequency 1453 h-

1)201. Another popular metal cooperating with CTFs for gas oxidation is platinum which was 

reported for the oxidation of a carbon-hydrogen bond of methane to produce methyl esters as Pt 

complexes202. In recent years, due to the terephthalonitrile-drived nitrogen-rich network, CTF-1 

also can be used as supercapacitor203 or energy storage devices204 in the rechargeable energy 

storage technology as it exhibited exceptionally high specific power, long cycle life and good 

energy storage efficiency. 

 

Figure 14. Schematic illustration of the trimerization reaction to synthesise CTF-0 (a), CTF-1 (b) and CTF-

2 (c), respectively. 
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Such colored compounds might be capable of light-induced hydrogen/oxygen evolution as the 

recent experimental and theoretical results delineated the structural and photophysical 

properties of CTF-1-type materials, which obtained through the trimerization of 1,4-

dicyanobenzene, prodicting them as potentially suitable semiconductor photocatalysts189, 205. 

Usually, ionothermal method is the efficient way to form triazine (C3N3) ring at the high 

temperature and uisng long reaction time. In order to shorten the reaction time and lower the 

reaction temperature, microwave-assisted polymerisation was a preferable method  by using 

trifluoromethanesulfonic acid (TFMS) as the catalyst at lower temperatures189. 

 As described above, the incorporation of triazine units into polymeric systems has shown 

correlation with hydrogen evolution rates as the triazine nitrogen may act as the active site135. 

Covalent triazine-based frameworks (CTFs) as a typical COFs are composed of π-stacked 

aromatic units, which are expected to promote exciton separation and charged transport and thus 

prefer for photocatalysis. CTF-Ts with a graphene-like layered morphology, indicating the 

excellent photocatalytic activity in water reduction under visible light irradiation (λ≥420 nm)206. 

The hydrogen evolution rate of CTF-T1 was preliminarily proved very moderate at around 20 

µmol/h (80mg photocatalysts) and the photocatalyst was relatively stable for five circles. After 

loading RuO2, CTF-T1 could also produce O2 although the activity was very low, around 0.7 

µmol/h (80mg photocatalysts) from water under visible light irradiation. Electrochemical 

measurement and the theoretical calculations revealed the HOMO and LUMO energy levels of 

CTF-T1 had the suitable band position with respect to the oxidation and reduction levels of H2O. 

Importantly, it was anticipated that more efficient CTF-based photocatalysts could be expected 

via facilely tuning the frameworks. Thereupon, a series of oligomers of CTF-1, with different 

length and connectivity, were synthesis by a lower reaction temperature than pure CTF-1 during 
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ionothermal trimerization synthesis207. These oligomers showed the hydrogen evolution 

performance with an average rate of 10.8 (±2.8) µmol/h (10 mg photocatalysts) under simulated 

sunlight irradiation, whereas little hydrogen was observed for the CTF-1 polymer. The reason for 

the much lower activity of CTF-1 might be a reduced thermodynamic driving force for hydrogen 

evolution or the incipient carbonization at its synthesis temperature of 400 ºC, where light 

absorption by carbon prevented photon absorption by the framework, thus rendering hydrogen 

evolution. For these oligomers, it seems like that the increased photocatalytic activity correlates 

with an increased amount of nitrile moieties and improved π-stacking.  

Subtle differences between the experimental optical absorption spectra and the fluorescence 

spectra of CTFs prepared using different synthesis routes illustrated that different synthesis 

routes could influence banggap engineering205. Moreover, based on first principles cacluation, it 

was predicted that certain CTFs should be promising visible-light photocatalysts according to the 

suitable band gap (e.g CTF-1, 2.42 eV) and the position of its band potentials which were 

dependent on the nitrogen content in the CTFs, the number of ring systems, and the extent of 

interations208. This kind of 2D metal-free organic materials combine the unique adavangtages of 

high surface area, low cost, chemical and thermal stability in aqueous solution, easy fabrication, 

and mechanical flexibility. From these, I believe that the charge transfer kinetics can be tuned by 

controlling the polymerization progress of CTFs. Although there are a few studies on CTF-1 for 

H2 production, water oxidation by the CTFs is very challenging with few successful reports given 

it is the rate determining step in water splitting. Furthermore, there are fewer reports on other 

CTF polymer photocatalysts and less mechanistic studies were taken to understand the 

correlation between the structure of the CTFs and their physical and photocatalytic properties.  

Herein, this project will mainly concentrate on a group of CTFs to achieve efficient photocatalytic 
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water oxidation and in parallel reduction under visible light irradiation. Finally, pure water 

splitting will also be targeted, and the fundamental understanding is another topic.  
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3 Chapter 3 

Methodology 

This session describes the general characterisation methods and the essential parts of the 

photocatalytic performance test system in details. 

3.1 Material characterizations 

It is essintial to characterise the compounds of the materials correcty when either engineering a 

new material or modifying existing photocatalysts. A various characterization methods are 

presented in this section, which not only help to confirm the composition of the materials, but 

also aid in understanding the water splitting mechanism for the photocatalytic system. 

3.1.1 BET 

Specific surface area was measured via the Brunauer-Emmett-Teller (BET) method, using N2 

absorption by a Micrometritics® Tristar 3000. As one example, powered samples were placed in 

a borosilicate vial with a weight to surface area ratio of 1 g to 30 m2 in order to acquire suitable 

data. The volume of gas absorbed to the surface of the particles by Van de Waals forces was 

measured at the boiling point of nitrogen (-196 ºC). The amount of adsorbed gas was correlated 

to the total surface area of the particles including pores in the surface. The calculation was based 

on the BET theory. Traditionally nitrogen was used as adsorbate gas. Gas adsorption also enabled 

the determination of size and volume distribution of micropores (0.35-2.0 nm). 
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The data were treated according to the Brunauer, Emmett and Teller (BET) adsorption isotherm 

equation: 

Equation 4. The BET equation 

1

𝑉𝑎(
𝑃0
𝑃

−1)
=

𝐶−1

𝑉𝑚𝐶
×

𝑃

𝑃𝑜
+

1

𝑉𝑚𝐶
. 

In the equation, P is the partial vapour pressure of adsorbate gas in equilibrium with the surface 

at 77.4 K (b.p. of liquid nitrogen) in pascals; Po is the saturated pressure of adsorbate gase in 

pascals; Va is the volume of gas adsorbed at standard temperature and pressure (STP) [273.15 K 

and atmospheric pressure (1.013*105 pa)] in millilitres; Vm is the volume of gas adsorbed at STP 

to produce an apparent monolayer on the sample surface in millilitres; C is the dimensionless 

constant that is related to the enthalpy of adsorption of the adsorbate gas on the powder sample. 

Equation 5. The BET constant C 

𝐶 = 𝑒
(𝐸1−𝐸𝐿)

𝑅𝑇  

Where E1 is the first layer’s heat of adsorption, and EL is the corresponding heat of absorption for 

n layers > 1. 

Equation 4 can be simplified as a ‘y = mx + c’ graph, and the result is termed as a ‘BET plot’. The 

ordinate term is 
1

𝑉𝑎(
𝑃0
𝑃

−1)
, whilst 

𝑃

𝑃𝑜
 can be plotted on the abscissa. Linearity is found at 

approximately 0.01 ≤ 
𝑃

𝑃𝑜
 ≤ 0.3 and thus extrapolating from this point using the gradient A0 to y-

intercept I0 gives 𝑉𝑚 and C according to the equaiton: 
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Equation 6. 

𝑉𝑚 =
1

𝐴0 + 𝐼0
 

Equation 7. 

𝐶 = 1 +
𝐴0

𝐼0
 

The BET specific surface area (SSA) is then given by: 

Equation 8. BET SSA equation  

𝑆𝐵𝐸𝑇 = 𝑎(
𝑉𝑚𝑁𝐴𝑆

𝑉
) 

Where a is the mass of the powdered adsorbents, 𝑁𝐴 is Avogodro’s number, S is the adsorption 

cross section of the powder, and V is the molar volume of gas. 

From the practical point of view, it is much simpler to obtain a value of specific surface area, since 

the surface area analyser can calculate all the above automatically. All needed is a precise 

measurement of the mass of the sample, and to correctly pick the point of the linearity (a line of 

the best fit). The linearity can be improved by a constant trial and error process which minimises 

the correlation coefficient (R-factor), so that the value is as close to 1 as possible (acceptable values 

are normally ≥ 0.999). 
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3.1.2 UV-visible spectroscopy 

Absorbance, reflectance and transmission spectra were collected from a Shimadzu UV-2550 

spectrophotometer fitted with an integrating sphere. The reflectance is related to the absorption 

by the following equations: 

Equation 9. Transmission-reflectance-absorption relation 

1 = 𝑇 + 𝑅 + 𝐴 

where T, R and A is the transmission, reflectance and absorbance in %, respectively. 

The UV-visible spectrophotometers measures the intensity of light passing through a sample (I), 

and compares it to the intensity of refence light (I0). The ratio I / I0 is called the transmittance (T%). 

The absorbance, A, is based on the transmittance: 

Equation 10. Absorbance conversion 

𝐴 = −log (
𝑇%

100%
) 

The UV-visible spectrophotometer can also be configured to measure reflectance. In this case, the 

spectrophotometer measures the intensity of light reflected from a sample (I), and compares it to 

the intensity of refence light (I0) (such as barium sulfate slice). The ratio I / I0 is called the refectance 

(R%). The reflection could be directly converted to absorption coefficient (α) by the Kubelka-

Munk transformation: 
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Equation 11. Kubelka-Mulk relation 

𝛼 =
(1 − 𝑅)2

2𝑅
 

Typically, data of the electromagnetic spectrum would be collected by UV-visible 

spectrophotometers from ultraviolet (250 nm) through to the visible range (800 nm), with an 

optimum slit with of 2 nm. This reduces noise whilst not compromised the accurary of the data. 

The frequency of the data was 0.5 nm, as this was more than adequate enough to determine 

precise spectra. Molecules often undergo electron transitions at these frequencies, since 

semiconductors have discrete energy levels corresponding to allowed electron states29. Therefore, 

one can determine the size and the type of band gap (direct or indirect). This is done using a Tauc 

plot, often used in thin films209： 

Equation 12．Tauc relation 

(𝛼ℎ𝜈) = 𝐴𝑇(ℎ𝜈 − 𝐸𝐵𝐺)𝑛 

Where ℎ is Planck’s constant, ν is the light frequency, ℎν is the energy of incident radiation, AT is 

the constant which is based on effective masses of electrons and holes, and n can take the values 

of 0.5 and 2, for a direct and indirect band gap transition. The band gap (EBG) of semiconductor is 

approximately equal to the absorption edge, which can be also obtained from extrapolating 

towards the x-axis on a plot of wavelength (x-axis) versus absorption. Then using the following 

relation, calculate the band gap: 
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Equation 13. Planck relation (nm) 

E𝐵𝐺 = ℎ𝜈 =
ℎ𝑐

𝜆
=

1240

𝜆
 

The absorption edge can be blue shifted by decreasing the particle size and is often attributed to 

either a quantum size or a direct charge-transfer transition. If the band gap region possess a long 

tail, and appears to be red shifted, then this would conclude that there are additional sub band 

gap exists between the band gap210. 

3.1.3 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy 

ATR-FTIR is a fast infrared spectroscopic technique for probing in situ single or multiple layers 

of absorbed/deposited species at a solid/liquid interface211. Using ATR-FTIR, we have been able 

to detect fingerprints of covalent bonds or triazine bonds, which is beneficial for both 

characterisation and analysis of impurities/contaminants on the surface of the photocatalysts. In 

the project, organic photocatalysts or impurities are intrinsically molecularly complex, and thus 

will easily be detectable using IR spectroscopy. In FTIR, a broadband/polychromatic light souce 

(all frequencies to be measured) is used to iilumiate the sample. The beam first passes through a 

Michelson interferometer, a beam polariser device which causes a deliberate path length shift, 

subsequently hitting the sample with a mixed interference beam of all wavelengths and finally 

collected by the detecter. Beam polariser is caused by a moving mirror within the interferometer, 

which has real units of length. Therefore, the detector produces an interferogram; a fixed set of 

polarise values and a corresponding set of intensities. A Fast Fourier Transform (FFT) is 

automatically applied by the instrument, converting time/space to frequency. The resultant FTIR 
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spectrum is a set of inverse lengths (cm-1 is often used) versus intensity. Thus, bonds can be 

assigned to intensities at certain wavenumbers (energies). 

 

Figure 15. Schematic representation of an ATR-FTIR system212. 

Fig. 15 illustrated a typical and simplified  ATR-FTIR set up. A beam of infrared light is passed 

through the ATR crystal in such a way that it reflects at least once off the internal surfac in contact 

with a sample. The reflection forms the evanescent wave which extends into the sample. The 

penetration depth into the sample determined by the wavelength of light (λ), the angle of 

incidence (θ) and the indices of refraction for the ATR crystal (n1) and the sample being probed 

(n2)213, typically between 0.5 and 3 µm. The evanescent effect only works when the ATR base has 

a higher refractive index than the sample, which prevents the light is lost into the sample. The 

governing equation depth of penetration is shown below: 

Equation 14. The depth of penetration 

𝑑𝑝 =
𝜆

2𝜋√𝑛1

2

sin(𝜃)2 − 𝑛2
2 

Compared to the transmission-IR, ATR-IR has the limited path length into the sample, avoiding 

the strong attenuation of the IR signal in highly absorbing media such as aqueous solutions. On 
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the other side, for UV-visible light, the evanescent light path is sufficiently short so that 

interaction with the sample is decreased with wavelength. For optical dense samples, UV-vis 

spectroscopy is alternative measurement to clarify the compounds of the samples. In addtion, as 

no light path has to be established in ATR-FTIR system, single shaft probes are enough for process 

monitoring and are applicable in both the near and mid infrared spectrum. In the studies, ATR-

FTIR spectroscopy was performed on a Perkin-Elmer 1605 FT-IR spectrometer in the wavelength 

range from 400-4000 cm-1 with a resolution of 0.5 cm-1. Powered samples were placed on the ATR 

crystal, and then compressed using a flat axial screw. 

3.1.4 Raman spectroscopy 

Different from the ATR-FTIR spectroscopy that it can provide a compound fingerprint, Raman 

spectroscopy is less widely used method of vibrational, rotational or other low frequency modes 

in a system. In FTIR spectroscopy, a polychromatic light source is used, and detection of activated 

IR bonds depends on the loss of a certain frequency due to absorption. In Raman spectroscopy, a 

monochromatic laser beam illuminates the sample, which is in turn scattered by the sample, but 

not absorbed as FTIR spectroscopy. The laser light interacts with molecular vibrations, phonons 

or other excitations in the system, resulting in the energy of the laser photons being shifted up or 

down. The shift in energy gives information about the vibrational modes in the system. The 

Raman effect is based on the interaction between the electron cloud of a sample and external 

electrical field of the monochromatic light. An incident photon creates an induced dipole moment 

within the molecule based on its polarizability, which puts the molecule into a virtual energy 

state for a short time and then emits a photon and return to a vibrational state. The energy of the 

emitted photon is of either lower or higher than the incident photon, termed as inelastic light 

scattering. After the scattering event, the sample is in a different rotational or vibrational state. 
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For the total energy of the system to remain constant after the molecule changes to a new 

rovibronic state, the scattered photon will be shifted to a lower frequency (lower energy) if the 

final state is higher in energy than the initial state. This shift in frequency is called a Stokes shift, 

or downshift, as shown in Fig. 16. If the final state is lower in energy, the scattered photon will be 

shifted to a higher frequency, which is called an anti-Stokes shift, or upshift (Fig. 16). The intensity 

of the Raman scattering is proportional to this polarisability change with respect to the vibrational 

coordinate change corresponding to the rovibronic state change. On the other side, if the photon 

excites a vibrational energy state to a virtual state and subsequently returns to the same 

vibrational energy state, it is called Elastic/Raleigh scattering. Raleigh scattering is around 106 – 

108 more popular than Raman scattering, which is a very weak process, and thus needs a 

monochromatic source. Rayleigh scattering at the wavelength corresponding to the laser line is 

filtered out by either a notch filter, edge pass filter, or a band pass filter, while the rest of the 

collected light is dispersed onto a detector.  

 

Figure 16. Energy-level diagram showing the states involved in Raman spectra. 
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In terms of its application in analysing semiconductor photocatalysts, Raman spectroscopy can 

be used to identify the molecules by characteristic phonon modes and be used to study the 

chemical bonding in the structure. Due to that the vibrational frequencies are specific to a 

molecule’s chemical bonds and symmetry (the fingerprint region of organic molecules is in the 

wavenumber range 500 -1500 cm-1), Raman spectrum provides a fingerprint to identify molecules. 

Simultaneously, the possible contaminants on the surface of the photocatalyst can also be 

detected, which often act as either recombination traps or electron/hole scavengers and prevent 

the photocatalytic performance. Similarly, the distortion in local structure (i.e. change in electron 

orbital overlap) can be interpreted by the change in the Raman shift at a certain wavelength, 

which can influence the photocatalytic activity214. 

In this study, the advanced micro-Raman spectroscopy system consists of a Renishaw 

spectrograph system based on use of KayserTM notch filters with a sensitive CCD detector coupled 

to a microscope for point-by-point analyses. The incident laser for Raman scattering and 

fluorescence measurements is 325 nm, and a wavenumber range from 100-200 cm-1. A few 

milligrams powered samples were placed on the glass slide and then irradiated by the incident 

lasers. 

3.1.4 Powder X-ray diffraction (PXRD) 

PXRD is a rapid analytical technique primarily used for phase identification of a crystalline 

material and can provide purity and composition information on unit cell dimensions. The 

analyzed material is finely ground, homogenised, and average bulk composition is determined. 

The X-rays are generated by a cathode ray tube, filtered to produce monochromatic radiation, 

collimated to concentrate, and directed towards the sample. The interaction of the incident rays 
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with the sample produces constructve interference (and a diffracted ray) when conditions satisfy 

Bragg’s Law (nλ = 2dsinθ), where the wavelength of electromagnetic radiation (λ) is related to the 

diffraction angle (θ) and the lattice spacing in a crystalline sample (d). After scanning the sample 

through a range of 2θ angles, all possible diffraction directions of the lattice should be attained 

due to the random orientation of the powdered material. These diffracted X-rays are then 

detected, processed and counted. Conversion of the diffraction peaks to d-spacings allows 

indentification of the crystal phase because each crystal phase has a set of unique d-spacings. 

Typically, this is achieved by comparision of d-spacings with standard reference patterns. This 

technique is good for gaining insight into photocatalytic mechanisms for the photocatalysts 

which has multiple phases, since the change of phase and crystallinity influences the band gaps, 

and it is also very easy to see impurities, both of which can affect photocatalytic activity. 

More specific features of compounds can be obtained by further analysis, such as crystallite size, 

and the average distance between molecules. The weak peak response, in conjunction with a 

broad width, indicates the poor crystallinity. On the other side, strong peak responses with broad 

features often mean the particle size is very varied. The average particle or crystallite size can be 

calculated using Scherrer’s equation: 

Equation 15. Scherrer’s equation 

𝜏 =
𝐾𝜆

𝛽 cos 𝜃
 

Where K is the shape factor (near 1, but crystalline shape dependant), λ is the X-ray wavelength, 

β is the line broadening at half the maximum intensity, θ is the Bragg angle, and τ is the mean 

size of the ordered crystalline domains, which is approximately the grain size. The Scherrer 
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equation works in the condition of nano-sized particles and is limited to a grain size of 0.1 µm. 

Actually, a lower bound to the particle size will be calculated by the Scherrer formula, as the 

width of the diffraction peak can be determined by many factors, not just crystallite size, such as 

inhomogeneous strain and instrumental effects215. In this case, it is more appropriate to use other 

particle sizing techniques (such as TEM or SEM) to identify the particle size. 

In this study, Powder X-ray diffraction (PXRD) was performed on either a Rigaku RINT 2100 (40 

kV, 400 mA, using a Cu source with λ1 = 1.540562 Ă and λ2 = 1.544398 Ă) or Bruker D4 (40 kV, 30 

mA, using a Cu source with λ1 = 1.54056 Ă and λ2 = 1.54439 Ă). A maximum range was 0-90 º (2θ). 

Phase match and baseline corrections were performed on either MDI Jade, or Bruker’s EVA 

software using the ICSD/JCPDS database. A powdered sample was flattered into an amorphous 

glass (Rigaku) or silicon (Bruker) holder. 

3.1.5 X-ray photoelectron spectroscopy (XPS) 

XPS is a surface-sensitve quantitative spectroscopic technique that detects only those electrons 

escaped from the sample into the vacuum of the instrument by irradiation with an X-ray source. 

Because the energy of an X-ray with particular wavelength is known (for Al Kα X-rays, Ephoton = 

1486.7 eV), and because the emitted electrons’ kinetic energies are measured, the electron binding 

energy of each of the emitted electrons can be determined by using an equation that is based on 

the work of Ernest Rutherford (1914): 

Equation 16. Conservation of binding energy 

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + ∅) 
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Where Ebinding is the binding energy (BE) of the electron, Ephoton is the energy of the X-ray photons 

being used, Ekinetic is the kinetic energy of the electron as measured by the instrument and ∅ is the 

work function dependent on both the spectrometer and the material. The work function term ∅ 

is an adjustable instrumental correction factor that accounts for the few kinetic energies of 

photoelectron as it is absorbed by the instrument’s detector, so it is a constant that rarely needs 

to be adjusted in practice. 

The typical XPS spectrum is a plot of the number of electrons detected (sometimes per unit time) 

(y-axis, ordinate) versus the binding energy of the electrons detected (x-axis, abscissa). Each 

element produces a characteristic set of XPS peaks at characteristic binding energy values that 

directly identify each element that exists in or on the surface of the analysed material. These 

characteristic spectral peaks correspond to the electron configuration of the electrons within the 

atoms, e.g., 1s, 2s, 2p, 3s, etc. The number of detected electrons in each of the characteristic peaks 

is directly linked to the amount of element within the XPS sampling volume. To generate atomic 

percentage values, each raw XPS signal must be corrected by dividing its signal intensity (number 

of electrons detected) by a ‘relative sensitivity factor’ (RSF), and normalised over all of the 

elements detected, excluding hydrogen.  

Thus, XPS can measure atomic composition (%), chemical and electronic state, and bonding 

configuration of elements in a sample, whilst being non-destructive. Depth profiling deeper into 

the bulk is possible when using ion etching, but the depth is limited up to ca. 10 nm deep into the 

bulk from the surface216. Furthermore, Ultraviolet Photoelectron Spectroscopy (UPS) can be used 

to detect valence electrons excited by UV light, using a similar technique as XPS. Both techniques 

should be under Ultra High Vacuum (UHV) to make sure the very low pressures for the escaped 

electrons passing through a long way from the surface of the material to the detector successfully. 
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XPS has considerable application in characterisation of photocatalysts. For example, XPS can 

detect the amount of the dopants in the photocatalysts, which is helpful to optimise the atomic 

percentage after preparation in order to obtain the optimum dopant percent, and finally beneficial 

to alter the band gap and improve the photocatalytic activity217. Moreover, it is possible to find 

out the difference between the surface species and the bulk-bound ions through location mapping 

and chemical state identification by combing the XPS depth profiling and the traditional orbital 

labelling218. Furthermore, UPS can be used to determine the ionization potential (equivalent to 

the valence band energy) of the new materials by subtracting the ionization potential of the 

reference, which is useful to ascertain the proper conduction band and valence band levels of a 

photocatalysts to match the redox potentials of the photocatalytic reactions148. 

In this thesis, XPS measurements were carried out on a Thermoscientific XPS K-alpha surface 

analysis machine using an A1 source. Analysis was performed on the Thermo Advantage 

software. Sample was scanned 6 times at different points on the surface to elimiate point error 

and create an average. Specific elemental peaks were then identified, and analysed further. 

3.1.6. Nuclear magnetic resonance (NMR) spectroscopy 

NMR spectroscopy is applied in material sicience as a valuable tool to obtain physical, chemical, 

electronic and structural information about molecules due to the chemical shift of the resonance 

frequencies of the nuclear spins in the sample.  Peak splittings of NMR spectroscopy due to J-

couplings or dipolar couplings between nuclei can provide detailed and quantitative information 

on the functional groups, topology, dynamics and three-dimensional structure of molecules in 

solution and the solid state. Since the area under an NMR peak is usually proportional to the 

number of spins involved, peak integrals can be used to determine composition quantitatively. 

https://en.wikipedia.org/wiki/Molecule
https://en.wikipedia.org/wiki/Spin-spin_coupling
https://en.wikipedia.org/wiki/Spin-spin_coupling
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The sample is placed in a magnetic field and the NMR signal is produced by excitation of the 

nuclei sample with radio waves into nuclear magnetic resonance, which is detected with sensitive 

radio receivers.  The intramolecular magnetic field around an atom in a molecule changes the 

resonance frequency, thus giving details of the electronic structure of a molecule and its 

individual functional groups. The most common types of NMR are proton, carbon-13 and 

nitrogen-14 NMR spectroscopy, but it is applicable to any kind of sample that contains nuclei 

possessing spin. As the identical functional groups with different neighboring substituens give 

distinguishable signals, NMR spectra are often highly predictable for different functional groups 

in small molecules. Preferably, the samples have to be dissolved in a solvent, because NMR 

analysis of solids requires a delicated magnetic angle spinning machine and may not give equally 

well-resolved spectra.  

For this research, The NMR data were collected using a Bruker Avance 300WB equipped with a 

4 mm magic-angle spinning probe for 13C and 1H measurements. The dipolor coupling and 

chemical shift anisotropy lead to a significant broadening of spectral lines. Usually 3~5 mg of 

sample is placed in a 5 mm tube. On doubling the sample quantity, the number of scans can be 

decreased 4 times in order to achieve the same level of the signal-to-noise ratio. An ACD/NMR 

Processor can be used for viewing or processing NMR data. 

3.1.7 Scanning and transmission electron microscopy (SEM and TEM) 

SEM and TEM are two different techniques applied in imaging the surface structure of 

semiconductors. SEM is often used to capture the surface topography and composition of the 

sample by scanning the surface with a focused beam of electrons, especially with samples which 

are electrally conductive, at least at the surface, and electrically grounded to prevent the 
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accumulation of electrostatic charge. Metal species only need cleaning and conductive adherence 

to the specimen stub. Non-conducting materials are usually coating with an ultrain layer of 

electrically conducting material, such as gold, platinum, iridium, and etc.219, deposited on the 

sample either by low-vacuum sputter coating or high-vacuum evaporation. The image of SEM 

results from interaction of the electron beam with atoms at various depths within samples. The 

electrons lose energy by repeated random scattering and absorption within a teardrop-shaped 

volume of the sepcimen known as the interaction volume, which usually ranges from less than 

100 nm to ca. 5 µm into the surface. Various types of signals are produced through the energy 

exchange between the electron beam and the sample, including secondary electrons (SE), 

reflected or back-scattered electrons (BSE), characteristic X-rays and light (cathodoluminescence) 

(CL), absorbed current (specimen current) and transmitted electrons, as shown in Fig. 17, each of 

which can be detected by specialised detectors and gives the digital image 3-dimentianol 

appearance. 

TEM forms an image by the interaction of the electrons with the sample when a beam of electrons 

transmits through the specimen, which is most often an ultrathin film or a suspension on a grid. 

TEM is capable of imaging at a significantly higher resolution than light microscopes, owning to 

the smaller de Broglie wavelengths of electrons, which means it can capture even as small as a 

single column of atoms. It is advantageous to detect nano-scale surface elements such as 

metallic/crystalline elements, which is challenging for SEM. Unlike SEM, TEM allows the 

observation of non-conductive sampling, but constrain the thickness of the specimens (< 100 nm), 

limited by the scattering cross-section of the atoms from which the material is comprised. By 

carefully selecting the orientation of the crystals, it is possible not just to determine the position 

of defects but also determine the type of defects present, identified by particularly strong contrast 
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variations produced by the distortion of the crystal plane that locally tilts the plane to the 

strongest diffracting angle (known as the Bragg Angle). Phase contrast of the crystal structures 

can be investigated by high-resolution transmission electron microscopy (HRTEM). A field 

emission souce with the complex modulus is needed to transmit a specimen of uniform thickness, 

and the images are formed due to differences in phase of electron waves after the specimen 

interaction.  

Appropriately equipping electron energy loss spectroscopy (EELS) with TEM provides 

information about the elemental composition and the physical and chemical properties of the 

specimen by detecting the energy loses of the electron beam and the energy distribution of all the 

inelastically scattered electrons. A electron beam with a known, narrow range of kinetic energies, 

may be inelastically scattered when it interacts with the atomic electrons in the specimen, which 

means they lose energy and their paths are slight bent through a small angle (5~100 milliradians). 

Especially, the inner-shell ionization is one type of inelastic interactions and is particularly useful 

for detecting the elemental components of a material. The scattering angle (i.e., the angle that the 

electron’s path is bent) can give information about the dispersion relation of of whatever material 

exciation caused by the inelastic scattering. The types of atoms, and the numbers of atoms of each 

type can be determined by looking at a wide range of energy losses. 

Energy-dispersive X-ray spectroscopy (EDS), sometimes called EDX, is an additional feature 

conjucted with SEM/STEM, as it relies on an interaction of some source of X-ray excitation and a 

sample. The atoms are ionised by the primary electron beam leading to holes generated on the 

inner shells. Following the ionisation, the electrons from outer, higher-energy shells fill the holes 

and emit the X-rays. As the energies of the emitted X-rays are charactersitc of the difference in 

energy between the two shells and of the atomic structure of the emitting element, EDS can 
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provide information of the elemental composition of the specimen. Compared to EELS, EDS is 

more easy to use and more sensitive to heavier elements. In photocatalysis studies, it can be used 

to asertain the distribution of cocatalysts or impurities on the surface of photocatalysts. 

 

Equation 17. Signals emitted from different parts of the interaction volume. 

In this study, A JEOL JSM-7401F  is used as a high resolution Field Emission Scanning Electron 

Microscope in which the samples are pasted on the holders. The convential Transmission Electron 



100 

 

Microscopes (TEMs) were taken using a JEOL2010F, at an accelerating voltage of 200 keV. 

Powered samples were diluted in chloroform, sonicated to disperse particle, and then dropwise 

added onto a conductive copper grid. 

3.1.8 Elemental Analysis (EA) 

EA is the most commom technique to qualitatively and quantitatively determine the elemental 

composition and sometimes isotopic composition by analysing the combustion products: carbon 

dioxide, water, nitric oxide and sulphur oxide. Therefore, EA almost always refer to CHNX 

analysis - the analysis of the mass fractions of carbon, hydrogen, nitrogen, and heteroatoms (X) 

(halogens, sulphur) of a sample. Simply, a sample is burned in an oxygen rich atmosphere, and 

subsequently, the combustions are separated by gas chromatography, and in modern apparatus, 

analysed by high temperature TCD220. The masses of these combustion products are used to 

calculate the composition of the unknown sample. This technique is helpful to determine if a 

sample applied is the desired compound and comfirm the purity of the compound. 

In this study, Elemental Analysis (EA) was performed on a Micro Elemental Analyser (CE-400 

CHN Analyser, Exeter Analytical Instruments). Accurate (± 0.1%) Iight percentage of carbon, 

nitrogen, hydrogen and trace elements were converted to atomic percentages before analysis. 

3.2 Material performance test 

Materials photocatalytic performance test is the essential part. In this session, the gas 

chromatography setup, reactor, light source and efficiency calcualtions in the photocatalytic 

performance test system will be described in details. 
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3.2.1 Gas chromatography setup 

The process of water redox often yields oxygen/hydrogen, and caculating the amount of each 

produced gas is vital. Gas chromatography is used to analyse concentration and amount of a gas 

in a given atmosphere, often to a great resolution. A sample of gas is injected into the head of the 

chromatographic column by the flow of inert, gaseous mobile phase. The column iteself contains 

a liquid stationary phase which is absorbed onto the surface of an inert solid. The schematic 

diagram of a gas chromatograph is shown in Fig. 17. 

 

Figure 17.  The Schematic diagram of a gas chromatograph. 

In this experiments, a Varian 450 gas chromatograph (GC) was used to analyse the amounts of 

gaseous products from water redox reaction (Fig. 18), and to monitor nitrogen levels within a 

batch reactor. Samples were taken by using a gastight syring (SGE® 1MDF-LL-GT 1 mL) (Fig. 

19) . The GC was fitted with a TCD and molecular sieve 5A column, running with argon carrier 

gas (zero grade). Standard carrier gases are nitrogen, helium and argon. Argon is ideal for 

hydrogen and oxygen dection since it has much less thermal conductivity than the respective 

gases (Table 2). Helium could be used, however due to its similar thermal conductivity to 
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hydrogen, it would not be favourable, and also yield negative peaks, complicating the integration 

during analysis. 

 

Figure 18. Photograph of the gas chromatograph system used during photocatalysis experiments. 

 

Figure 19. Photograph of the gastight syring used during photocatalysis experiments. 
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Table 2. Gases and corresponding thermal conductivity at STP221. 

Gas Thermal conductivity (Wm-1k-1) 

Hydrogen 0.1805 

Helium 0.1513 

Nitrogen 0.0259 

Oxygen 0.0266 

Argon 0.0177 

There are two types of analysis associated with GC’s; qualitative and quantitative. Data is 

represented as a graph of retention time (x-axis) and detector response (y-axis) (Fig. 20); the 

retention time is specific to each compound (quanlitative), and the detector response is dependant 

(with a TCD) on the thermal conductivity and amount of each element (quantitative). 

Chromatographic data therefore yield a spectrum of ‘peaks’ seperated only by the time. The area 

under each peak represents the amount of substance present.  

Before testing the products of photocatalysts, optimising the peak seperation, signal/noise ratio, 

and baseline fluctuations is necessary for obtaining resonable signals. Firstly, the total run time 

for each choromatograph should be less than 15 mins, i.e., all peaks of the detactable gases should 

appear in a 10 ~ 15 minute window, or have a retention time (RT) less than 15 mins, considering 

that some products are usually recorded at either 15 or 30 minite intervals, with some even 

elongated to one hour222. RT of a gas in gas chromatography is influenced by the oven 

temperature, pressure and flow rate of carrier gas inside the column, which are usually set to 

50 °C, 50 PSI and 15 mL/min in our system to enable all gases (hydrogen, oxygen and nitrogen) 

to come through detector in 10 minites. Secondly, signal/noise ratio and baseline fluctuations can 

be optimised by adjusting flow rate and TCD filament temperature. In general, increasing the 

flow rate rate through the TCD decreases the peak width apart from shortening the RT, and also 
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dramatically decreases peak height/response. Therefore, a relatively low flow rate is advisable 

for detecting low concentrations of gas products. 

After optimisation of the GC software system, a calibration curve (responses from a serie of 

known concentrations/amounts of standard gas) is necessary to correctly caculate the amounts 

of products, and is useful for deducing the reaction formula and machnism. By injecting known 

concentration of standard gas mixture, and then digitising the response, a graph of response area 

(y/µV) versus amount (x/µmol) can be plotted. After that, by solving the equation of aline (y = 

ax + c, where a and c are constants caculated from the graph curve), a amount of gas can be 

calculated if the response area of a similar gas is obtained from the chromatograph. The standard 

gas applied in this research was purchased from BOC, which comproises of 99% zero grade argon, 

with appropriate amounts of H2 (4000 ppm) and O2 (2000 ppm), among other gases which are 

possibly produced as by-products in a half reaction in the presence of charge scavenger (1000 

ppm CO, 1000 ppm CO2 and 2000 ppm CH4). 

 

Figure 20. An example of the chromatograph.The hydrogen peak is at 2.36 min, the oxygen peak is at 4.29 

min and the nitrogen peak is at 7.68 min. 
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Moreover, GC can be coupled with a mass spectrometer (MS), namely GC-MS (Fig. 21), which is 

very helpful to identify the products based on their fragmentation patterns in the complex 

systems. When the sample exits the chromatography colum, it is passed through a transfer line 

into the inlet of the mass spectrometer. And then the sample is typically ionised and fragmented 

by an electron-impact ion souce. During this process, the gas molecule is bombarded by energetic 

electrons continuously and ionised by losing an electron due to electrostatic repulsion. Further 

bombardment results in the fragmentation of the ionoised molecules, which then flow into a mass 

analyser and then are seperated according to their m/z value, or mass/charge ratio. The 

chromatogram of TCD detects the rentation times and the response areas and the MS reveals 

what kind of molecules exists in the mixture by the peak positions in spectrum. Fig. 22 represents 

a typical mass spectrum of water molecule with the absorption peaks at appropriate m/z ratios. 

GC-MS is advantageous of its immediate determination of the mass of the sample and its 

identification of the components of incomplete separations, which is applied in this study to 

confirm the O2 products definitely from water by detecting 18O labelled oxygen products. The 

disadvantage of MS detectors is that the samples are tend to degrade by the fragmentation of the 

energetic electrons. 
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Figure 21．Schematic of the GC/MS system. The chromatograph of TCD detects the rentation times and 

response areas, and the MS reveals the kind of molecules in the mixture by the peak positions. 

 

Figure 22. Mass spectrum of water. 

3.2.2 Particle suspension reactors 

A borosilicate cylindrical glass reactor was designed and then handmade by Labglass Ltd (4.5 cm 

radius, 11.5 cm height) as shown in Fig. 23. The total volume was 730 cm3, including headspace 
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(calculated by water displacement). The vessel was fitted with a flat high purity borosilicate side 

window, which was slightly bigger than the beam of light source (40cm ɸ reactor window, 33 cm 

ɸ beam). High purity borosilicate is suitable for a photocatalytic reactions as the low impurity 

content ( such as iron) allows both UV and visible wavelength of light pass through without any 

absorption. 

The reactor was also fitted with two side ports (fitted with GL18 aperture caps and silicon septa) 

for purging and gas sampling. The top of the system was a PTFE screw thread aperture cap, with 

a detachable transparent borosilicate window. The reactor sealing mechanism was originally a 

0.5mm depth silicon ring which fitted between the window and the top PTFE aperture cap.  

 

Figure 23. Borosilicate reactor for water redox batch reactions. Light is irradiated on the side window and 

two side outlest is used for purging and taking the gas products. 
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3.2.3 Light source 

One 300 W xenon (Xe) lamp (Newport 66485-300XF-R1) was purchased from Newport Spectra to 

act as artificial light sources as shown in Fig. 24. Xe lamps have a spectral profile akin to that of 

the solar spectrum, with intensity less than 20 mWm-2nm-1 at 250 < λ< 800 nm. A 300 W Xe lamp 

was used for oxygen, hydrogen production and water splittingA 150 W Xe lamp was utilised for 

the photocatalytic efficiency measurements, and the lower intensity of the 150 W Xe lamp could 

also prevent from the damage of the band pass filters, which absorbed substantial amounts of 

light at other wavelengths, up to 90%. 

The power from the lamp was calculated using a Silicon photodiode detector (190-1100m), with 

built in attenuator, connected to a handheld digital power meter (both purchased from Newport 

Spectra). Various band pass filters were used, e.g. 365 nm, 420 nm, 500 nm, 600 nm and 800 nm, 

supplied by Comar Optics, enabling the selective use of either full arc or visible light irradiation. 

These filters had a quoted centre wavelength and the width of all the pass-bands was 10 nm, for 

example, the filter of 420 nm could only pass the light of wavelength between 415 and 425 nm. 



109 

 

 

Figure 24. The lamp system is used to supply the irradiation light. 

3.2.4 Efficiency calcuations 

The efficiency of photocatalytic water splitting can be evaluated by many methods and 

equations18. In this section, three most frequently used equations will be described, and the 

application conditions of these equations will also be illustrated. 

In common, the production rate of hydrogen or oxygen is given with the unit of micromole per 

hour, per gram of the photocatalyst, namely µmol·(hg)-1, which is calculated by the gas amount 
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deduced from GC data, the reaction time and the amount of photocatalysts. However, this gas 

evolution rate is incomparable if the reaction conditions of the experiments are different, since 

the light source and the reactor size also influence the evolution rate. Thus, the quantum yield 

(QY) is important to evaluate the efficiency of photocatalytic system by caculating the ratio of the 

number of charged carriers used for H2/O2 production to the number of photons of a given light 

source shining on the reactor. Here, the number of photons of a given light source shining on the 

reactor can be measured by a thermopile or silicon detector/photodiode. In theory, the real 

amount of photons absorbed by a photocatalyst in a suspension system is hard to obtained, which 

is smaller than the amount of photons of the lamp irradiating on the reactor due to light scattering 

and transimission effects. Thus, the corresponding quantum yied is an apparent quantum yield 

(AQY) (Equation.18), which is expected to be smaller than the real QY. In the AQY equation, the 

number of charge carriers collected by the photocatalysts is calculated based on the amount of 

evolved hydrogen or oxygen and the number of photos of a given energy shining on the reactor 

calculated by the illumination intensity and area. 

Equation 18. Apparent Quantum Yield 

𝐴𝑄𝑌(%) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑜𝑟 𝑜𝑥𝑦𝑔𝑒𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑠 𝑜𝑓 𝑎 𝑔𝑖𝑣𝑒𝑛 𝑙𝑖𝑔ℎ𝑡 𝑠𝑜𝑢𝑟𝑐𝑒 𝑠ℎ𝑖𝑛𝑖𝑛𝑔 𝑜𝑛 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑜𝑟
× 100 

A more accurate measurement of the number of photons incident on the photocatalyst surface 

can be executed by substracting the flux of photons measured from the back of the reactor, from 

that measured in front of the reactor. In this case, the QY is termed ‘internal quantum yield’ (IQY), 

which means the quantun yield of the photons of the reactor absorbed, which is more closed to 

real QY then AQY. 
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In chemical fields, turnover numbeer (TON) is applied for clarifying whether the products are 

truly catalysed or not. Successfully used in homogeneous catalysis (TON = moles of desired 

charge carriers used for the production/moles of catalysts),  the TON  has some minor 

modifcations applied in a heterogeneous system (Equation. 19).  Commonly, the moles of active 

sites on the photocatalysts are defined as the moles of the cocatalysts coated on the surface of the 

photocatalysts. Sometimes, the moles of active sites can be very roughly approximated to the 

moles of the molecules in the photocatalyst, which significantly underestimates the actual TON, 

due to  that only the surface molecules of the phocatalyst can act as the active sites for the 

reduction/oxidation reaction223. 

Equation 19. Turnover Number 

𝑇𝑂𝑁 =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 𝑜𝑛 𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡𝑠
 

Solar-To-Hydrogen conversion efficiency (STH%, Equation 20) is different from QY and TON, 

which is usually used for evaluation of solar cells. In a particle suspension system, STH% only 

considers output energy as H2 and O2, and is only applied to overall water splitting reactions, 

such as a Z-scheme overall water splitting. This is because the redox mediators in Z-scheme 

overall water splitting (such as Fe2+/3+ and I-/IO3-) are not exhausted/consumed, and therefore 

Z-scheme systems can be evaluated by STH%. Nevertheless, in the half reaction, the scavenger 

for H2/O2 production is consumed, and the output energy of the process is not solely as H2/O2. 

For example, when the methanol works as the hole scavenger in the water reduction reaction, the 

reformation of methanol will consume the energy of solar light and is considered as one way to 

output energy. 
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Equation 20. STH% 

𝑆𝑇𝐻(%) =
𝑂𝑢𝑡𝑝𝑢𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑠 𝐻2 𝑎𝑛𝑑 𝑂2

𝐸𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑠𝑜𝑙𝑎𝑟 𝑙𝑖𝑔ℎ𝑡
× 100 
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4 Chapter 4 

Modified OCT for water oxidation across UV to full visible spectrum  

As the rate determined step in water splitting, water oxidation was paid particular attention in 

the project. This chapter details the oxygenated covelent trazine framework OCT for water 

oxiation.  

Due to that solar-driven water splitting is highly desirable for clean hydrogen fuel production, 

numerous efforts have been made on hydrogen production, especially by means of stable and 

efficient photocatalyts of main group elements, e.g. carbon, nitrogen and oxygen. However, 

carbon-based photocatalysts have met with limited success for rate-determining water oxidation 

due to the extremely slow “four-hole” chemistry. Coupling computational design and controlled 

molecular synthesis, this chapter will demonstrate that an efficient strategy to change bandgap 

and band position of the covalent triazine 2-D photocatalyst. The synthesised oxygenated OCT is 

remarkably active for oxygen production at a wide operation window from UV, visible, and even 

to NIR (up to 800 nm), neatly matching the solar spectrum with an unprecedented external 

quantum efficiency even at 600 nm and 800 nm. Moreover, it remains active for H2 production. 

DFT calculations show that oxygen incorporation not only narrows the band gap but also causes 

appropriate band-edge shifts, due to the formation of C=O moiety in the structure. In the end, a 

controlled small amount of oxygen in the ionothermal reaction was found to be a promising, 

novel and facile way of achieving such oxygen incorporation. This discovery is a significant step 

towards both scientific understanding and practical development of metal-free photocatalysts for 

cost-effective water oxidation and hydrogen generation over a large spectral window. 
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4.1 Introduction 

Photocatalytic hydrogen production directly from water allows the conversion of solar energy 

into renewable and clean chemical energy and thus provides a potential solution to energy 

security and CO2 emission reduction19, 207, 224. There have been numerous studies on 

semiconductor photocatalysts for either hydrogen or oxygen evolution half reaction over the past 

decades3, 225-230, which is the key for both photoelectrochemical waters splitting and Z-scheme 

water splitting that can simultaneously produce specially separated H2 and O2 gas. However the 

majority of these photocatalysts are inorganic materials.227, 229 It is only in the last decade that 

metal-free photocatalysts have been developed, including graphite oxide224, g-C3N48, 231 and 

conjugated polymers181, 232. The latter ones usually show excellent photocatalytic performance for 

hydrogen production, but are rather poor or moderate for water oxidation (or oxygen generation) 

due to either a too large band gap and/or inappropriate band edges, especially not efficient at 

the strongest solar insolation range from 400 to 700 nm207, 224. The oxygen evolution process 

involves both 4e/4H+ electrochemistry and O=O bond formation. As such it is much more 

challenging than proton reduction to hydrogen and is the rate determining step in water 

splitting22, 181. Currently, a few metal oxides (e.g. Ag3PO4,.WO3 and BiVO4) are reported to oxidise 

water under visible light as mentioned in the chapter 2, albeit with a relatively narrow operation 

window (from UV up to 560 nm), which does not match well with the solar spectrum and thus 

limits their efficiency149, 233-235. Unmodified organic photocatalysts usually show negligible activity 

for water oxidation, typically due to high lying valence bands that are too close to the water 

oxidation potential, e.g. g-C3N4.11,231 Band gap engineering to modify the optical properties of 

organic photocatalysts has been experimentally and theoretically proposed, e.g. via addition of 

co-monomers236, addition of sulphur237, or anionic doping238. However, such band gap 
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engineering has only been demonstrated for graphitic carbon nitride (g-C3N4)239-240, of which the 

majority narrows the band gap by raising the Valence Band Edge (VBE) so that it is too close to 

the water oxidation potential to drive water oxidation. It has so far been proved that it is 

challenging to engineer the band gap of organic photocatalysts by the way of controllable shifting 

conduction band (CB) positions to enhance the much harder oxygen evolution reaction (with 

kinetics five orders of magnitude slower)22. Very recently, Wang et al were successful to prepare 

a series of CTP organic photocatalysts, with CTP-2 presenting a visible absorption to 530 nm with 

a ca. 3 µmol·h-1 oxygen evolution rate under full arc irradiation241. Moreover, it is still challenging 

to demonstrate an organic photocatalyst possessing visible light activity of oxygen evolution 

comparable to the best inorganic oxygen evolution photocatalysts, e.g. BiVO4. The present study 

employs an efficient strategy to enable the band gap narrowing primarily by shifting down the 

conduction band edge (CBE) of a wide bandgap polymer photocatalyst by oxygenation, not only 

maintaining the strong oxidation potential but also enhancing visible light absorption to IR 

region242, as such it would be an ideal photocatalyst in a Z-Scheme system for complete water 

splitting243-244. 

Recently, a planar organic material, covalent triazine framework (CTF-1), has being shown to 

possess promising structural and chemical properties, with a large surface area, of circa 500~2500 

m2/g183-185, 242. This material is composed of two molecular units, benzene and triazine, in contrast 

to the single molecular unit of g-C3N4. Theoretical work demonstrated that this is a semiconductor, 

with band edges straddling both the oxidation and reduction potentials for water splitting208. 

Experimentally the onset for light absorption is 2.94 eV due to a very negative CB, light absorption 

mainly occurs under UV irradiation245. More importantly, band positions of CTF-1 are easy to be 
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functionalised through synthesis process (e.g. by doping), potentially improving the optical 

absorption and the photocatalytic performance. 

By simulations collaborated with Xiaoyu Han in Chemistry Department of UCL, it is identified 

that OCT obtains the modified or disrupted triazine units, which in turn alters optical absorption 

properties and band gap levels. Therefore, the OCT is investigated in this chapter. 

4.2 Methodology 

4.1.1 Synthesis techniques 

OCT was synthesised by mixing 1,4-dicyanobenzene and zinc chloride with ratio 1:1 in a glove 

box. Mixed powders were transferred into pyrex ampoules, dried in the oven at 70 °C for one 

hour and then the ampoules were evacuated. Then a gas mixture of different oxygen/nitrogen 

ratios was introduced, and finally the ampoules were sealed. The reaction scheme is illustrated 

in Fig. 25. The ampoule was heated in a tube furnace at 400 °C for 40 hours. After heating, the 

products were ground, washed in distilled water and hydrochloric acid solution, and then further 

washed in deionised water. Molten ZnCl2 at 400 °C fulfils all the prerequisites to obtain crystalline 

porous polytriazines. First, nitriles show a good solubility in this ionic melt owing to strong Lewis 

acid-base interactions, and all the monomers described here form clear solutions in this salt melt. 

Second, ZnCl2 is a good catalyst for the trimerization reaction, which seems to be sufficiently 

reversible at this temperature. BiVO4 was synthesised using a method described in the previous 

study43. 
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Figure 25. Reaction Mechanism of OCT starting from 1,4-dicyanobenzene to the extended 2D OCT. Red 

dots are oxygen atoms, olive-green ones are carbon atoms and grey ones are nitrogen atoms. 

4.1.2 General characterization 

The Solid State Nuclear Magnetic Resonance (NMR) data were collected using a Bruker Avance 

300WB equipped with a 4-mm magic-angle spinning probe for 13C and 1H measurements. Powder 

X-Ray Diffraction (PXRD) measurements were taken by a Bruker D4 diffractometer at 40 kV and 

40 mA with Ni-filtered Cu Kα irradiation (λ1 = 1.540562 Ă, λ2 = 1.544398 Ă). X-ray photoelectron 

spectroscopy (XPS) was taken on a Thermoscientific XPS K-alpha surface analysis machine using 

an Al source. The Fourier Transform Infrared (FTIR) spectra were recorded on a Perkin-Elmer 

1605 FT-IR spectrometer. The Brunauer-Emmett-Teller (BET) surface area measurement was 

performed on Micromeritics® Tristar 3000 with N2 carrier gas. Annular dark field scanning 

transmission electron microscopy (ADF-STEM) combined with electron energy loss spectroscopy 

(EELS) by JEOL ARM-200F was operated at 80 kV for EELS. Elemental analysis was carried out 

by Elemental Analyser, Model 1108 (Carlo-Erba, Milan, Italy) with PC based data system, Eager 

200 for WindowsTM and a Sartorius Ultra Micro Balance, 4504MP8. UV-vis reflectance spectra 
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were recorded at room temperature by a Shimadzu UV-Vis 2550 spectrophotometer, which were 

converted by the Kubelka-Mulk transformation to obtain the absorption spectra. 

4.1.3 Photocatalytic activity evolution 

For oxygen and hydrogen evolution, reactions were performed separately in a custom Pyrex® 

batch reactor cell. For the case of H2 production, 100 mg photocatalyst was mixed with aqueous 

solution containing triethanolamine and 3wt%Pt (H2PtCl6). The reactor was sealed and then 

purged with argon to remove all air in the reactor before reaction. Hydrogen was produced under 

full-arc irradiation using a 300W Xe lamp (Newport 66485-300XF-R1). Oxygen evolution was 

processed in deionised water with 10 mg photocatalyst (OCT or BiVO4) and 1g AgNO3. The other 

procedure was the same as hydrogen evolution. A 420 nm long pass filter was used for removing 

UV radiation and 365, 400, 420, 500, 600 and 800 nm monochromatic light filters for quantum 

efficiency measurement where necessary. All the gas was analysed by gas chromatography 

(Varian 430-GC, TCD, argon carrier gas 99.999%). The quantum efficiency (Φ) was calculated by 

the equation mentioned in chapter 3.2.4 : AQY= 
4×𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 𝑂2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 ×100% . The 

incident photons were calculated by the equation: I = hcR(λ)/λ, based on light intensity measured 

by a Newport power meter. In a direct-transition semiconductor material, the absorption 

coefficient α is correlated to the optical bandgap by the equation: (αhν)2 = A(hν-Eg), where h is 

Planck’s constant; ν is the frequency of the incident photo; A is a constant that depends on the 

mobility of the electrons and holes in the material; Eg is the optical bandgap. Hence, the optical 

bandgap of OCT can be determined by Tuac’s plot, namely, the linear part of the (αhν)2 curve is 

extrapolated toward the energy hν axis at (αhν)2=0.  
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4.1.4 Computational simulations 

Oxygen interactions with covalent triazine frameworks, specifically OCT, were investigated 

using periodic Density Functional Theory (DFT), using the VASP code246, which was carried out 

by Xiaoyu Han at UCL Chemistry Department. A plane wave cutoff of 520 eV was selected, with 

the Projector Augmented Wave methods used to treat the core electrons247. The PBE functional 

was used for structure optimization, thermodynamic calculation, and electronic structure 

analysis248. Van der Waals interactions were included via the usage of the DFT-D2 method of 

Grimme249. All atoms were fully relaxed until the change in force upon ionic displacement was 

less than 0.01 eV/Å, with the change in energies no greater than 10–5 eV. OCT crystals were 

generated using an AA stacking motif. The lattice parameters of CT were obtained by generating 

energy-volume data, with lattice parameters as 14.57 Å, which is in line with previous 

calculations and experimental values183, 185, 208. 

Oxygen-dopant thermodynamics were determined using a (2×2) single sheet supercell, with a 

Monkhorst-Pack k-point mesh of (5×5×1) found to be sufficient in order to produce well 

converged energies and forces. Spin-polarisation was used in all calculations. A vacuum spacing 

of 20 Å was used. The single sheet structure was also used to accurately align Kohn-Sham (KS) 

eigenvalues for the pure and doped supercells. As a large vacuum spacing was used in the 

simulations, the planar averaged electrostatic potential converged to a constant value far from 

the surface. These converged values may be taken as the reference level with which the Kohn-

Sham (KS) eigenvalues are aligned250. For the band alignment of the CTF-1 and OCTs, the Fermi 

levels were determined by the calculations of each work function, where vacuum is set to zero. 
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4.2 Results and discussion 

4.2.1 General strategy and structural analysis of OCT 

Firstly, the three possible oxygenated products applied in the calculations and compared with 

undoped CTF-1 (Fig. 26a and 26b) are introduced to explain the general strategy and structural 

analysis of OCTs. For ideal CTF-1 (Fig. 26d), the triazine unit forms from condensation of 1,4-

dicyanobenzene (Fig. 26a) with molten zinc chloride in vacuum, following the nucleophile 

reaction mechanism. Three dicyanobenzenes coordinate to form triazines. The prediction (Fig. 

26b and 26c) was derived from simple tuning on the end of precursor, 1,4-dicyanobenzene, and 

preserved the same formation mechanism of the CTF-1. In structure OCT(i), O2 attacks the nitrile 

group, replacing nitrogen by oxygen (ON). In structure OCT(ii), the C=O bond is created by O2 

attacking the nitrile group in the first step, and then remains unattacked but emit NO in the 

second step. In structure OCT(iii), one oxygen atom bounds to the tail of nitrile group directly, 

and then form single C-O-N linker in the triazine ring. Here denotes the structure of pure triazine 

ring and those with oxygen containing structures as CTF-1, OCT(i), OCT(ii) and OCT(iii) in Fig. 

26d, 26e, 26f and 26g, respectively, with the supercells shown in Fig. 27. During the synthesis, 

oxygen may be used for functionalising the end groups of the molecules, resulting the modified 

triazine and thus modified optical properties. To clarify, oxygen will disrupt the formation of 

some triazine molecules, forming ketone or nitrous groups in the final materials. The most likely 

structure, OCT(ii), is discussed later.  
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Figure 26. Schematic of formation process of pure CTF-1 (a and d), OCT(i) (b and e), OCT(ii) (b and f) and 

OCT(iii) (c and g) structures. . Carbon is represented by brown sphere, nitrogen grey, hydrogen light pink, 

and oxygen red. (h) The band alignments of CTF-1 and proposed OCT structures. The dots represent the 

VBEs and the squares and triangles represent the unoccupied defect states and CBEs, respectively. The 

dash lines are the H+/H2 (up) and O2/H2O (down) redox levels. All the energy is calculated with reference 

to the vacuum level. 
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Figure 27. The periodic structures of pure CTF-1 (a), OCT(i) (b), OCT(ii) (c) and OCT(iii) (d). The solid 

lines represent the unit cell. 

OCT was fabricated by co-polymerizing monomers of 1,4-dicyanobenzene with zinc chloride in 

a 1:1 molar ratio in oxygen containing condition, as shown in Fig. 25. After synthesis, a black 

crystalline material was observed. The XRD analysis shows several intense reflection peaks, 

namely (100), (110), (200) and (001) in Fig. 28. This indicates that crystalline triazine-based 

frameworks have been formed207. The large diffraction peak at 2θ = 26.4°, assigned to the (001) 

peak, corresponds to an interlayer distance of 3.4 Å. Compared with the ideal CTF-1 in previous 

study184, the OCT shares the similar level of crystallinity with the ideal CTF-1 but a shift of the 

(001) peak from 26.1 ° to 26.4 °. It suggested the stacking distance is slightly reduced due to the 

doped oxygen atom which is smaller than the substituted nitrogen atom in the same position. 
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Moreover, from the calculated VBM/CBM (valence band maximum/ conduction band 

minimum) spatial distribution (Fig. 29), the oxygen substitution on the opened triazine units 

further induced charge delocalisation, which can contribute to the van der Waals bonding 

additionally, and then enhancing interlayer integration by reducing the interlayer spacing.  

Fig. 30 shows further structural characterisation from FTIR, which clearly confirmed the existence 

of triazine units and C=O bonds in the OCT in the following details. The peaks at 1020 and 796 

cm-1 match well with the C=C bending of benzene units251-252, and the C-H in-plane bending 

vibrations of the benzene rings252, respectively. The characteristic bonds for the triazine unit were 

found at 1508 cm-1 (C-N stretching mode)185, 253 and 1354 cm-1 (in-plane ring stretching 

vibrations)253-254, confirming the successful formation of triazine rings in these experiments. The 

peak at 1412 cm-1 corresponds to the absorption by the benzene ring that also forms the basic 

framework, which proves the existence of the aromatic hydrocarbon255. The peaks at 1730 and 

1688 cm-1 represents the C=O bond, indicating the presence of oxygen in the polymer256-257. The 

peaks at 2230 and 2340 cm-1 contribute to the conjugated C≡N bonds, due to the remaining 

triazine ring terminals258-259. 



124 

 

 

Figure 28. Powder XRD spectra of 6.68 at% OCT. The peaks (100), (110), (200) and (001) indicates that 

crystalline triazine-based frameworks have been formed. 
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Figure 29. The Spatial distribution of the valence band maximum (VBM) (a, c, e, g) and the conduction 

band minimum (CBM) (b, d, f, h) of the structure pure CTF-1, OCT(i), OCT(ii) and OCT(iii), respectively. 

All the isosurfaces were set to 0.005 e/a03, where a0 is the Bohr radii. 
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Figure 30.  FTIR spectroscopy of 6.68 at% OCT. The peaks at 796 and 1020 cm-1 match well with the C-H 

in-plane bending vibrations of the benzene rings, and the C=C bending of benzene units, respectively. The 

characteristic bonds for the triazine unit were found at 1508 cm-1 (C-N stretching mode) and 1354 cm-1 

(in-plane ring stretching vibrations), confirming the successful formation of triazine rings in these 

experiments. 

Further structural analysis performed by 13C cross-polarization magic angle spinning (CP-MAS) 

solid-state NMR (ssNMR) spectroscopy (Fig. 31a) shows that the OCT has strong peaks at 170, 

139, 129 and 116 ppm. The peak at 170 ppm was assigned to the symmetric carbon C1 in the 

central triazine ring167, while the peaks at 139 and 129 ppm were identified as the two separate 

carbon atoms of the benzene ring (C2 and C3), respectively. The small peak at 116 ppm was 

assigned to terminal nitrile207, 260. The C=O band signal is at 174ppm, dominated by the symmetric 
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carbon C1 signal and overlapping with peak 170 ppm. The elemental composition analysis was 

made by XPS in Fig. 31b. The presence of oxygen is detected with no ZnCl2 residue left in the 

samples. Detailed analysis of the OCT C1s and O1s signal profiles (Fig. 32) reveals C=O peaks at 

both 288.0 eV in C1s XPS spectra and 533.0 eV in O1s XPS spectra. This agrees with the FTIR 

spectra that show carbon-oxygen double bonds. EELS measurements were further taken from 

numerous positions in thin sections of the sample, which indicates the presence of oxygen in 

Fig.33. In order to obtain a higher signal-to-noise C, N and O K-edge EELS, I averaged three EELS 

measurements taken in different regions of sample, shown in Fig. 33d, where the ADF-STEM 

image of line profiles across the edge of sample were taken. The reason to collect data from the 

thin edge of sample is to make sure the beam pass through the samples and the outlet signal can 

be collected. Fig. 33a, b and c show the C, N and O K-edge EELS signal respectively from the line 

in Fig. 33d. Analysis of C and N K-edge EELS shows that the system is practically exclusively 

composed of sp2 hybridised carbon and nitrogen atoms, as indicated by the presence of the 1s→π* 

transition for both elements. The carbon-K ionization edge and nitrogen-K ionization edge show 

identical near edge structures indicating a similar threefold coordination and electronic 

environment of carbon and nitrogen in the synthesised material261. The first peak of O K-edge 

EELS spectrum at 532 eV is assigned to OC=O 1s→π*262 in Fig. 33c, the second peak at 538 eV is 

attributed to OC=O 1s→3p according to the EELS study of liquid acetone261, 263, which strongly 

indicates the presence of C=O structure in the materials. Elemental Analysis (EA) shows that the 

precise molar ratio of C to N is around 4.5, as detailed in Table 3, which is closed to the theoretical 

value of 4, for the pure CTF-1184. The 6.68 at% oxygen gradient into the sample may be due to 

initial rapid nucleation and seed formation of CTF-1 with insufficient oxygen, and then slow 

growth/polymerisation occurring allowing the incorporation of relatively high levels of oxygen. 

The sample has a large BET surface area of 388.7 m2/g with a pore size of 0.212 cm3/g, similar to 
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other values obtained experimentally185. Above all, oxygen doped covalent triazine materials 

were synthesised successfully by the creation of C=O bonds in the structure (structure OCT(ii)), 

which can play a key role in optical, electronic and photocatalytic properties as discussed in the 

following.  

 

Figure 31. (a) 13C cross-polarization magic angle spinning solid-state NMR and (b) XPS survey spectrum 

after etching to 150 nm thickness of the 6.68 at% OCT. The light blue dots are carbon atoms, the dark blue 

ones are nitrogen atoms, and the red one is oxygen atom. 

 

Figure 32. The C1s (a) and O1s (b) XPS spectra for the 6.68 at% OCT. (Charge referenced to adventitious 

C1s peak at 284.8 eV). 
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Figure 33. Carbon(a), nitrogen(b) and oxygen(c) K-edge region of the electron energy loss spectroscopy 

(EELS) from averaging three different spectra taken from the intensity line profiles from the region in ADF-

STEM image (d) of 6.68 at% OCT. 

Table 3. Elemental analysis of different ratio OCTs and the corresponding mole ratio of O2/1,4-

dicyanobenzene during the synthesis. 

Mol % Carbon Nitrogen Hydrogen Oxygen C/N 
ratio 

 mole ratio of O2/1,4-
dicyanobenzene during the 
synthesis  

3.97% 0-CT 63.53 14.49 18.01 3.97 4.4 10% 

4.51% 0-CT 63.02 14.41 18.06 4.51 4.4 20% 

5.48% 0-CT 62.84 13.75 17.93 5.48 4.6 30% 

6.68% 0-CT 61.46 13.72 18.14 6.68 4.5 40% 

7.71% 0-CT 62.06 12.25 17.98 7.71 5.1 50% 
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4.2.2 Photocatalytic and optical properties of 6.68 at% OCT 

The photocatalytic activity of the 6.68 at% OCT was determined in the presence of sacrificial 

reagents under full arc and visible irradiation in Fig. 34. Without cocatalysts, the OCT shows near 

linear oxygen evolution from aqueous solution with an initial rate of 10.24 µmol·h-1 (Fig. 34a). 

Remarkably, the photocatalytic activity for oxygen production under visible light (λ > 420 nm) is 

very close to that under full-arc, distinguished from the water oxidation photocatalysts reported 

so far, where visible-light driven activity is always much smaller than full-arc driven activity. I 

also investigated the ability of the OCT to produce hydrogen, with triethanolamine as an electron 

donor and Pt as a cocatalyst. The OCT produces hydrogen from water at an average rate of ca. 13 

µmol·h-1 under full-arc irradiation (Fig. 34b). Under visible light, hydrogen is produced at ca. 0.5 

µmol·h-1. This suggests that there are likely at least two low energy accessible unoccupied states 

of OCT, one significantly more positive than the other. The more positive unoccupied state is 

unable to provide enough driving force for the proton reduction, hindering hydrogen production 

under visible light illumination as shown in Fig. 34b. Experimental measurement obtained from 

the UV-vis absorption data (Fig. 35a) determined two optical band gaps with separation 1.6 eV 

and 2.8 eV.  Under full-arc irradiation, the electrons are excited from the VBE to the unoccupied 

defect state and CBE, enabling both efficient O2 and H2 productions. Under visible light 

irradiation, electrons are excited from the VBE only to the unoccupied defect state, so the rate of 

oxygen generation is maintained but the rate of hydrogen production is relatively slow, due to 

the reduced driving force for the hydrogen evolution. 
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Figure 34. Time courses of 6.68 at% OCT for oxygen (a) and hydrogen (b) production from water under 

full-arc irradiation and visible light illumination (λ > 420 nm) in the presence of relevant scavengers. 

 

Figure 35. (a) AQY for O2 generation at 400, 420, 500, 600 and 800 nm (left-hand axis) with optical 

absorption spectrum plotted (right-hand side) and (b) band positions and the pathways for water redox of 

6.68 at% OCT, where the CBE is the original conduction band in the unmodified CTF-1 and the unoccupied 

defect state is the lowered CB in the OCT. 

One benchmark water oxidation photocatalyst, the tetragonal and monoclinic BiVO4, was 

compared to evaluate the efficiency for oxygen generation of the OCT. BiVO4 has been reported 
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to efficiently oxidise water under visible light irradiation43, 264-265. As it is impossible to calculate 

the molar amount of OCT due to the unknown molecular weight of polymeric material, the same 

weight amount (1 g) of BiVO4 photocatalysts as OCT was used in the water oxidation reaction. In 

addition, the electron scavengers, e.g. Ag+ in this project, are a key factor in separating of holes 

from electrons and obtaining long-lived holes, which significantly influences the efficiency of O2 

production22, so the same amount of AgNO3 was applied in the benchmarking protocol. Thus, 

this benchmarking protocol ensures the fair, relevant, quantitative comparisons of photocatalytic 

water oxidation performance of OCT and BiVO4. From the observation of Fig. 36, it is found that 

the OCT is as efficient as BiVO4 (8.29 µmol·h-1 when a 420-nm cut-off filter was used). 

Furthermore, the OCT is still efficient when BiVO4 does not work, at wavelengths longer than 600 

nm, consistent with their optical absorption. Fig. 35a shows the AQY for oxygen production, 

which is more reliable as an indicator of photocatalyst efficiency. Notably, the OCT has a very 

wide operation window, with an AQY of 2.6% at 400 nm, 1.1% at 500 nm, and even 0.2% at 

wavelengths as long as 800 nm. Such a long wavelength response goes far beyond any inorganic 

and organic photocatalysts reported so far for oxygen evolution. In addition, the correlation 

between UV-vis absorption spectrum and AQY suggest that water oxidation is driven by light. 
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Figure 36. O2 evolution of 0. 1 g BiVO4 under visible light (λ > 420 nm) in the presence of the electron 

scavenger of 1 g AgNO3. 

Next, it is assessed that the stability of the samples by running a three-cycle photocatalytic test 

and performing structural analysis before and after water oxidation. The reaction of O2 evolution 

was run for a total 24 h within intermittent evacuation every 8 h under both full arc and visible 

light irradiation (Fig. 37a). Continuous O2 is produced but with the noticeable decrease due to the 

deposition of metallic silver on the catalyst surface when using Ag+ as an electron scavenger, 

blocking light absorption and obstructing active sites8, 266. On the other hand, as shown in Fig. 

37b, the reaction of H2 evolution was run for a total of 18 h with intermittent evacuation every 6 

h under both full arc and visible light irradiation (λ > 420 nm). The amount of H2 evolution is 

almost the same at the end of every cycle, which means the stability of 6.68 at% OCT during the 

reaction. Whereas, the structure of photocatalysts remains stable after reaction, as confirmed by 

the FTIR and ssNMR spectra taken before and after water oxidation in Fig. 38. Both demonstrate 

the stability of the polymer after photocatalytic reaction. 
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It is further verified that the detected O2 was indeed generated by water oxidation. Firstly, the 

total amount of O2 obtained after 24 h was ca. 135.2 μmol of O2, or 270.4 μmol of oxygen atoms as 

shown in Fig. 37a. This is more than four times of the amount of oxygen atoms (63.3 µmol) 

contained in the 6.68 at% OCT sample drawn from the elemental analysis in Table 3, proving that 

the oxygen gas was produced from water rather than deoxygenation of the polymer. In addition, 

isotopic measurement showed that the photocatalytic oxygen evolution in the 18O-labelled water 

generates a strong 18O2 peak after reaction for 2 h reaction, as noted in the GC-MS spectra in Fig. 

39, further confirming that the oxygen production is originally from the water.  

 

Figure 37. The typical time courses of (a) O2 production from water containing 1 g AgNO3 as a hole 

scavenger and (b) H2 production from water containing 10 vol% TEOA as an electron donor and 3 wt% 

Pt (H2PtCl6) as a cocatalyst, under full arc and visible light (of wavelength longer than 420 nm) by 6.68 

at% OCT. The reaction of O2 evolution was run for 24 h, with evacuation every 8 h (dashed line). The 

reaction of H2 evolution was run for 18 h, with evacuation every 6 h (dashed line).  
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Figure 38. FTIR spectra(a) and 13C cross-polarization magic angle spinning ssNMR spectra(b) of 6.68 at% 

OCT before and after water oxidation reaction.  The light blue dots are carbon atoms, the dark blue ones are 

nitrogen atoms, and the red one is oxygen atom. 

 

Figure 39. Gas Chromatography mass spectra of oxygen obtained under full arc irradiation in the 95% 18O-

labelled-water photocatalytic system at reaction time points of (a) 0 h and (b) 2 h. 
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4.2.3 Discussion of prospective structure optical properties 

Density functional theory (DFT) study was taken into consideration based on the formation 

process, see Fig. 26, and probed the electronic structures and optical properties of several 

prospective modified structures. 

To compare the pure CTF-1 and the OCTs, the reaction energy was calculated according to the 

following equation: Ef = ECT/OCTs - 2Eprecursor 0 - Eprecursor + ∆EH, where the ECT/OCTs is the total energy 

of the systems of CTF-1 or OCTs. The Eprecursor 0 represents the total energy of 1, 4-dicyanobenzne 

molecule and Eprecursor is the energy of the proposed precursors shown in Fig. 26 b and c, 

respectively. The ∆EH is the adjustment energy to balance the equation and was calculated by half 

of the energy of H2. The reaction energy of each structure is listed in Table 4. From the 

thermodynamic point of view, all the reactions are exothermic; so, all the three structures could 

be produced in the final compounds. Structures OCT(i) and OCT(iii) conserve the framework, 

while OCT(ii) disrupts the triazine unit that links benzenes, hindering complete crystallization of 

the OCT and resulting in crystal disorder as observed in XRD, Fig. 28. 

Table 4. The reaction energy of each structure of pure CTF-1 and OCTs. 

Structure Formation Energy (eV/atom) 

CTF-1 -0.138 

OCT(i) -0.148 

OCT(ii) -0.099 

OCT(iii) -0.163 

The oxygenation not only disturbs the formation of the triazine ring, but more importantly 

changes the electronic distribution on VBM and CBM, as shown in Fig. 40. For the pure CTF-1 
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(Fig. 40(a and b)), the nitrogen atoms contribute to both VBM and CBM, respectively by electrons 

from px and py orbitals and from pz orbitals. The oxygen doping dramatically tunes the 

configuration of the band configurations. For the OCT(i), both carbon and oxygen donate pz 

electrons to the VBM. For OCT(ii) and OCT(iii), the VBM is from electrons over a wider area, 

especially in the carbonyl group. Moreover, the oxygen does not contribute to the CBM in OCT(i) 

and OCT(iii), but that does partially to the CBM from the pz orbital in OCT(ii). Overall, partially 

distorted triazine units due to oxygenation show relatively high delocalisation of electron density 

(Fig. 29), implying that photogenerated charges are more readily to diffuse through the OCT to 

react with other species than through the pure CTF-1. Thus, oxygen incorporation stimulates the 

mobility of the charged carriers and inhibits the recombination of electrons and holes. 

I next compared the density of states (DOS) of CTF-1 and OCTs in Fig. 40. The band gap of the 

pure CT is 2.6 eV, and OCT(i) shows a slight reduction in band gap, to 2.54 eV, whereas the other 

structures display significantly redshifts in absorption by 0.37 eV (OCT(ii)) and 0.42 eV (OCT(iii)), 

respectively. The unoccupied defect states result from the formation of the oxygen-containing 

functional groups, albeit with significant delocalisation arising from the significant aromaticity 

of the benzene and triazine components of the CTF-1. As shown in Fig. 26h, oxygenation of the 

polymer dramatically reduces the overpotential for H2 production under visible light irradiation, 

but almost retains a relatively stable VBE, not affecting O2 production. Among them in Fig. 26h, 

the OCT(ii) demonstrates the narrowest band gap, most benefit the visible optical absorption, but 

the unoccupied defect state is too closed to the potential of water reduction to produce H2 under 

visible light irradiation, thus efficient hydrogen production only occurs under full arc irradiation. 

Furthermore, OCT(ii) is the only structure containing the C=O bonding, which is consistent with 
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the experimental structure characterization results and further confirms that OCT(ii) is the most 

promising structure matching all the characterization and simulation results. 

 

Figure 40.The density of states (DOS) of the structure for pure CTF-1 (a), OCT(i) (b), OCT(ii) (c) and 

OCT(iii) (d). The Fermi levels were adjusted to zero. 

4.2.4 Effect of oxygen content on water oxidation and optical and electrical properties 

Furthermore, I explored the effect of oxygen content in the materials on their water oxidation 

performance. Five samples with different levels of oxygen doping were synthesised and the 

detailed elemental ratios are shown in Table 3. The C/N ratios of all polymers are around 4.5, 

close to the theoretical value of 4 for the pure CT. The slightly higher ratio is believed to be mainly 

due to oxygen doping and more benzene ring terminals or edges. The higher the level of oxygen 

doped in the framework, the narrower the band gap, up to 1.6 eV when an oxygen content being 

6.68 at% (Fig. 41b). Moreover, the effect of the level of doped oxygen on the photocatalytic 
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performance and the band gap conversed from UV-vis absorption has been further investigated 

experimentally, shown in the Fig. 41. The results show that the amount of photocatalytic oxygen 

evolution increases as the oxygen doping level increases to a peak at the oxygen-doping level of 

6.68 at%, of the initial rate of 10.24 μmol. Afterwards, the amount of produced oxygen drops as 

the oxygen doping level increases to 7.71%. The trend of this experimental performance is in good 

agreement with the changes of calculated the band positions and the band gap of the OCT 

polymers, as shown in Fig. 42. Compared to the pure CT, the unoccupied defect state of OCT 

shifts down greatly, and the VB relatively remains, thus narrowing the band gap. Above all, 

doping oxygen into covalent triazine framework synthesised by a controlled polymerization 

method realised readily band gap Engineering. The UV-vis absorption spectra of different 

oxygen-incorporated CT polymers show the increase in the level of doped oxygen, leading to a 

long wavelength absorption value, λmax, due to a narrower band gap at a higher level of doped-

oxygen in the CT, as predicted theoretically. With further increase of the oxygen doping level, as 

indicated by the XPS spectra in Fig. 43, the extra oxygen tends to form C-O/C-OH bonds, rather 

than the C=O bond. This indicates that the C=O bond is more effective to tune the band gap, and 

more importantly, acts as active site for water oxidation.  

 



140 

 

Figure 41. Oxygen evolution amount for different amount of oxygen doped in OCT (a) and the 

corresponding Tauc Plots calculated based on the UV-vis spectra(b). 

 

Figure 42. The equilibrium structures and its density of states for pure CTF-1 (a and d), 3.33 at% OCT(ii) 

(b and e) and 6.68 at% OCT(ii) (c and f), respectively and the band alignment calculations in PBE level of 

OCT(ii) for different oxygen doping levels (g). The bottom ones (solid circles) are the position of the VBs 

and the solid squares and triangle represent the CBs and the unoccupied defect state. 
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Figure 43. (a) C1s and (b) O1s XPS spectra for the 7.71 at% OCT. (Charge referenced to adventitious C1s 

peak at 284.8 eV). 

4.3 Conclusions 

In conclusion, an oxygen-doped covalent triazine (OCT) material was successfully synthesised 

by polymerization of 1,4-dicyanobenzene in controlled gas mixtures of oxygen and nitrogen. 

Under full-arc irradiation, the new OCT photocatalyst shows both oxygen and hydrogen 

evolutions from water in the presence of separate scavengers and demonstrates oxygen evolution 

longer than a day.  

For the first time, water oxidation proceeds from UV up to 800 nm irradiation, consistent with 

the UV-vis absorption spectrum, with an AQY of 2.3% at 420 nm, 1.1% at 500 nm, closed to 1% 

even at 600 nm. The visible light absorption is attributed to a significant reduction in the gap, 

caused by disruption of the triazine structural unit and the formation of the effective C=O moiety. 

This moiety has a very significant effect on the band gap engineering, creating the unoccupied 

defect states, which benefits the water oxidation under the visible light irradiation.  

It is demonstrated, an organic water oxidation photocatalyst that has an exceptionally wide 

window of operation, up to 800 nm for both H2 and O2 production in the presence of relevant 

sacrificial reagent. Overall, these findings demonstrate a strong potential for the development of 

low-cost and environmental-friendly photocatalysts for effective solar driven water splitting. 

However, this modified polymer photocatalysts still show moderate activity under visible light. 

A more efficient polymer photocatalyst will be developed next.   
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5 Chapter 5 

New CTF-0 for both visible light-driven efficient hydrogen and oxygen generation from water  

As mentioned before that covalent triazine frameworks (CTFs), which was firstly synthesised 

successful as crosslinked porous polymers with two-dimensional molecular structures a few 

years ago, have very recently become appealing harvesters for photocatalytic water splitting, 

owing to their adjustable band gap and facile processing. Herein, two different synthesis ways of 

a novel photocatalyst covalent triazine framework CTF-0 was investigated, which was then tested 

as a superior photocatalyst for enhanced photocatalytic H2 and O2 evolution under visible light 

irradiation. The CTF-0-M2 produced by microwave method shows much higher photocatalytic 

activity of hydrogen evolution (up to 701 µmol/h) than the CTF-0-I produced by conventional 

ionothermal trimerization method under identical photocatalytic conditions. This can be 

attributed to the narrowed band gap, the most negative conduction band and the rapid 

photogenerated charge separation and transformation. Whereas, CTF-0-I initially produces ca. 6 

times higher oxygen evolution than CTF-0-M2 under the same experimental condition, due to the 

large driving force of water oxidation and the large number of active sites. The findings therefore 

suggest that, varying the experimental conditions of synthesizing CTF-0 modulates their ordered 

interlayer structure and bandgap positions, thus further optimizing their optical and redox 

properties, resulting in an enhanced performance for photocatalytic hydrogen and oxygen 

evolution, which has been further proved by the theoretical modelling and PEC results. 
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5.1 Introduction 

Storage solar energy into chemical fuels by artificial photosynthesis is an environmentally 

friendly way for production of clean and sustainable energy, prohibiting the environment 

pollution by reducing the greenhouse gas emission from fossil fuels267. Specifically, visible-light 

driven water splitting into O2 and H2 by photocatalysts has a promising potential to realise the 

application of solar-to-chemical energy conversion in practice240. For overall water splitting 

(OWS), single semiconductor photocatalysts has been reported to successfully and 

simultaneously generate hydrogen and oxygen from water under light illumination in a 

suspension system51, 268-269. However, the highest quantum efficiency of single photocatalyst for 

OWS has been reported about 2.5 % at 420-440 nm on (Ga1-xZnx)(N1-xOx)270, which is much lower 

than that of a Z-scheme OWS system, e.g. the SrTiO3:La, Rh/Au/BiVO4:Mo photocatalyst sheet, 

which exhibited an apparent quantum efficiency of 33% at 419 nm271. The major reason is likely 

that the Z-scheme system dramatically alleviates unexpected while inevitable back reaction on 

single photocatalysts and expands the light absorption by using narrow band gap 

semiconductors that are even deficient in terms of either the CBM level (that is, the CBM is more 

positive than the H+/H2 potential) or the VBM level (that is, the VBM is more negative than the 

O2/H2O potential). Thus, only certain oxides and (oxy)nitrides can be used as single 

photocatalysts for OWS, while many other types of semiconductors can potentially be used in the 

Z-scheme system272. Furthermore, photoelectrochemical (PEC) water splitting also demonstrate 

a high solar-to-hydrogen efficiency, such as ~3.3% for pH neutral overall water splitting by 

double-band GaN:Mg/InGaN:Mg nanosheet photochemical diodes273. Equally important, for the 

safety reason, in-situ separation H2 and O2 is preferable243, which can be achieved in either PEC 

or Z-scheme system economically. The requisite of both PEC and Z-scheme system is efficiency 
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photocatalysts for half reaction (either water reduction or oxidation reaction). Therefore, many 

studies concentrate on the discovery of efficient photocatalysts for either half reactions. 

In the Chapter 4, I investigated the CTF-1 and modified CTF-1 for water splitting, which show 

some attractive properties while AQY is not satisfactory. In this work, novel conjugated, 

crystalline CTF-0s using 1,3,5-tricyanobenzene (TCB) as a precursor under both microwave-

assisted and ionothermal conditions were synthesised. The correlation between the structure and 

photocatalytic activity will be thoroughly investigated and discussed in this Chapter. 

5.2 Methodology 

5.2.1 Chemicals 

1,3,5-tricyanobenzene was purchased from OTAVA Ltd.. Trifluoromethanesulfonic acid (TFMS) 

was purchased from Sigma-Aldrich. Zinc Chloride was purchased from Alfa Aesar. They were 

used as received. 

5.2.2 Synthesis of CTF-0-I 

CTF-0-I was synthesised from 1 g (6.5 mmol) of 1, 3, 5-tricyanobenzene and 0.9 g (6.5 mmol) of 

ZnCl2 in a glass ampule. The ampule was evacuated and then flame-sealed and placed into a 

furnace for heat treatment at 400 °C and 40 h. The light-yellow solid was obtained after breaking 

the cool ampule and then ground thoroughly. The powder was dispersed in the water and then 

kept stirring for 12 h at 90 °C after sonicated. 0.1 M HCl was added in the water and the solution 

was stirred for another 12 h at 90 °C. The sample was finally washed successively with water, 

acetone, and ethanol, and then dried in the vacuum oven at 120 °C for 12 h. 
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5.2.3 Synthesis of CTF-0-Ms 

CTF-0-M1, CTF-0-M2 and CTF-0-M3 were synthesised by 1 g of 1, 3, 5-dicyanobenzene (13 mmol) 

and 1.5 mL, 2 mL and 2.5 mL (6.9 mmol, 17.9 mmol and 22.4 mmol) of TFMS as a catalyst and 

solvent. The mixed chemicals were moved into a 10 mL glass reaction vessel (CEM, Discover and 

Explorer SP Vessels) with a magnetic stirrer and the vessel was covered. And the vessel was 

immediately placed into a CEM microwave and worked for 30 min with the power of 300 W. In 

the first minute, the solution started boiling and pale-yellow solid precipitates were formed 

gradually and finally the precipitates after 30 min microwave heating were collected and washed 

by ammonia solution to remove the acid, and then washed with ethanol, acetone and water 

subsequently. Finally, the products were obtained as powders after drying in the vacuum oven 

at 180 °C for 12 h. 

5.2.4 Characterization 

Powder X-ray Diffractograms (PXRD) of the as-prepared samples were taken by a Bruker D4 

Diffractometer with Ni-filtered Cu Kα irradiation (λ1=1.540562Ă, λ2=1.544398Ă). The Brunauer-

Emmett-Teller (BET) surface area measurement was performed on Micromeritics® Tristar 3000 

with N2 carrier gas. Solid-state Nuclear Magnetic Resonance (ssNMR) spectra were carried out 

on a Bruker Advance 300WB spectrometer running with a 4mm magic-angle spinning probe for 

13C and 1H measurements. Fourier transform infrared spectra (FTIR) were performed on a Perkin-

Elmer 1605 FT-IR spectrometer in the wavelength range from 400-4000 cm-1 with a resolution of 

0.5 cm-1. UV-visible reflectance spectroscopy was conducted using a Shimazu UV-Vis 2550 

spectrophotometer fitted with barium sulphate as a referent. Photoluminescence (PL) 

spectroscopy measurements were performed on a Renishaw spectrograph system based on use 
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of Kayser™ notch filters with a sensitive CCD detector coupled to a microscope for point-by-

point analyses, using a 325-nm excitation laser and a wavenumber range of 100-2000 cm-1. X-ray 

photoelectron spectra (XPS) was performed using a Thermoscientific XPS K-alpha surface 

analysis machine using an Al source. Analysis was performed using CasaXPS. 

5.2.5 Theoretical Calculations 

To understand the electron characters of the investigated compounds CTF-0, the Density 

Functional Theory (DFT) was used by the VASP code246. A plane wave cutoff of 520 eV was 

selected, with the Projector Augmented Wave methods used to treat the core electrons247. The 

PBE functional was used for structure optimization, thermodynamic calculation, and electronic 

structure analysis248. Van der Waals interactions were included via the usage of the DFT-D2 

method of Grimme249. All atoms were fully relaxed until the change in force upon ionic 

displacement was less than 0.01 eV/Å, with the change in energies no greater than 10–5 eV. CTF-

0 crystals were generated using an AA stacking motif. CTF-0 thermodynamics were determined 

using a (2×2) single sheet supercell, with a Monkhorst-Pack k-point mesh of (5×5×1) found to be 

sufficient in order to produce well converged energies and forces. Spin-polarisation was used in 

all calculations. The single sheet structure was also used to accurately align Kohn-Sham (KS) 

eigenvalues for the pure and doped supercells. As a large vacuum spacing was used in the 

simulations, the planar averaged electrostatic potential converged to a constant value far from 

the surface. These converged values may be taken as the reference level with which the Kohn-

Sham (KS) eigenvalues are aligned.250 For the band alignment of the CTF-0, the Fermi level were 

determined by the calculations of each work function, where vacuum is set to zero. 
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5.2.6 Photocatalytic measurements 

Oxygen and hydrogen evolution performances were carried out separately in a custom Pyrex® 

batch reactor cell under the irradiation of a 300 W Xe lamp (TrusTech PLS-SXE 300/300UV). A 

reaction cell under the full-arc irradiation was used for hydrogen evolution, containing 100 mg 

of solid catalysts loaded with 3 wt% Pt and 230 ml of H2O mixed with 10 vol% triethanolamine 

while for the oxygen evolution containing 100 mg of solid catalysts and 1 g of AgNO3 dissolved 

in the 230 ml H2O. Before the reaction, the reactor was sealed and then argon was purged into it 

to remove all the air. To measure the photocatalytic efficiency under the visible light irradiation, 

a 420-nm long pass filter was installed in front of the lamp to remove UV light. 365, 420, 500, 600 

and 800 nm bandpass light filters was used for quantum efficiency measurement. All the product 

gas was analysed by gas chromatography (Varian 430-GC, TCD, argon carrier gas 99.999%). The 

apparent quantum efficiency (Φ) was calculated by the equation: ∅= (N×O/n) ×100, where N, O 

and n were equivalent to the numbers of charge carriers for one molecular gas, evolved gas 

molecules and number of the incident photons, respectively. The number of incident photons was 

calculated by the equation: n=Iλ/hc, where the light intensity I was measured by a Newport 

power meter. The turnover number (TON) was calculated after seven cycles by using the 

following formula: TON =moles of H2 molecules generated / moles of active sites (herein 

platinum on the photocatalysts). 

5.2.7 Photoelectrochemical Measurements 

The photoelectrochemical properties were investigated in a conventional three-electrode cell 

using an electrochemical analyser (IVIUM Technologies). CTF-0 films were prepared as 

followings: FTO glass was washed sequentially with distilled water, ethanol and acetone in an 
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ultrasonic cleaner for 30 min. Then, 5 mg CTF-0 grounded powders were mixed with 750 µL 

distilled water, 250 µL 2-prononal and 10 µL Nafion in an ultrasonic cleaner for 30 min and then 

the slurry was coated onto 2 cm × 2 cm FTO by spin coater. After drying overnight in a hot plate 

at 250 °C, the electrodes were sintered at 400 °C for 30 min to improve adhesion. The prepared 

films, a Pt net and Ag/AgCl (saturated KCl) were used as the working, counter and reference 

electrodes, respectively. Sunlight was simulated with a 150 W xenon lamp (Newport) and AM 

1.5 filter (Newport). The light intensity was tuned using a calibrated crystalline silicon solar cell, 

equivalent to global AM 1.5 illumination at 100 mW/cm2. The photocurrent of samples was 

measured in 0.1 M Na2SO4 aqueous solution (pH=6.5). Samples were illuminated from the back 

side (FTO substrate) and the mask-off irradiated area was 2 cm2. Mott-Schottky curves were 

measured at a Certain DC potential range with an AC amplitude of 5 mV and a frequency of 0.5 

kHz, 1 kHz and 2 kHz under dark condition. Electrochemical impedance spectra (EIS) were 

measured with 0.0 V bias versus AgCl/Ag. 

5.3 Results and Discussion 

5.3.1 General Characterisations 

To certify the successful polymerization of triazine rings and characterise their structure of the 

new CTF polymers, the prepared samples were characterised by PXRD, nitrogen sorption 

measurements, solid-state 13C NMR spectroscopy, and FTIR spectroscopy.  

XRD measurements of samples in Fig.44 shows that all the samples are at least partially 

crystalline, while the intensity and the width of the peaks can be influenced by the synthesis 

temperatures and the reaction concentration of the acid. There are two distinct peaks at ~15° and 

~25.5° in XRD patterns of all the samples. The low-angle peak at ~15° can be attributed to the in-
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plane reflection (100) of three hexagonal unit cells built by the bridge structure between the 

respective aromatic units and the triazine-linkers as shown in Fig.44, while the broad peak at 

~25.5° can be interpreted as the interlayer spacing (001) with vertical stacked sheets of 3.42 Å. 

One can see that CTF-0-M2 has the highest ordered interlayered structure among all samples. 

Therefore, the morphology of CTF-0-M2 was observed by TEM as shown in Fig. 45. Clearly, the 

lattice space of ca. 0.34 nm for the multilayer structure of CTF-0-M2 was measured from the TEM 

contrast intensity profile and the Fast Fourier Transforms (FFT) in Fig.45, which is corresponding 

to the result of the (001) peak shown in the PXRD spectra. Obviously, the materials prepared by 

the higher temperature treatment have the higher peaks of in-plane reflection (100) than the 

interlayer reflection (001). However, the samples prepared by the microwave method at the room 

temperature obtain the higher intensities of the interlayer reflection than the in-plane reflection. 

The enhanced crystallised structure between interlayers of CTF-0-Ms can correspond to the 

relatively higher energy provided by the microwave in a certain period than the ionothermal 

method. In contrast, the low angle (100) peak of CTF-0-I is increased in intensity compared to 

CTF-0-Ms, which points to the long enough reaction time (40 h) under the high temperature (400) 

facilitating the reorganization of monomers in planes. Thus, the higher temperature induces more 

in-plate crystallisation. The polymers prepared by the microwave method show an order of 

degree of crystallinity CTF-0-M2 > CTF-0-M1 > CTF-0-M3 likely due to lower or higher 

concentration of the TFMS catalyst which either reduce or destroy the crystallinity, respectively. 

In other words, the nearly 1:1 ratio of the reactant and catalyst produces the highest degree of 

crystallinity of the CTF polymer. 
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Figure 44. PXRD patterns of CTF-0-I prepared by the ionothermal method, and CTF-0-M1, CTF-0-M2 

and CTF-0-M3 prepared by the microwave method. 

 

Figure 45. Transmission electron microscopy (TEM) image of CTF-0-M2. 
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Figure 46. Nitrogen sorption measurements of CTF-0-I prepared by the ionothermal method, and CTF-0-

M1, CTF-0-M2 and CTF-0-M3 prepared by the microwave method. 

The porosity of the resulting CTFs was studied by N2 sorption experiments at 77 K (Fig. 46), which 

can influence the surface reactions in the photocatalytic water splitting. All the samples (CTF-0-

Ms) synthesised by the microwave method show very low, nearly 0.1 m2·g-1 of N2 accessible 

surface area, as the pore entrances are too narrow to allow the uptake of a probe with a radius of 

1.82 (N2). The CTF-0-I shows a comparably loose organic network with apparent BET surface of 

5.13 m2·g-1, which is reasonable, as the higher temperature in the ionothermal treatment induced 

the production of a small amount of gas during the synthesis, creating small pores in the surface 

of the sample. This result is in line with the previous report, in which the higher temperature 

during the polymerization can give rise to the higher surface area183, which is beneficial for 

providing more active sites. 
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The ssNMR measurements (Fig. 47) of the CTF-0s materials certifies the conjugated triazine rings 

synthesised successfully, which shows three distinct peaks which can be assigned to the carbon 

atoms in the triazine rings (169 ppm) and two distinguishable carbons in the bridging benzene 

rings (138 and 117 ppm). No peaks of residual cyano groups (110 ppm) can be detected in the 

spectrum183. At the first glance, it is seen that the intensity of the peak at 169 ppm for CTF-0-M2 is 

highest, CTF-0-M1 middle and CTF-0-M3 lowest. While less (CTF-0-M1) or more catalyst (CTF-0-

M3) would either limit polymerisation or decompose the polymer, leading to a weaker peak at 

117 ppm, consistent with XRD analysis. The elemental composition of all the samples are 

analysed by XPS spectra shown in Fig. 48 and the elemental analysis (EA) in Table 5, which 

confirms only carbon, nitrogen and hydrogen exist, excluding other impurities in the 

photocatalysts. As the XPS is a surface sensitive technique, EA measurements are used to further 

certify the elemental compositions. The C: H: N ratio of CTF-0-M2 is 71.4: 2.0: 26.3, which is mostly 

closed the theoretical ratio of 70:6: 2.0: 27.4, then CTF-0-M1, and last CTF-0-M3. Less catalyst or 

more catalyst induces more carbon in the final samples. For CTF-0-I, the higher synthesised 

temperature further increases the carbon to the highest amount among all samples183. 
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Figure 47. Solid-state 13C NMR spectra of CTF-0-I prepared by the ionothermal method, and CTF-0-M1, 

CTF-0-M2 and CTF-0-M3 prepared by the microwave method. 

 

Figure 48. XPS survey spectra of CTF-0-I, CTF-0-M1, CTF-0-M2 and CTF-0-M3. 
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Table 5. Elemental analysis data of the polymers CTF-0-I, CTF-0-M1, CTF-0-M2 and CTF-0-M3. 

Polymer Acid catalyst TCB Experimental % Theory % 

C H N C H N 

CTF-0-I 0.9 g 1 g 76.8 2.5 20.0 70.6 2.0 27.4 

CTF-0-M2 2 mL 1 g 71.4 2.0 26.3 70.6 2.0 27.4 

CTF-0-M1 1.5 mL 1 g 72.1 2.1 25.3 70.6 2.0 27.4 

CTF-0-M3 2.5 mL 1 g 72.3 2.2 24.8 70.6 2.0 27.4 

Moreover, the FTIR spectra (Fig. 49) represents the existence of the intense carbonitrile band at 

1308 and 1519 cm-1, indicating successful trimerization reaction, and a very small peak at 2244 

cm-1 also points to the increasing formation of triazine rings183. Peak at 1308 cm-1 in the FTIR 

spectroscopy also indicates an order of the degree of polymerisation, CTF-0-M2 > CTF-0-M1 ~ 

CTF-0-I > CTF-0-M3. Based on the above measurements, I can conclude that covalent triazine 

frameworks CTF-0 have been successfully synthesised by both the ionothermal method and 

microwave method while the order of the degree of crystallinity follows CTF-0-M2 > CTF-0-M1 ~ 

CTF-0-I > CTF-0-M3. In addition, CTF-0-I has the largest surface area and highest amount of 

impurity carbon. 
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Figure 49. FTIR spectra of CTF-0-I prepared by the ionothermal method, and CTF-0-M1, CTF-0-M2 and 

CTF-0-M3 prepared by the microwave method. 

5.3.2 Optical properties and the proposed band gap structure diagram 

To further investigate optical properties and derive their band gap structure, photoluminescence 

spectra, UV/vis diffuse reflectance spectroscopy and valence-band XPS spectra were observed.  
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Figure 50. Photoluminescence spectrum of CTF-0-I, CTF-0-M1, CTF-0-M2 and CTF-0-M3. 

Photoluminescence spectra of the re-prepared polymers were recorded at solid state with 325 nm 

light excitation at room temperature shown in Fig. 50. The emission maxima are red-shifted from 

CTF-0-I to CTF-0-M2, as well as the PL intensities follow the trend of CTF-0-I > CTF-0-M3 > CTF-

0-M1 > CTF-0-M2. Notably, this result is consistent with the increasing trend of the nitrogen 

elemental ratio in the elemental analysis, which suggests the increasing covalent triazine rings. 

Therefore, it is believed that the PL emission induced by the localised electronic transition in the 

triazine rings should play a critical role in the photoluminescence274-275. Such PL emission is 

believed to be affected by the ordered structure and carbon impurity with the smallest PL 

intensity on CTF-0-M2 due to the least carbonisation impurities and the best ordered structure. 

This PL emission is related to the charge recombination, which is a crucial factor in the 

photocatalytic reaction276-277. In addition, the highest intensity of PL spectrum of CTF-0-I likely 
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results from highest amount of carbon impurities and the peaks shift is related to the charge states 

in the four polymers. 

 

Figure 51. UV/Vis absorption spectra and optical energy band gap estimated by the method proposed by 

wood and Tauc278 of CTF-0-I, CTF-0-M1, CTF-0-M2 and CTF-0-M3. 

The absorbance spectroscopy (Fig.51) reveals that the absorption edge for CTF-0-I, CTF-0-M2, 

CTF-0-M1 and CTF-0-M3 are located at around 450, 600, 550 and 500 nm respectively, which is 

consistent with the trend of the PL emission maxima of these samples shown in Fig. 50. In 

addition, the materials CTF-0-Ms prepared by the microwave method show enhanced the 

absorption intensity in the visible region compared to the CTF-0-I, favouring photogenerated 

electron formation under visible light irradiation. Among all the samples, CTF-0-M2 shows the 
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most red-shift absorption, which is due to the ordered structure as proved by the XRD, NMR and 

FTIR. Based on the Kubelka-Munk function, their band gaps are calculated to be 2.76, 2.07, 2.25 

and 2.48 eV respectively. To estimate the relative positions of their CBM and VBM, the position 

of the VBM of these polymers were also measured by valence band XPS (Fig. 52). For CTF-0-M2, 

the VBM negatively shifts toward the vacuum level compared to CTF-0-I. Correspondingly, the 

value of the energy difference between the CTF-0-M2 and CTF-0-I peaks is 0.81 eV, and the 

differences for CTF-0-M1 and CTF-0-M3 when compared with CTF-0-I are 0.58 eV and 0.08 eV, 

respectively. Furthermore, the flat band positions of all the materials are derived from the 

extrapolation of Mott-Schottky plots at different frequencies shown in Fig. 53. They are 

determined to be -0.58, -0.65, -0.70 and -0.38 eV vs. Ag/AgCl for CTF-0-I, CTF-0-M1, CTF-0-M2, 

and CTF-0-M3, respectively. Given the band gap obtained from UV/vis spectra and the flat band 

positions, the valence bands of them should be located at 2.18, 1.60, 1.37 and 2.10 eV, respectively, 

as shown in Fig. 54, which are consistent with the trend of the valence band measurement by XPS. 

Apparently, the ordered surface shifts the valence band of CTF-0-M2 upward. Correspondingly, 

CTF-0-M2 shows the lowest driving force for water oxidation reaction, then CTF-0-M1, next CTF-

0-M3, while CTF-0-I has the strongest over potential for oxidation reaction. 
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Figure 52. Valence-band XPS spectra of CTF-0-I, CTF-0-M1, CTF-0-M2 and CTF-0-M3. 

 

Figure 53. Mott-Schottky plots of the CTF-0-I (a), CTF-0-M2 (b), CTF-0-M1 (c) and CTF-0-M3 (d) 

electrode in 0.1 M Na2SO4 at 2k, 1k and 0.5k Hz under the dark condition. 
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Figure 54. Band structure diagram of CTF-0-I, CTF-0-M1, CTF-0-M2 and CTF-0-M3. 

Combined with the results from optical measurements, a schematic illustration of band structure 

of these materials is shown in Fig. 54. It should be noted that CBM position of CTF-0-M2 is the 

highest, while the VBM position of CTF-0-I is the lowest. The change of the VBM position can be 

attributed to the interlayer coupling of valence electrons208, which will explained in details in the 

below calculation discussion. Generally, the photocatalytic efficiency is affected by the energy 

level of electron/holes. The larger the difference between the CBM and the H+/H2 potential (or 

the VBM and the O2/H2O potential), the higher reduction (oxidizing) power. Therefore, CTF-0-

M2 and CTF-0-I indicate the strongest reducing and oxidizing capability, respectively. Whereas, 

CTF-0-M2 is not favourable for water oxidation due to that its VBM is very close to the water 

oxidation potential, which could not provide enough driving force for oxygen production. 
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5.3.3 Photocatalytic performance and stability 

 

Figure 55. The time course of the H2 production for CTF-0-I and CTF-0-Ms polymers under (a) full arc 

and (b) under visible light irradiation (λ>420 nm). 

Following the successful preparation of the predicted materials and their structural and optical 

characterization, their photocatalytic hydrogen and oxygen evolution performance were tested 

shown in Fig. 55 and 56. The performance of all polymers for H2 production was investigated 

with 3 wt% Pt as a cocatalyst and TEOA as a sacrificial electron donor. It is noted that the H2 

evolution rate measured here on CTF-0-M2 is the highest among these polymers, up to 701 

µmol/h (Fig. 55a), which is six times more than CTF-0-M3, the lowest one of 116 µmol/h. CTF-0-

M2 is also very active under visible light irradiation, reaching at 103 umol/h (Fig. 55b), which is 

around seven times more than CTF-0-M3 of 15 µmol/h. The turnover number, in terms of reacted 

electrons relative to the amount of Pt loaded on the surface of the sample, reaches 726 after 

running the experiment 6 h, indicating that the reaction occurs catalytically. 
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Figure 56. The time course of the O2 evolution production for CTF-0-I and CTF-0-Ms polymers under (a) 

full arc and (b) under visible light irradiation (λ>420 nm). 

On the other side, the activity of these polymers for O2 production was measured without 

cocatalysts but in the presence of AgNO3 as sacrificial electron scavenger. CTF-0-I shows the best 

performance on O2 evolution both under full arc and visible light irradiation (22.6 and 5.9 µmol 

in the first hour respectively in Fig. 56a and d), which is six times more than CTF-0-M2 of the 

lowest rate of 4.1 and 0.8 µmol in the first hour under full arc and visible light irradiation 

respectively. The photocatalytic activity for water reduction and oxidation could be well 

correlated to the band positions as shown in Fig. 54. Deeper the VBM, higher the water oxidation 

rates and more negative the CBM, higher the water reduction rates. The relatively large surface 

area of 5.13 m2/g of CTF-0-I versus 0.1 m2/g for CTF-0-Ms also favours its photocatalytic 

efficiency as providing more active sites, while there is no oxygen generated on CTF-0-M2 under 

the same reaction condition due to its VBM too closed to the water oxidation potential. 
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Figure 57. (a) Apparent quantum yield (AQY) for H2 production and (b) stability test of CTF-0-M2 at 

atmospheric pressure under nearly one sun irradiation conditions. The seven cycles were under ambient 

conditions (λ>420 nm irradiation). 

 

Figure 58. XRD patterns (a) and FTIR spectra (b) of CTF-0-M2 before and after photocatalyst reaction. 
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Figure 59. (a) Apparent quantum yield (AQY) for O2 production and (b) stability test of CTF-0-I at 

atmospheric pressure under ambient conditions. 

To further prove that the reaction is driven by light absorption, the AQY of H2 generation of CTF-

0-M2 was examined with band-pass filters of different wavelengths.  After seven runs, the 

reproducible AQY of CTF-0-M2 is 11.0% at 365 nm and 7.8% at 420 nm. At 500 nm, the AQY of 

2.0% is achieved and H2 can also be produced even at 600 nm (Fig. 57a). Continuous H2 evolution 

with no noticeable deactivation of the CTF-0-M2 is clearly observed for nearly 50 hours as shown 

in Fig. 57b. Totally, around 4900 µmol H2 is produced during these seven cycles, leading to an 

extremely high turnover number (TON) of 726 over platinum cocatalysts. The XRD patterns and 

FTIR spectra of the 50-h run CTF-0-M2 are similar to those of the fresh sample shown in Fig. 58, 

indicating that the chemical structure of the photocatalyst remains unchanged after 

photocatalytic reactions. Interestingly, the AQY of O2 evolution of CTF-0-I shows 14.6% at 365 

nm and 5.0% at 420 nm (Fig. 59a). As shown in Fig. 59b, it is clear that CTF-0-I is capable of 

producing O2 continuously over 39 h, obtaining 305.9 µmol totally even without any modification. 

It should be also noted that N2 evolution could not detected in the case of CTF-0-I shown in Fig. 

59b, indicating relatively good stability of this material. The rate of O2 evolution decreases during 
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the reaction as a result of the deposition of metallic silver on the surface of CTF-0-I to shield 

incident light and turn the sample black. There is no noticeable difference in the XRD and FTIR 

spectra of the sample before and after reaction shown in Fig. 60, except for a diffraction at ca. 38° 

after the reaction in XRD pattern (Fig. 60a) attributed to metallic Ag. The XPS spectra of CTF-0-I 

before and after the reaction (Fig. 61) is also consistent with the observation of the Ag deposition 

generated by the Ag+ reduction, which is a typical behaviour in the photocatalytic water oxidation 

when using Ag+ as an electron scavenger264, 279-280. These results indicate excellent stability of the 

CTF-0-M2 and CTF-0-I for photocatalytic water reduction and oxidation, respectively. 

 

Figure 60. XRD patterns (a) and FTIR spectra (b) of CTF-0-I before and after photocatalyst reaction. 
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Figure 61. XPS survey spectra of CTF-0-I before and after photocatalyst reaction (a) and Ag 3d XPS spectra 

of CTF-0-I after photocatalytic reaction. Charge referenced to adventitious C1s peak at 284.8eV. 

5.3.4 Understanding the electronic characteristics and the photocatalytic kinetics 

To further understand the effects of triazine ring and benzene ring on the electronic characters of 

the framework, the charge distributions based on the optimised structure of the cluster model 

CTF-0 were investigated by density functional theory calculations in collaboration with Xiaoyu 

Han in Chemistry Department UCL. The CBM is contributed by triazine acceptor unites and the 

hydrocarbon potion of the benzene units shown in Fig. 62a. The electrons from px and py orbitals 

of both nitrogen and carbon atoms in the triazine ring and partial carbon atoms in the benzene 

rings preferentially determine the CBM. On the other side, the VBM is only concentrated over the 

triazine donors, which is localised by the electrons from pz orbitals of nitrogen atoms shown in 

Fig. 62c. The energy level diagram of the single sheet CTF-0 is shown in Figure 62b. The simulated 

CBM and VBM of CTF-0 lie at -3.65 and -6.22 eV (vs. vacuum) respectively. Compared with the 

redox potential of water reduction (-4.44 eV vs. Vacuum) and oxidation (-5.67 eV vs. Vacuum), it 
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has enough driving force for both hydrogen and oxygen generation. Obviously, the VBM is more 

feasibly influenced by the concentration of nitrogen in the sample. The N content is 20.0%, 26.3%, 

25.3% and 24.8% for CTF-0-I, CTF-0-M2, CTF-0-M1 and CTF-0-M3 respectively in Table 5. Hence, 

I speculate that the proposed VBM shown in Fig. 54 shift down as the N content decreases, leading 

to the larger band gap based on the smaller change of the CBM. Generally speaking, the 

photocatalytic efficiency depends on the numbers of electrons/holes having higher potential than 

the water reduction/oxidation potential. The larger difference, the higher the reducing/oxidizing 

power. Therefore, the downwards shift of absolute VBM from CTF-0-M2 to CTF-0-I indicates the 

oxidizing capability is strengthened, which is more favourable for oxygen production. At the 

same time, the decrease of nitrogen content results in the significant widening of the band gap 

and thus restrain the capability to reduce water into H2. All this is in good agreement with the 

experimental findings. 
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Figure 62. The Spatial distribution of the CBM (a) and the VBM (c), and the band alignments (b) of CTF-

0 estimated by DFT calculations. All the energy is calculated with reference to the vacuum level. Carbon, 

nitrogen and hydrogen in the structural models are shown as brown, baby blue and pale pink spheres, 

respectively. 
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Figure 63. The periodic on/off photocurrent response (a) and Nyquist plots (b) of CTF-0-I, CTF-0-M1, CTF-

0-M2 and CTF-0-M3 electrodes in 0.1 M Na2SO4 with 0 V bias versus Ag/AgCl. 

To uncover the kinetics of the photocatalysis in the CTF-0s, the photocurrent responses and 

electrochemical impedance spectroscopy (EIS) of CTF-0-I, CTF-0-M1, CTF-0-M2 and CTF-0-M3 

were explored by an electrochemical analyser (IVIUM Technologies). Fig. 63a shows the 

photocurrent curve generated by the electrodes for several on-off cycles of irradiation. The 

photocurrent goes down to zero rapidly once the light turns off while the photocurrent will return 

to a steady value when the light turns on again, which is repeatable, indicating the high 

photostability of the samples. The CTF-0-M2 photoelectrode shows the highest photocurrent 

intensity over other photoelectrodes, indicating that the high-polymerised interlayer structure of 

CTF-0-M2 can efficiently suppress charge recombination by improving the interlayer charge 

transfer under visible light irradiation. And the photocurrents follow the order: CTF-0-M2 > CTF-

0-M1 > CTF-0-I >CTF-0-M3, which is in good agreement with the photocatalytic performance for 

hydrogen generation. The charge transfer resistance was investigated by EIS. Fig. 63b reveals that 

the Nyquist plots arc radius of CTF-0-M2 is much smaller than other samples, suggesting the 
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lower electric charge transfer resistance and the faster interlayer photoinduced electron transfer. 

This trend is consistent with the photocurrent results. Above all, the CTF-0-M2 showed the 

highest photocatalytic activity of water reduction than other samples, probably because of the 

narrowest band gap and most negative CBM, as well as the most efficient transport of the 

photoinduced electrons in the ordered-interlayer structure. These interesting results from two 

polymers indicate a potential Z-scheme for water splitting, which will be a future work. 

5.3 Conclusions 

In summary, polymeric covalent triazine frameworks as a tunable and non-mental photocatalysts 

were synthesised by microwave and ionothermal methods, where the triazine units can be 

controlled by the precursor concentration and the preparation method. The higher amount of 

nitrogen or triazine unites results into more negative VBM, or the higher amount of benzene 

unites, the lower VBM position, proved by the modelling results as the triazine unites dominate 

the VB.  

The covalent triazine framework CTF-0-M2 produced by the microwave method with the best 

ordered interlayer structure and the highest amount of triazine unites shows the best 

photocatalytic hydrogen evolution under both UV/vis and visible light irradiation, resulting into 

7.8% AQY at 420 nm and 2.0% at 500 nm. The superior performance is ascribed to the narrowest 

bandgap, efficient interlayer charge transfer and most negative CBM.  

CTF-0-I synthesised by ionothermal method with the highest amount of benzene units exhibits 

the best photocatalytic water oxidation performance under the same light irradiation condition,  

resulting into 14.6% AQY at 365 nm and 5.0% at 420 nm, which is due to the deepest VBM and 

the relatively large surface area. Thus, both efficient half reaction photocatalysts have been 
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obtained. These triazine moieties in principle can be readily tuned to further study their 

application in the overall water splitting using a Z-scheme pathway and explore the mechanism 

of the water oxidation and reduction to enhance their light harvesting ability.  

Compared with the results achieved in the chapter 4,  one can find for water oxiation, CTF-0-M2 

is the best polymer with a AQY of 7.8% at 420 nm and for H2 produciton, CTF-0-I  is the best with 

a AQY of 5.0% at 420 nm for O2 production. This is due to the relatively narrow bandgap, efficient 

interlayer charge transfer and suitable bandgap positions.  

  



172 

 

6 Chapter 6 

Overall water splitting on the selected CTF-0 polymers 

Solar-driven water splitting into simultaneous H2 and O2 production using photocatalysts is an 

ideal pathway to supply the clean, storable, and renewable source of energy to tackle the global 

challenge of energy and environmental issue in the future. Although, many inorganic 

semiconductor photocatalysts have been explored for this purpose, the photocatalytic activities 

of several kinds of organic materials are intriguing due to their tailorable structure, electronic 

properties, and diverse synthetic modularity. In particularly, covalent triazine frameworks were 

proved by me and others to be a new family of photocatalysts for water splitting in the presence 

of sacrificial reagents, based on their activity in half reactions observed in the Chapter 4 and 5. 

While the use of covalent triazine frameworks in overall water splitting in the absence of 

sacrificial agents have been much less reported. To achieve such potential, I will decorate different 

cocatalysts on the surface of the covalent triazine framework CTF-0, which can effectively 

increase the photocatalytic activity and adjust the ratio of H2 and O2 production from pure water 

by increasing light absorption ability, the separation and transfer of photogenerated charged 

carriers, as well as enhancing the stability of the photocatalysts.  

6.1 Introduction 

Photocatalytic water splitting into H2 and O2 is a highly promising pathway towards clean and 

renewable energy supply of the future148, 281. The ultimate goal to this end is to develop an efficient, 

low cost and stable photocatalyst available for overall water splitting under visible light 

irradiation without using sacrificial agents and external bias282. However, it still remains 
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challenging to find a single photocatalyst material (one-step system) which processes (I) a 

sufficiently narrow bandgap (< 3 eV) to harness visible photons, (II) suitable band-edge potentials 

for overall water splitting (i.e., simultaneous production of H2 and O2), (III) a high level of stability 

against photocorrosion and (iv) relatively low cost64. In this regard, various inorganic 

semiconductors have been explored for overall water splitting, with few successful cases, but it 

is possible when composed with other materials, such as h/Cr2O3-modified Ta3N5/KTaO3 and 

(Ga1−xZnx)(N1−xOx), which also indicate the significance of cocatalysts33, 283. Recently, conjugated 

polymers, particularly covalent carbon nitride (C3N4) semiconductors, have been rapidly 

developed as a new type of photocatalyst for solar energy utilization, while the majority have 

been found to be active for H2 production in the presence of sacrificial reagents43, 127, 164, 284-286. 

Interestingly, it is found very recently that the selective creation of both H2 and O2 cocatalysts 

PtOx as surface active sites on g-C3N4 conjugated polymers via photodeposition could trigger the 

splitting of water into H2 and O2 gases in a stoichiometric ratio of 2:1 simultaneously, without 

using any sacrificial reagents287.  

Another group of covalent triazine frameworks (CTFs) were recently reported for half reaction of 

water splitting in the presence of relevant sacrificial reagents208, 288-289, indicating that such CTFs 

could be good candidates for pure water splitting. However, to achieve this potential is rather 

challenging. As discussed in Chapter 5, CTF-0s showed activity for both the production of H2 and 

O2 in the presence of sacrificial reagents and is the best photocatalyst for water oxidation among 

all the polymer photocatalysts samples208. The oxygen evolution process is more challenging than 

proton reduction to hydrogen, due to both 4e/4H+ electrochemistry and O=O bond formation, 

which is the rate determining step in water splitting.22, 181 Taking into account these and the 

performance of  CTF-0 synthesised by the ionothermal method for water oxidation, it was chosen 
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as a single photocatalyst for the overall water splitting with loading cocatalysts Pt and CoOx. To 

the best of the knowledge, such one-step overall water splitting by CTF-0 photocatalysts without 

any sacrificial agent has not been reported so far. 

6.2 Methodology 

6.6.1 Materials and Synthesis of samples 

The materials and synthesis process of CTF-0 samples was same as described in Chapter 5.2.1 and 

5.2.2, by the ionothermal method. 

6.2.2 Characterizations 

The Fourier transform infrared (FTIR) spectra were recorded on a Perkin-Elmer 1605 FT-IR 

spectrometer in the wavelength range from 400-4000 cm-1 with a resolution of 0.5 cm-1. UV-Vis 

reflectance spectroscopy was performed on a Shimazu UV-Vis 2550 spectrophotometer fitted 

with barium sulphate as a referent. The X-ray photoelectron spectroscopy (XPS) data were 

obtained using a Thermoscientific XPS K-alpha surface analysis machine using an Al source. 

Analysis was performed using Casa XPS. Transmission electron microscopy (TEM) and energy 

dispersive X-ray spectroscopy (EDX) were performed on a JEOL 100k eV system. 

6.2.3 Cocatalysts depositions 

The Co cocatalyst was loaded on the photocatalyst surface by wet impregnation method. In a 

typical synthesis, an aqueous suspension of CTF-0 was first prepared by dispersing 200 mg CTF-

0 into 50 mL deionised water with sonication and was then transferred into oil bath at 70 °C. Then 

7 mg Co(NO3)2 was added into the CTF-0 aqueous dispersion and kept stirring for 18 h to form 
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homogeneous solution. The mixture was then dried by evaporation and thermal treated in muffle 

furnace at 350 °C for 1 h. 

The Pt cocatalysts was loaded on the photocatalysts surface by in-situ photo-deposition method. 

Firstly, 100 mg photocatalyst powder was dispersed in deionised water (100 mL) contained 10% 

vol (10 mL) MeOH and 5% vol (5 mL) TEOA as the sacrificial agent. A certain amount of H2PtCl6 

(3 wt%, based on Pt atoms) was added into the solution. After 2-hour irradiation under 300 W 

lamp, the photocatalyst was filtered and washed with deionised water several times. Then the 

photocatalyst was dried at 60°C for 4 hours.  

For preparing Pt/CoOx@CTF-0, the procedure was to decorate CoOx on the surface of CTF-0 as 

described above, and then load Pt on the CoOx@CTF-0 by photodeposition method as illustrated 

above. 

6.2.4 Photocatalytic activity tests 

The reactions were carried out in a Quartz top-irradiation reactor cell under the irradiation of a 

300 W Xe lamp (TrusTech PLS-SXE 300/300UV). The hydrogen production was performed by 

dispersing 10 mg of photocatalyst powder in pure water (20 mL) contained 10% vol (2 mL) TEOA 

as the sacrificial agent. The oxygen production was performed by dispersing 10 mg of 

photocatalyst powder in pure water (20 mL) contained 0.01 M AgNO3 as the sacrificial agent. The 

overall water splitting was carried out by dispersing 10 mg of photocatalyst powder in pure water 

(20 mL). The reaction solution was evacuated 15 mins to completely remove the air prior to full 

spectrum irradiation. The temperature of reaction solution was at room temperature using a 

cooling water bath during the reaction. All the gas productions were analysed by gas 

chromatography (Varian 430-GC, TCD, argon carrier gas 99.999%). 
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6.2.5 Photoelectrochemical measurements 

Measurements were performed on a photoelectrochemical analyser (IVIUM Technologies) with 

a standard three-electrode cell using a Ag/AgCl electrode (3 M KCl) and a Pt plate as a reference 

electrode and counter electrode, respectively. The working electrode was prepared as follows: 5 

mg of sample was grounded and dissolved in 750 µL distilled water, 250 µL 2-prononal and 10 

µL Nafion under sonication for 1 h to get a slurry and then the slurry was cautiously spread onto 

2 cm × 2 cm FTO by a spin coater. After drying overnight on a hot plate at 250 °C, the electrodes 

were sintered at 400 °C for 30 min to improve adhesion. Sunlight was simulated on the working 

electrode with a 150 W xenon lamp (Newport) and AM 1.5 filter (Newport). The light intensity 

was calibrated using a calibrated crystalline silicon solar cell, equivalent to a global AM 1.5 

illumination at 100 mW/cm2. Samples were illuminated from the back side (FTO substrate) and 

the mask-off irradiated area was 0.5 cm2. Electrochemical impedance spectra (EIS) were measured 

with 0.0 V bias versus AgCl/Ag. 

6.3 Results and discussion 

6.3.1 Structural characterizations 

Both X-ray diffractograms and solid state 13C NMR spectra of pure CTF-0 and cocatalysts loaded 

samples shown the typical pattern of CTF-0 as presented in Fig. 64 and Fig. 65. Two distinct peaks 

at 15° and 26° could be distinguished in the XRD spectra in Fig. 64, indicating some degree of 

extended order of the sample, while the intensity and width of the peaks could be influenced by 

the monomer/ZnCl2 ratio and reaction time and temperature183.  Even these peaks were too broad 
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to give a conclusive picture on the atomistic structure of CTF-0, the low-angle peak could be 

interpreted as the in-plane reflection (100) and the diffraction peak at ~26° could be attributed to 

an inter-layer spacing between stacked sheets of 3.35 Å. There are some small peaks at 19˚, 32˚, 

37˚ and 39˚ in the Pt/CoOx@CTF-0 sample, which do not exist in the CTF-0 sample and can be 

indexed to cobalt oxide particles290. The 13C CP-MAS ssNMR (Fig. 65) illustrate the trimerization 

of the precursors was almost complete (the subsequent FTIR shows tiny residue of cyano species). 

The reason is that besides the three expected peaks at δ = 170, 136, 114 ppm ascribed to the three 

sp2 carbons of the ideal CTF-0 frameworks, no obvious peaks of residual cyano groups were 

perceived at 110 ppm in the spectrum of both samples. Furthermore, only one peak at -121 ppm 

in both 15N ssNMR spectra was observed in Fig. 66, which is assigned to the triazine moiety291, 

proving the stability of the materials before and after cocatalysts decoration. The FTIR spectra in 

Fig. 67 show the vibrational fingerprint of the triazine rings at 1308 and 1519 cm-1. The small peak 

of CTF-0 at 2244 cm-1 belongs to the cyano groups, which has the similar height after decorating 

the cocatalysts on the photocatalysts. In a short summary, all these characterizations illustrate the 

chemical structures of the frameworks   keep stable after cocatalysts decoration. 
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Figure 64. XRD patterns of CTF-0 and Pt/CoOx@CTF-0. 

 

Figure 65. 13C CP-MAS ssNMR spectra of CTF-0 and Pt/CoOx@CTF-0. 
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Figure 66. 15N CP-MAS ssNMR spectra of CTF-0 and Pt/CoOx@CTF-0. 

 

Figure 67. FTIR spectra of CTF-0 and Pt/CoOx@CTF-0. 
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To further examine the existence of the cocatalysts on the surface of the photocatalysts, XPS 

measurements were conducted. Obviously, the XPS survey of the CTF-0 samples only shows the 

peaks of C1s and N1s in Fig. 68, while the sample of Pt/CoOx@CTF-0s also have the peaks of Co 

2p and Pt 4f, which locate at around 790 and 70 eV, respectively. A small amount of oxygen was 

also detected from the survey spectra, which was from the cocatalysts cobalt oxide. For the 

cocatalysts CoOx, the high-resolution XPS spectrum of Co 2p shows two major peaks with 

binding energies of 779.5 and 794.8 eV, corresponding to Co 2p3/2 and Co 2p1/2, respectively (Fig. 

69). The energy difference between the Co 2p3/2 and Co 2p1/2 splitting is around 15 eV, which 

indicates the existence of Co2+ and Co3+ and likely corresponds to the existence of Co3O4292-293.  The 

two small peaks at 784.9 and 800.2 eV are typical Co2+ shakeup satellite peaks of Co3O4. 

Correspondingly, the deconvoluted XPS spectra for O 1s display two types of contributions for 

oxygen species in Fig. 70. The one peak at 529.7 eV is dominant and is corresponding to the cobalt 

oxides, and the other one at 531.1 eV indicates the presence of -OH species on the surfaces of 

cobalt oxide cocatalysts.293 To investigate the electronic structures of Pt, the Pt 4f XPS spectra were 

measured in Fig. 71. The Pt 4f peak can be deconvoluted into two pairs of doublets. The 

deconvoluted peaks at 71.3 and 74.7 eV are ascribed to the 4f7/2 and 4f5/2 peaks of Pt0, 

respectively.294-295 Similarly, the set of peaks at 72.7 and 76.1 eV are assigned to the 4f7/2 and 4f5/2 

peaks of Pt2+ (PtO or Pt(OH)2), respectively. A comparison of the relative areas of the integrated 

intensity of the Pt0 and Pt2+ peaks in Fig. 71 (the area ratio is 2.2:1) indicates that most of the Pt 

exists as Pt0 in the cocatalysts, which will help H2 evolution in the following overall water splitting. 

Moreover, TEM observation was carried out and shown in Fig. 72 to investigate the architecture 

of the cocatalysts on the surface of samples. It can be seen that the cocatalyst particles are 

homogeneously dispersed on the photocatalysts. The high resolution TEM image shows clear 

lattice fringes in the sample (Fig. 72b). The lattice spacing of Pt is 0.22 nm, corresponding to d(111) 
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value of fcc Pt296, and the lattice spacing of Co3O4 is 0.24 and 0.20 nm, ascribed to (222) and (400) 

crystal planes of cubic Co3O4297. Moreover, elemental mapping images also suggest that the Co 

and Pt atoms were uniformly dispersed on the surface of the CTF-0, as shown in Fig. 73. The TEM 

analyses together with the XPS results indicate the Pt and Co3O4 particles were decorated on the 

surface of CTF-0 successfully. In kinetical theory, CTF-0 takes a role as a catalyst during the 

synthesis of Pt and Co3O4 particles, which can significantly decrease the activation energy of both 

Pt and Co3O4 generation reaction298 as described in Fig. 74. Thus, most of the Pt and Co3O4 

particles will be produced on the interface between aqueous water and CTF-0, enhancing the 

adherence of Pt and Co3O4 to the surface of CTF-0 during the synthesis. Thus, it is successful to 

load the Pt and Co3O4 on the surface of CTF-0, consistent with the results of experimental 

characterisations discussed above. 

 

Figure 68. The XPS survey spectra of CTF-0 and Pt/CoOx@CTF-0. 
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Figure 69. The Co 2p XPS spectra of Pt/CoOx@CTF-0. 

 

Figure 70. The O 1s XPS spectra of Pt/CoOx@CTF-0. 
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Figure 71. The Pt 4f XPS spectra of Pt/CoOx@CTF-0. 

 

Figure 72．TEM(a) and HRTEM (b) images of Pt/CoOx@CTF-0. 
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Figure 73. Elemental mapping images (a-d) of Pt/CoOx@CTF-0. 

 

Figure 74. Schematic description of the role of CTF-0 catalyst in Pt and Co3O4 generations, separately. Ea1 

and Ea2 are the activation energy without and with CTF-0 catalysts in the reaction, respectively. ΔG is the 

standard free energy for the reaction, E is the minimum energy required for Pt or Co3O4 generation. CTF-

0 catalysts can largely decrease the activation energy of the Pt and Co3O4 generation, separately. 
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6.3.2 Photocatalytic activity 

The half reactions of overall water splitting for H2 and O2 evolution were first tested and are 

shown in Fig. 75a and b, respectively. For comparison, pure CTF-0 was served as a reference. 

Obviously, CTF-0 could produce H2 of 2262 μmol/(gh) with Pt as cocatalysts stably in the 

presence of TEOA as the sacrificial agent, extremely higher than that without Pt under full arc 

irradiation (Fig. 75a). On the other side, Co3O4 decorated CTF-0 can produce the highest amount 

of O2, namely 365 μmol/g in the first hour, twice higher than pure CTF-0. Therefore, the 

decoration of both Pt and CoOx on CTF-0 has been explored to realise the overall water splitting 

into H2 and O2 and the results are shown in Fig. 75c and d. The pure CTF-0 (blank) sample exhibits 

no detectable activity toward overall water splitting. However, hydrogen and oxygen gases were 

detected when co-deposited Pt and Co3O4 on the CTF-0 surface. This result demonstrates that the 

loading of cocatalysts is a critical step to induce the pure water splitting reaction. The 

stoichiometric ratio of hydrogen and oxygen equal to 2:1 was only achieved when 6 wt% or higher 

amount of Co3O4 was loaded on the surface of the photocatalysts, indicating water oxidation is 

more challenging. Note that the oxygen evolution rate is slower than the theoretical value if 

hydrogen evolution rate is used as the reference. At the same time, nitrogen gas was also detected, 

when the loaded amount of Co3O4 on the surface of the photocatalysts was smaller than the ideal 

amount of 6 wt%. This is reasonable as N2 evolution was sometimes observed in photocatalytic 

reactions with nitrogen-containing photocatalysts, due to the decomposition of photocatalysts by 

the photogenerated holes299. However, the oxidative decomposition of a photocatalyst itself can 

be suppressed if enough oxidation catalytic active sites are provided by suitable cocatalysts, 

namely Co3O4 in this research, which efficiently promoted the consumption of photogenerated 

holes by the oxidation of water into O2. Therefore, a typical time course of the simultaneous 
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evolution of H2 and O2 for the overall water splitting with 3 wt% Pt and 6 wt% Co3O4 deposited 

CTF-0 without any sacrificial agent was showed in Fig. 75d. H2 and O2 evolution are observed 

only after turning on the light, confirming a photoactive response. The both gas evolutions show 

constant rates with an expected molar ratio of 2:1 for H2/O2. Moreover, the photocatalytic activity 

displays no noticeable reduce in a 18 h reaction, and the FTIR spectra of Pt/Co3O4@CTF-0 before 

and after the photocatalysis during the prolonged operation remain unchanged as shown in Fig. 

76. All the above confirm the stability of the photocatalysts. These results suggest that the suitable 

amount of Pt and Co species on the surface of CTF-0 is of crucial significance for the photocatalytic 

overall water splitting. 
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Figure 75. (a) H2 half reaction of pure and Pt-deposited CFT-0 with TEOA as the sacrificial agent, (b) O2 

half reaction of pure, Co3O4-deposited CTF-0 with AgNO3 as the sacrificial agent, (c) Photocatalytic overall 

water splitting of different amounts of Co-loaded on CTF-0 with 3 wt% Pt as co-catalyst except for the 

blank one, (d)Cyclic runs of H2 and O2 production from pure water by 6 wt% Co3O4 and 3 wt% Pt-

deposited CTF-0. All the experiments were under full arc irradiation of a 300 W Xe lamp. 

 

Figure 76. The FTIR spectra of Pt/Co3O4@CTF-0 before and after photocatalytic reaction. 

6.3.3 Mechanism discussion 

Efficient optical absorption and photocharge separation is of great importance for the 

photocatalytic reaction. As expected, the optical absorption in significantly increased on 

Pt/Co3O4@CTF-0, confirmed by the UV-vis diffuse reflectance measurements in Fig. 77. In the 

UV-vis spectra, the typical band edge of the CTF-0 photocatalyst is observed at around 400 nm. 

Correspondingly, the band gap of CTF-0 is calculated as 3.0 eV, observed from the Tauc plots of 
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the UV-vis absorption data. After coupling with Pt particles in Pt@CTF-0, the absorption edge 

has no discembile change, indicating that introduction of Pt cocatalysts does not affect the band 

structure. However, after loading cobalt oxide cocatalysts in Co3O4@CTF-0, there is an additional 

absorption edge at 480 nm, and the corresponding band gap is 2.6 eV.  For the absorption edge at 

480 nm, the absorption (λ < 500 nm) were referred to ligand-metal charge transfer events  O(−II) 

→ Co(II)300. As a result of decoration of both Pt and Co3O4 on the surface of CTF-0, the UV-vis 

light absorption shows two sharp absorption edges at 420 and 480 nm and the corresponding 

band gaps were 2.9 and 2.6 eV. So, the two-bandgap absorption should be attributed to band gap 

absorption of CTF-0 and Co3O4. However, the absorption of Co3O4 does not contribute to water 

splitting as no activity under visible light observed. Thus, the decoration of cocatalysts somewhat 

enhanced the absorption in the UV-vis range. 
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Figure 77. Diffuse reflectance UV-vis absorption spectra and Tauc plots (right top side corner) of CTF-0, 

Pt@CTF-0, Co3O4@CTF-0 and Pt/Co3O4@CTF-0. 

For investigation of the transfer of photoexcited electron-hole pairs, photoelectrochemical 

analysis was performed on the CTF-0 and Pt/Co3O4@CTF-0 excited by the simulated solar light. 

The impedance arc radiuses of Pt/Co3O4@CTF-0 is much smaller than pure CTF-0 (Fig. 78a), 

indicating the better electrical conductivity, would facilitate the migration of the photoexcited 

carriers, and therefore, enhancing the photocatalytic efficiency. As pointed out in Fig. 78b, the 

transient photocurrent responses of the samples are still reproducible and stable during several 

on-off cycles of regular irradiation of the simulated solar light. The Pt/Co3O4@CTF-0 exhibits a 

higher photocurrent than the pure CTF-0, which indicates the more efficient separation and 

transmission of the photogenerated carriers. In the light of the above results and analyses, a 

schematic illustration of the reaction mechanism on the Pt/Co3O4@CTF-0 was proposed in Fig. 

78c. Firstly, the electrons are excited from the valence band (VB) of CTF-0 to the respective 

conduction band (CB) under full arc irradiation. Secondly, the generated electrons and holes 

transfer to the Pt and Co3O4 cocatalysts, which can catalyse proton reduction (4e- + 4H+ → 2H2) 

and water oxidation (2H2O + 4h+ → 2H2) for the overall water splitting, respectively. At this point, 

decorating cocatalysts on CTF-0 can increase the charge carrier separation and transfer, and thus 

significantly improve the photocatalytic activity of the overall water splitting. 
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Figure 78. Electrochemical impedance spectroscopy Nyquist plots (a), transient photocurrent response (b) 

of CTF-0 and Pt/Co3O4@CTF-0, and proposed schematic of the photocatalytic overall water splitting 

reaction mechanism on Pt/Co3O4@CTF-0 (c) 

6.4 Conclusion 

In summary, it is demonstrated, for the first time, that photocatalytic one-step overall water 

splitting over a single CTF-0 photocatalyst has been achieved by loading both Pt and Co3O4 as 

cocatalysts. The photocatalytic activity of cocatalyst-modified CTF-0 is improved greatly in each 

half reaction of water splitting. A hydrogen production rate of 2262 μmol/(gh) and an initial 

oxygen evolution amount 365 μmol/g were achieved in the water reduction and oxidation 

reaction, respectively. The stoichiometric ratio of H2 / O2 = 2:1 was obtained by adjusting the 
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amount of Co3O4 and Pt cocatalysts, and the optimum is 6 wt% Co3O4 and 3 wt% Pt, leading to 

82 μmol/(gh) H2 and 40 μmol/(gh) O2 produced in 18 hours, corresponding to a turn-over 

number of 958 over Pt and 593 over Co3O4. Based on the light absorption and 

photoelectrochemical measurements, it is found that loading both Pt and Co3O4 is essential for 

the overall water splitting of CTF-0, which boosts the light absorption, offers more active sites, 

and accelerates the transfer of photogenerated charges. The one-step approach of water splitting 

on CTF-0 provides new insight into the artificial photocatalysis and represent a promising route 

for further practical applications. 
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7 Overall conclusions 

In summary, a successful photocatalytic system for pure water splitting needs to satisfy at least 

three requirements as illustrated in Chapter 2.1. In this system, the photocatalyst should have a 

suitable thermodynamic potential for water splitting, a sufficiently narrow band gap to harvest 

visible photons, and stability against photocorrosion. Because of these stringent requirements, 

the number of reliable and reproducible photocatalysts suitable for water splitting is quite limited, 

including inorganic and organic materials summarised in Chapter 2.3. In the water splitting 

system, there are many factors influncing the reduction or oxidation performance of 

photocatalysts in the suspension system, such as the solution pH, crystal structure, crystallinity, 

surface area, cocatalysts, sacrifical reagents and redox mediators.  

Among the organic materials, CTFs are a unique class of polymers that inherently combine π 

conjugation with porosity. To discover the strategy for effcient and low cost photocatalytic 

materials development, CTFs were selected to provide a powerful means for tuning the band gap, 

surface area and reaction centers.  Based on that, I have developed a new crystalline triazine-

based OCT, which is the first polymer photocatalyst to show photocatalytic oxygen evolution 

from UV light to the near infrared light irradiaiton in the presence of the hole scavenger AgNO3, 

resluting into an AQY of 2.6% at 400 nm, 1.1% at 500 nm, 0.7% at 600 nm and even 0.2% at 

wavelengths as long as 800 nm. The enhanced activity under visible light irradiation is attributed 

to a significant reduction in the bandgap, caused by doping the oxygen atoms in the triazine 

structural units. The oxygen doping results into a more negative shift on the CBE of OCT, 

reducing the driving force for H2 production under visible light. As a result, The OCT produces 

hydrogen from water at an average rate of 100 µmol·(gh)-1 under full-arc irradiation. Whereas, 
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under visible light, hydrogen is produced at 5 µmol·(gh)-1. Furthermore, the effect of oxygen 

content in the materials on their water oxidation performance was also explored. The higher the 

level of oxygen doped in the framework, the narrower the band gap, it is up to 1.6 eV when an 

oxygen content being 6.68 at%. Moreover, the effect of the level of doped oxygen on the 

photocatalytic performance and the band gap has been further investigated experimentally. The 

results show that the amount of photocatalytic oxygen evolution increases as the oxygen doping 

level increases to a peak at the oxygen-doping level of 6.68 at%, with the initial rate of 10.24 

μmol/h (10 mg photocatalysts). Afterwards, the amount of produced oxygen drops as the oxygen 

doping level increases to 7.71%.  

Then the focus of the thesis is directed towards the efficient photocatalytic water oxidation and 

reduction using CTF-0 photocatalysts. Two methods were applied for the synthesis of CTF-0. It 

is found that CTF-0-M2 synthesised by the microwave method has the highest activity of 

photocatalytic hydrogen evolution under both UV and visible light irradiation, resulting into 7.8% 

AQY at 420 nm and 2% at 500 nm, much better than OCT polymer. The reason for the highest 

efficiency may be due to the narrowest bandgap, efficient interlayer charge transfer and most 

negative CBM. On the other side, CTF-0-I prepared by the ionothermal method exhibits the best 

photocatalytic performance for oxygen evolution under the same light irradiation condition, 

leading to 14.6% AQY at 365 nm and 5.0% at 420 nm, which is due to the deepest VBM and the 

relatively large surface area. 

To further understand the effects of triazine ring and benzene ring on the electronic characters of 

the framework, the charge distribution of ideal cluster model of CTF-0 was investigated by 

density functional theory calculations. The CBM is contributed by triazine accepter unites and 

the hydrocarbon potion in the benzene rings, while the VBM is only concentrated over the triazine 
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donors, which means the VBM is more feasibly influenced by the concentration of nitrogen atoms 

in the sample. Based on the Elemental Analysis results, CTF-0-I had the lowest concentration of 

nitrogen, which results into the most negative VBM, largely increasing the oxidizing driving force 

for water splitting, which, therefore, is more favourable for oxygen production. On the other hand, 

photoelectrochemical measurements was applied to reveal the kinetics of photocatalysis in the 

CTF-0s. As a result, CTF-0-M2 photoelectrode shows the highest photocurrent intensity and the 

smallest Nyquist plots arc radius over other photoelectrodes, indicating the interlayer chare 

transfer was largely improved and the chare recombination was efficiently prevented, which 

might bring to the highest photocatalytic activity of water reduction. Thus, both efficient half 

reaction photocatalysts have been achieved. 

Due to the progress made in the previous two chapters, the feasibility of realising overall water 

splitting on CTF-0 by loading efficient and functioanl cocatalysts was then assessed. After loading 

Pt as cocatalysts by the photodeposition method, CTF-0 could produce H2 of 2262 μmol/(gh) 

stably in the presence of TEOA as the sacrifical agent, while there was no activity of CTF-0 

without cocatalysts under the same condition. On the other side, Co3O4 decorated CTF-0 could 

produce  O2 of 365 μmol/g in the first hour, twice higher than pure CTF-0. Therefore, decorating 

both Pt and Co3O4 on CTF-0 was evaluated to realise the overall water splitting into H2 and O2. 

The stoichiometric ratio fo hydrogen and oxygen equal to 2:1 was only achived with 82 µmol/(gh) 

hydrogen evolution and 40 µmol/(gh) oxygen evolution when 6 wt% of Co3O4 and 3 wt% Pt was 

loaded on the surface of photocatalysts. Based on the investigations of light absorption and 

photoelectrochemical measurements, it was found that loading both Pt and Co3O4 could offers 

more activie sites and accelerates the transfer of photogenerated charge carriers. The one-step 

overall water splitting system gives a new insight and platform into the artifical photocatalysis.  
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8 Future Work 

Although the thesis achieved the main goals set up at the beginning, further investigations are 

still required in this field to fundamentally understand the mechanism of the photocatalysis on 

the covalent triazine based frameworks. This project can be viewed as a platform, for the follow 

up exploration of highly efficient photocatalysts for advanced energy-related applications.  

For example, a better understanding on the underlying mechanisms of photocatalytic activity 

enhancement by different covalent triazine frameworks is a challenging but crucial for designing 

novel and highly photoactive triazine-based photocatalysts. To clarify the mechanism of 

photocatalytic reaction, all aspects in the synthesis-structure-property relationship will need to 

be better explored. In this reagards, the mechanisms can be analysed through the utilisation of 

single-layer covalent triazine framework sheets in the future. Moreover, investigations by 

Transient Absorption Spectroscopy (TAS) have previously provided to be a powful tool to 

understand the rate limiting steps in other photocatalysts such as TiO222, Fe2O3131 and BiVO4301. 

This technique could be applied in examing the kinetics of photogenerated charge carriers in 

covalent triazine frameworks, which would illustrate a way to further improve the efficiency for 

the photocatalysts, e.g. by tailoring the reaction condition or precursors and loading cocatalysts. 

Pure overall water splitting systemrs were shown in Chapter 6, and CTF-0 was realised to be a 

functional photocatalyst for both water oxidation and reductional. Despite the high quantum 

efficiency was domenstrated in sacrificial systems in chapter 5, the photocatalytic efficiency of the 

overall water splitting on the single photocatalysts was low, with 82 μmol/(gh) H2 and 40 

μmol/(gh) O2 produced stably for 18 hours under full arc but no activity under visible light 

irradiaiton. Therefore, further study would be required to optimise this novel system. One route 
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would be to load alternative cocatalysts with proper structure, possibly monitoring cocatalysts 

structure using TEM and SEM images. Alternatively, it would be feasible to use covalent triazine 

framework to build a Z-scheme system with other photocatalysts. As mentioned in Chapter 5, 

CTF-0-M2 and CTF-0-I have the highest activities for hydrogen and oxygen evolution, 

respectively. Combint these two materials in a Z-scheme system would be worthy exploring, and 

thus, excavating the suitable redox mediators and solution pH value would be the crucial step in 

the complex system. Alternatively, it would also be possible to couple CTF-0-M2 or CTF-0-I with 

another photocatalyst in the Z-scheme system for efficient water splitting. Furthermore, the 

surface and interface design of cocatalysts is also of great importance to the charge transfer in 

photocatalysis when multiple components are involved in the photocatalytic system302. Therefore, 

the interface control on the location of Pt and Co3O4 cocatalysts on the surface of photocatalyts 

homogeneously by the surface reagents could also be a route to largely improve the 

photocatalytic performance of the overall water splitting. 

Finally, the device exploration of covalent triazine frameworks is also important for continuous 

H2 fuel production from water by photocatalysis, which has been little studied. 
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