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Abstract 

Environmental and energy issues have become one of the most important issues 

that human beings are facing, and carbon neutrality is a communal target 

worldwide nowadays. With the strong international incentives to decarbonise our 

fuels and chemicals, the solar-light-driven photocatalytic overall water splitting 

(POWS) reaction provides a promising and renewable way to store and utilise the 

abundant solar energy in the form of hydrogen which is the cleanest chemical fuel 

for mankind. Numerous materials and catalytic systems have been developed for 

more effective solar energy conversion, however, the performance achieved so far 

is still unsatisfactory. 

In this context, this thesis has particularly focused on the design and development 

of novel POWS systems at elevated temperatures. Different semiconductor 

materials such as TiO2 and MoS2 were systematically studied in this thesis. In-

depth catalytic activity studies illustrated the temperature effect on the POWS 

performance. Comprehensive surface characterisations combined with a series of 

spectroscopic, imaging and computational techniques were conducted to unravel 

the relationship between the activity and the structures of the catalysts. 

Subsequently, various strategies have been proposed for improving the POWS 

activity at elevated temperatures, including the use of local electric field and local 

magnetic field. Remarkable charge polarisation effects have been identified in 

each case. Finally, it is demonstrated that the POWS system studied in this thesis 

could split seawater into H2 and O2 with extraordinarily high solar-to-hydrogen 

conversion efficiency of 20.3 % at 270 oC, exhibiting high potential for future 

practical applications. 
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Chapter 1 Introduction 

1.1 Background 

1.1.1 Photocatalysis 

Catalysis is defined as the process of increasing the rate of a chemical reaction by 

adding an appropriate material known as a catalyst which can lower the activation 

energy of the chemical reaction. Catalysts are not consumed in the reaction and 

therefore can be recycled and reused in principle.1 Photocatalysis, compared to 

conventional catalysis, normally requires light irradiation with the appropriate 

wavelength. Photons are absorbed and electrons in the photocatalysts are excited 

to higher energy levels, leaving a photo-generated hole in the lower energy levels. 

The photo-generated electrons and holes subsequently participate in the chemical 

redox reactions.2 

Photocatalysis using semiconductor catalysts is a relatively new and fast-growing 

research area, and many self-cleaning architectural materials (such as glass, paint, 

fabric, etc.) based on photocatalytic principles have been commercialised and 

widely used.3 In addition, photocatalysis has also been considered as a convenient 

and environmentally friendly approach for converting solar energy into chemical 

energy in the form of chemical fuels.2 Many early reports are focused on the TiO2-

based semiconductor photocatalysts for photocatalytic water splitting.4–7 In recent 

years, photocatalysis has been of great importance in many fields such as energy 

regeneration (e.g., H2 production from splitting water), green chemical synthesis, 

environmental protection (e.g., degradation of organic dyes, air and water 

purification, etc.) and CO2 reduction to fuels, and a wide range of materials have 

emerged as promising photocatalysts.8–15 
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1.1.2 Conversion and storage of solar energy 

Energy and environmental issues have been of increasing importance in recent 

decades, due to the dramatic global climate issues arising from the use of fossil 

fuels. Thus, renewable and carbon-emission-free energy sources are in great 

demand. Solar energy is an abundant and clean energy resource, making it an 

ideal choice to meet future demands, and it has become one of the most promising 

renewable replacements for fossil fuels because it is cheap, widely distributed and 

almost inexhaustible.8,16–19 However, an obvious disadvantage is that natural solar 

light is diffuse, intermittent, and fluctuating, which hinders the direct use of solar 

energy.14–17 Instead, for practical application, the solar energy must be efficiently 

converted into other energy forms such as electrical energy, chemical energy and 

thermal energy, etc., which are storable and transportable, and can be easily used 

on demand.20–24 Such requirement has motivated various research fields including 

solar cells, photocatalysis, photothermal effect, etc. Photovoltaic (PV) panels, or 

solar panels, which convert solar energy to electrical energy by the photovoltaic 

effect, have been widely used all around the world. The current PV market is nearly 

dominated by crystalline silicon single-junction PV cells which outperform other 

counterparts with lower capital costs. Other potential materials for PV cells have 

been developed as well, such as halide perovskite materials, which have received 

increasing attention in recent years.19 PV panels can either be used to provide 

power directly, or in many cases, can be connected to an electrolyser for the 

subsequent production of chemical products. Such an integrated system is 

commonly known as a photovoltaic-electrolysis (PV-E) system. Moreover, 

photoelectrochemical (PEC) cells are also widely studied for the conversion of 

solar energy. A PEC cell normally consists of a photoanode/photocathode, a 
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counter electrode, electrolyte, and external circuit. To further simplify the system, 

particulate photocatalytic systems have been developed and extensively studied. 

Unlike PV-E and PEC systems, a particulate photocatalytic system only requires 

a very simple set-up. Photocatalyst particles are directly dispersed in the 

appropriate solvent to form a suspension which contains the reactant. Photons 

from solar light are absorbed by the photocatalyst particles to trigger subsequent 

physical and chemical processes, including the generation of excited electrons 

and holes, surface redox reactions, etc., and solar energy is finally stored in 

chemical products. Chemical products such as H2, H2O2, NH3, etc. made from 

common substances like H2O and CO2 using the energy of sunlight are known as 

solar fuels.25 Generation of solar fuels has become one of the main targets of 

photocatalysis in the recent decades. 

 
Figure 1.1 Schematic illustration of large-scale hydrogen production via solar 
energy and subsequent utilisation. Reproduced from ref. 26. Copyright 2010 
American Chemical Society. 
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1.1.3 Hydrogen as a clean solar fuel 

Solar-to-chemical energy conversion provides a highly promising means of storing 

solar energy efficiently as sustainable chemical fuels with minimal environmental 

impact or carbon emission. Among the potential chemical fuels produced from 

solar energy conversion, H2 is one of the most attractive candidates as it offers the 

highest power density (143 MJ kg-1) and the only product of its combustion is 

water.27–30 Therefore, the solar-light-driven photocatalytic overall water splitting 

(POWS) reaction is considered to provide a platform for H2 production. Water is 

decomposed to produce H2 and O2 in the presence of an appropriate photocatalyst 

under sunlight irradiation in such POWS system and subsequently, the produced 

H2 can be used to generate power in a fuel cell or combined with CO2 for the 

syntheses of other chemicals such as methanol.30 An illustration of H2 production 

from solar means and the subsequent utilisation is given in Figure 1.1. Clearly, 

using H2 as a renewable chemical fuel offers the opportunity for human beings to 

mitigate the severe climate and environmental issues that we are facing, and also 

contributes to the sustainable developments of human societies. 

1.2 POWS on semiconductor photocatalysts 

1.2.1 Fundamental principles 

Fujishima and Honda demonstrated a photoelectrochemical water splitting system 

in 1972,5 which has been frequently referred to as the first demonstration of the 

photocatalytic water splitting reaction. In fact, the photo-induced oxygen evolution 

on TiO2 can date back to 1968.4 the POWS reaction catalysed by semiconductor 

materials has been extensively studied for decades, and significant progress has 

been achieved since then.5 A wide range of semiconductors, such as TiO2, SrTiO3, 
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GaN, CdS, MoS2 and some organic conjugated semiconductors, have been 

developed and extensively studied as photocatalysts.17,22,23,31–36 Generally, the 

POWS reaction over semiconductor materials involves the following fundamental 

processes (Figure 1.2a):37–39 (1) generation of the excited charge carriers: the 

semiconductor absorbs the photons of appropriate energy range to excite the 

electrons from the valence band (VB) to the conduction band (CB), leaving a hole 

in the VB; (2) separation and migration of the charge carriers: the photo-generated 

electrons and holes separate from each other and travel to the corresponding 

surface trapping sites of the catalyst particles. Some of the electrons and holes 

recombine with each other, accompanied by heat loss or fluorescence irradiation; 

(3) occurrence of surface chemical reactions for H2 and O2 evolution: protons in 

water are reduced by the excited electrons in the CB to produce H2, and 

simultaneously, water is oxidised by the photo-generated holes in the VB for O2 

evolution. Therefore, to achieve the stoichiometric H2 and O2 evolution, the 

valence band maximum (VBM) should be more positive than = +1.23 V (vs. NHE) 

and the conduction band minimum (CBM) should be more negative than = 0.00 V 

(vs. NHE) to allow the O2 and H2 evolution reactions to happen readily to sustain 

the photocatalysis (Figure 1.2b). These reactions are summarised below: 

Hydrogen evolution reaction (HER): 

In an acidic aqueous solution: 2H+ + 2e- → H2 

In an alkaline aqueous solution: 2H2O + 2e- → H2 + 2OH- 

Oxygen evolution reaction (OER): 

In an acidic aqueous solution: 2H2O → O2 + 4e- + 4H+ 

In an alkaline aqueous solution: 4OH- → O2 + 4e- + 2H2O 
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Obviously, the minimum band gap of the semiconductor POWS photocatalyst is 

1.23 eV, corresponding to a wavelength of around 1000 nm. It should be noted 

that despite the wide range of solar spectrum, most solar radiation lies in the visible 

light regime, which contributes 43% of total solar energy.37 Thus, an ideal 

photocatalyst for the water splitting reaction should possess a band gap of lower 

than 3.1 eV (corresponding to a wavelength of 400 nm) so as to efficiently utilise 

the visible light, bearing in mind that the band gap should be at least 1.23 eV to 

provide sufficient thermodynamic driving force for the water splitting reaction. 

 
Figure 1.2 (a) Fundamental steps during photocatalytic water splitting on a 
semiconductor photocatalyst: (i) photo-excitation, (ii) charge separation and 
transport, and (iii) surface chemical reactions; (b) Schematic band structure and 
energy levels for photocatalytic water splitting based on one-step excitation. 
Reproduced from ref. 37. Copyright 2020 American Chemical Society. 
 
The POWS performance is usually evaluated by H2 evolution rate, quantum 

efficiency (QE) and solar-to-hydrogen (STH) conversion efficiency. H2 evolution 

rate directly indicates how fast H2 is produced in a photocatalytic system. QE is 

the ratio of the number of H2 molecules evolved to the number of photons of a 

given energy that shines on the photocatalyst. It is normally measured at a specific 

wavelength or a small wavelength range rather than a wide spectrum, so as to 

understand the behaviour of a photocatalytic system at different wavelengths. QE 
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is defined by the following equation: 

 QE (%) = !"#$%&	()	*!	#(+%,"+%-×/
!"#$%&	()	01,02%13	45(3(1-

 × 100 % Equation 1.1 

The STH conversion efficiency is a standardised index focusing on the overall 

energy conversion efficiency from solar energy to chemical energy, which is 

defined as follows: 

 STH (%) =67(+7%2	*!		8#("13×∆:
;×<×3

× 100 % Equation 1.2 

where P is the power of solar irradiation (0.1 W cm-2), S is the illuminating 

area in square centimetres; t is the time of reaction in seconds; ∆G is the 

Gibbs free energy for the POWS reaction under the reaction conditions; the 

evolved H2 amount is typically given in moles. 

 
Figure 1.3 Calculated STH conversion efficiency values as functions of the 
maximum absorption wavelength for a one-step POWS using semiconductor 
photocatalysts with various QEs. The calculations are based on standard AM 1.5G 
solar irradiation. Reproduced from ref. 26. Copyright 2010 American Chemical 
Society. 
 
The STH is closely related to the absorption property of the photocatalysts. 

Assuming that only UV light up to 400 nm can be absorbed by the semiconductor 
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photocatalyst with a QE of 100%, the STH would be limited to 2% (if heat loss is 

neglected),26 as illustrated in Figure 1.3. If the absorption range is extended into 

the visible light region up to 700 and 1000 nm, the maximum STH efficiency would 

be increased to 25% and 47%, respectively (Figure 1.3). The United States 

Department of Energy has proposed a goal of producing H2 at a cost of 2.00-4.00 

USD kg−1 so as to obtain an economically viable alternative to fossil fuels.40 To 

achieve this goal, a recent study suggested that a photocatalytic reaction system 

should have a STH efficiency of 10% and a lifetime of 10 years.41 Likewise, 

assuming a QE of approximately 100%, a photocatalyst requires an absorption 

edge of 520 nm to attain the target STH of 10%. In contrast, a semiconductor 

capable of harvesting light up to 650 nm could have a QE of less than 60% to 

achieve the target STH. Obviously, in order to obtain a satisfactory POWS system, 

studies should focus on the semiconductor materials that have good visible light 

absorption properties. 

 
Figure 1.4 Illustration of the sacrificial HER and OER systems in the presence of 
different sacrificial reagents (half reactions of water splitting reaction). Reproduced 
from ref. 8. Copyright 2009 Royal Society of Chemistry. 
 
As mentioned before, the POWS reaction involves two half reactions: H2 evolution 

reaction (HER) and O2 evolution reaction (OER), which have been extensively 
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explored separately, with the help of various sacrificial reagents.31,32,42–44 As 

mentioned before, excited electrons and holes are generated upon absorption of 

photons, and then H+ are reduced by the electrons, while H2O or OH- are oxidised 

by the holes at appropriate band positions. However, for some semiconductor 

materials, the band positions only partly fulfil the thermodynamic requirements for 

POWS reaction, for example, the CB (or VB) is not negative (or positive) enough 

to drive the HER (or OER), while the other band is at the appropriate position, thus 

sacrificial reagents are required to assist the redox cycles. The sacrificial reagents 

act as hole (or electron) scavengers so as to keep the charge balance of the 

photocatalysts. For example, organic chemicals such as methanol and ethanol are 

most widely used as the hole-scavengers to facilitate the photocatalytic HER, 

because they are readily oxidised by the photo-generated holes in the VB;45–47 

while FeCl3, AgNO3, KIO3, etc. are frequently used as electron-scavengers in 

photocatalytic OER systems, since these oxidative species can consume the 

photo-generated electrons  in the CB.48–50 Such sacrificial systems are illustrated 

in Figure 1.4, which should be differentiated from overall water splitting system, 

since H2 and O2 are not generated stoichiometrically in these sacrificial systems. 

Han and Hu have recently reported enhanced H2 production using methanol as a 

hole-scavenger at elevated temperatures and found that the methanol 

decomposition also contributed to the overall H2 production.32 However, the use of 

sacrificial reagents exhibits several disadvantages, such as adding up to the total 

capital cost and leading to unwanted by-products (hydrocarbons and alcohols, 

etc.). For example, when carrying out OER using AgNO3 as the electron-

scavenger (Figure 1.4b), Ag nanoparticles could form after reacting with the photo-

generated electrons and cover the active sites on the surface of photocatalysts, 
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therefore reduce the stability and lifetime of the photocatalytic system. All these 

above-mentioned disadvantages would largely hinder the further practical 

applications of such systems. 

1.2.2 Developments of the POWS system 

 
Figure 1.5 (a) Honda–Fujishima effect-water splitting using a n-type TiO2 
photoelectrode.8 (b) A recently reported PV-E device which consists of a triple-
junction solar cell and two PEM electrolysers connected in series, showing a STH 
efficiency over 30%. Reproduced from ref. 51. CC BY 4.0. 
 
As mentioned in Section 1.1.2, several systems have been developed to convert 

solar energy to other energy forms. The pioneering study of POWS was 

demonstrated using a PEC cell, where n-type semiconductor, TiO2, was engaged 

as the photoanode. UV-Vis irradiation of wavelengths shorter than 415 nm was 

applied to the TiO2 photoanode and a platinum black electrode was used as the 

counter electrode (Figure 1.5a). Photocurrents of a few mA and a quantum 

efficiency of 0.1% were observed in this pioneering study, which then encouraged 

extensive studies of POWS systems.5 PV-E cells have been used for H2 evolution 

from water splitting as well. Photons from solar light are absorbed and converted 

to electricity by the PV panels, and then the photocurrent can be transferred to an 

electrolyser where water is electrolysed to produce H2 and O2 stoichiometrically.51 

Such a PV-E POWS system combines the advantages of PV panels and 
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electrolysers: high solar-to-electricity efficiency and high Faraday efficiency of 

electrolysers, resulting in high overall STH conversion efficiencies (Figure 1.5b). 

However, the main drawback of the PV-E system is the complicated equipment 

and high cost. 

Particulate POWS systems have been attracting increasing interest in recent years 

and have been considered as a low-cost technology with the potential to enable 

large-scale solar H2 production, because of the ready synthesis of the associated 

photocatalysts as well as the simple reactor and facility designs.52–54 Unlike the 

PEC and PV-E cells, a particulate POWS system only involves the use of 

photocatalyst particles without further sophisticated fabrications (Figure 1.6). Thus, 

through my DPhil project, I mainly work on the particulate POWS system and this 

will be the focus of this thesis. 

 
Figure 1.6 Solar H2 production from POWS reaction using particulate 
photocatalysts dispersed in water under solar light irradiation. Reproduced from 
ref. 8. Copyright 2009 Royal Society of Chemistry. 
 
As mentioned before, a POWS system needs to drive both HER and OER 

simultaneously, which means in a conventional POWS system, the CB and VB 

positions are required to be at the appropriate energy levels, and additionally, the 

band gap should be relatively narrow to efficiently take up the visible light. In reality, 
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it is very difficult for only one material to fulfil all these requirements at the same 

time. Apart from the previously mentioned sacrificial systems, the Z-scheme 

POWS system has been developed to overcome such difficulties, in which two or 

more different semiconductor materials are included. A Z-scheme POWS reaction 

normally involves the two-step photo-excitation of a H2 evolution photocatalyst 

(HEP) and an O2 evolution photocatalyst (OEP), both of which have narrow band 

gaps. Therefore, the required potential difference is divided into several 

contributions, and thus the band gap of the photocatalytic material does not have 

to straddle both the H2 and O2 evolution potentials. Hence, narrow band gap 

semiconductors that are active only for proton reduction or water oxidation can be 

employed to split water using solar energy, and the aforementioned sacrificial 

systems of the half reactions can be integrated to form a Z-scheme POWS system. 

Similar to the conventional one-step POWS system, in a Z-scheme system, 

photons trigger the generation of electron-hole pairs in both the HEP and OEP, 

and then H+ ions are reduced on the CB of the HEP, while O2 is produced on the 

VB of the OEP (Figure 1.7). 

To complete the whole POWS cycle, the electrons in the CB of the OEP must pass 

through a redox shuttle to combine with holes in the VB of the HEP.55 Redox 

couples, such as Fe3+/Fe2+,56–58 IO3−/I−,59–61 etc. have been widely used as the 

redox shuttles in order to mediate the electron transfer between the HEP and OEP. 

However, the presence of redox shuttles could also bring undesired side reactions, 

and sometimes the by-products could result in shading of the photocatalysts from 

incident light. Thus, some groups have reported the successful fabrication of redox 

shuttle-free Z-scheme systems in which case the inter-particle electron transfer is 

achieved by forming attractive electrostatic force between the OEP and HEP 
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particles,62,63 allowing the electrons to migrate between particles when they are in 

contact with each other. Based on such ideas, more and more redox-shuttle-free 

Z-scheme systems are emerging, and new constructions have been developed to 

realise efficient electron transfer from the OEP to the HEP.64–66 

 
Figure 1.7 Z-scheme POWS system mimicking the natural photosynthesis 
mechanism for artificial photosynthesis. (a) Natural photosynthesis system in 
plants; (b) Z-scheme POWS system involving HEP and OEP. (PS: photosystem) 
Reproduced from ref. 67. Copyright 2018 Wiley-VCH. 
 
1.2.3 Factors affecting the POWS performance 

As previously mentioned, the overall POWS performance depends on the 

efficiency of each fundamental step, and each step, if not efficient, could hamper 

the overall photocatalytic activity. Therefore, the overall solar energy conversion 

efficiency, η total, should take into account the efficiencies associated with these 

three fundamental processes and thus is determined as follows:37 

 η total = η absorption × η separation × η reaction Equation 1.3 

The photon absorption efficiency, η absorption, is defined as the fraction of 

electron−hole pairs generated by the photon irradiation. The separation efficiency, 

η separation, is the fraction of photo-generated charge carriers that separate and 
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migrate to the surface of photocatalyst particles. The reaction efficiency, η reaction, 

is the efficiency of the surface chemical reactions. All these three efficiencies 

should be high enough to obtain an ideal η total for POWS reaction, so, different 

methodologies have been developed to improve the efficiency of each step, which 

are discussed in detail in the following section. 

1.3 Strategies for enhancing the POWS performance 

1.3.1 Enhancing light absorption 

As discussed in the previous section, the POWS performance is determined by 

the efficiency of each fundamental step, therefore, much effort has been made to 

gain a deeper understanding, leading to different strategies to promoting each step. 

First of all, an efficient photocatalyst for POWS reaction must have a broad 

absorption range to take up the photons from solar irradiation, which means the 

band gap of the semiconductor material is relatively narrow. Thus, band structure 

engineering has been developed as a useful technique to narrow the wide band 

gap of materials to the visible light regime to maximise the solar energy 

capturing7,68–72. One of the most widely used methods is doping with anions or 

cations, which inserts new band levels between the original band gap of the 

semiconductors or facilitates a band shift to narrow the band gap, thus enhancing 

the light absorption properties71,72. One of the milestone studies is the anion-doped 

TiO2, which was first reported by Asahi et al. First-principle calculations were 

carried out on C, N, F, S and P doped TiO2 (Figure 1.8a), showing that N-doped 

TiO2 should possess the best visible light absorption compared with other anion-

doping7. Subsequently, numerous works were carried out on N-doped TiO2. UV-

Vis spectroscopy shows that the absorption of N-doped TiO2 is extended to ca. 

500nm compared with the absorption edge of 380 nm for pristine TiO2. N species 
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are observed by X-ray photoelectron spectroscopy (XPS), showing peaks at 

396eV and 400eV attributed to substitutional and interstitial N species, 

respectively7,73,74. It is also noted that such cation or anion doping is always 

accompanied by the formation of surface/bulk defects, such as oxygen vacancies 

(VOs) in the case of N-doped TiO2, which are also believed to provide intermediate 

band levels or extra energy states that can trap electrons, and contribute to 

enhanced visible light absorption75–82. 

In actual fact, surface defects are ubiquitous in most semiconductor materials, and 

tailoring the defects is recognised as an effective strategy to manipulate the 

physical and chemical properties, including electronic structure, surface 

adsorption properties, charge density, charge separation, etc.83–86. The surface 

defect engineering techniques have also been widely studied, especially the VOs 

in metal oxides such as TiO2. VOs exist naturally in most metal oxides at very low 

density levels, but higher VO density can be easily achieved by some simple 

chemical treatments, such as ion doping73,78, H2 reduction68, NaBH4 chemical 

reduction87,88, plasma treatment89, and exfoliation to form two-dimensional (2D) 

materials90, etc. Much attention has been given to deeply reduced TiO2, also 

known as ‘black titania’, since the pioneering work of Mao et al. in 2011, in which 

pure TiO2 was treated in a high-pressure H2 atmosphere at 200 oC and 20 bar for 

five days68. The obtained material was black in colour and exhibited greatly 

enhanced light absorption up to 900 nm, and the photocatalytic H2 evolution 

performance was improved as well (Figure 1.8b). Raman spectroscopy was used 

to examine the black titania, and indicated that the deep hydrogenation introduces 

defects that can activate the zone-edge and otherwise Raman-forbidden modes 

by breaking the Raman selection rule68. VB XPS suggests that the VB of TiO2 
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shifts largely by about 2.18eV, resulting in the greatly enhanced visible light 

absorption and photocatalytic performance.68 Subsequently, TiO2 in different 

colours have been developed. Liu et al. synthesised a series of coloured TiO2 

materials by changing the hydrogenation temperatures, which in turn, modified the 

visible light absorption range.91 Defects in such materials are normally 

characterised by electron paramagnetic resonance (EPR) spectroscopy. The 

signals of Ti3+ arising from its 3d electrons normally appear in the range of g=1.95-

1.98. Meanwhile, O2 molecules can be trapped at the VO site to form O2- species, 

resulting in signals of g=2.00-2.0292,93. Both Ti3+ and VO species are considered to 

contribute to the enhanced visible light absorption and photocatalytic performance. 

Other than VO in TiO2 based materials, VO in other semiconductor materials like 

CeO2, perovskite, Fe2O3, WO3 and BiVO4, also promote visible light 

absorption.84,88,94–96 Much progress has indeed been achieved in enhancing the 

visible light absorption by defect engineering techniques, which has greatly 

increased the use of solar energy. Other techniques, such as sensitisation with 

organic dyes, where the dye acts as a photosensitiser and injects electrons into 

the CB, have also been reported to enhance the visible light absorption of the 

semiconductor photocatalysts70. However, it is also found that the surface defects 

are not always stable enough throughout the whole catalytic process and can be 

readily replenished by contact with oxygen or water. Although bulk defects still take 

up the visible light, surface defects are no longer present, and the lack of surface 

catalytic activation sites can be harmful to the photocatalytic performance. I also 

obtained similar observation in my DPhil project and this will be further discussed 

in the following chapters. This observation may also explain the fact that enhanced 

visible light absorption does not necessarily lead to better POWS performance. 
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Figure 1.8 (a) Total DOSs of the doped TiO2; Reproduced from ref. 7. Copyright 
2001 AAAS. (b) Spectral absorbance of the white and black TiO2 nanocrystals. 
The inset enlarges the absorption spectrum in the range from approximately 750-
1200 nm. Reproduced from ref. 68. Copyright 2011 AAAS. (c) A cross-sectional 
SEM image of the photocatalyst sheets, showing a monolayer of partially sintered 
(La),Rh:SrTiO3 particles (blue) embedded (inset) in a 2 µm thick gold back contact 
(yellow). (d, e) Model of surface depletion in La,Rh:SrTiO3 (d) and Rh:SrTiO3 (e) 
at different applied potentials in the dark. (f) Photovoltage build up in La,Rh:SrTiO3 
(left) and Rh:SrTiO3 (right) under illumination at positive device operation 
potentials. Reproduced from ref. 97 with permission. 
 
On the other hand, cation doping has also been widely reported as a promising 

strategy for tailoring the band gap and other photochemical properties.98,99 Very 

recently, Domen et al. has developed a band gap-engineered oxide, La and Rh 

co-doped SrTiO3 (La,Rh:SrTiO3), which exhibited an enhanced QE of 33% in the 

visible regime and an overall STH efficiency of more than 1% using a 

‘photocatalyst sheet’ device (Figure 1.8c).64,100–102 With the help of the time-

resolved spectroscopic techniques and DFT calculations, it has been shown that 

the Rh-doping induces a strong downward shift in the flat band potential and 

narrows the effective optical gap of SrTiO3, thus creating a p-type visible light 
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absorber. Meanwhile, co-doping with La is demonstrated to be an elegant 

approach for facilitating the separation of the charge carriers, since the positive 

flat band potential and the absence of a mid-gap energy state enable strong 

downward band bending for La,Rh:SrTiO3 (Figures 1.8d-1.8f). Such features 

subsequently result in efficient bipolar charge accumulation and remarkable 

photocatalytic performance.97 

1.3.2 Facilitating separation of charge carriers 

 
Figure 1.9 Photoinduced reactions in TiO2 photocatalysis and the corresponding 
time scales. Reproduced from ref. 103 with permission. 
 
Apart from capturing photons from solar light with corresponding band gap, the 

separation of the photo-generated charge carriers is also of extremely great 
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importance. As mentioned in the previous section, extensive efforts have been 

invested to extend the visible light absorption, however, poor POWS performance 

under visible light irradiation and ambient conditions still hinder their further 

applications. This is mainly due to the rapid recombination of charge carriers to 

dissipate the captured solar energy to heat or photoluminescence. In terms of the 

time scales of each process, the photo-excited electron-hole pairs are generated 

in femtoseconds after the light irradiation, while the separation and migration of 

the charge carriers normally take hundreds of femtoseconds or even picoseconds 

to take place (Figure 1.9). Instead of migrating to the surface and reacting with 

chemical species, the electrons and holes will recombine to give out the energy in 

the form of heat, and this process generally take place in several picoseconds. 

However, the interfacial charge transfer to the chemical species is relatively slow 

compared with the above steps, which takes place from hundreds of picoseconds 

to even microseconds, leading to the fact that most photo-excited electrons and 

holes favour recombination with each other instead of migration to the 

surface.38,104 Therefore, although the visible light absorption is largely enhanced 

for many semiconductor photocatalysts, only a small amount of the photo-

generated electrons and holes can travel through the photocatalyst particles and 

reach the surface, leading to the poor QEs. The photo-generated charge carriers  

must possess a sufficient lifetime to capture the H+ and OH- species derived from 

water dissociation to allow efficient photocatalysis to take place.23 Recent reports 

show that polarisation plays an important role in the separation of these photo-

generated electrons and holes, which prolongs the charge carrier lifetime, 

effectively leading to enhanced photocatalytic performance.105–107 Various 

methodologies have been developed to promote the separation of the photo-
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generated electrons and holes on the catalyst surface and suppress the 

recombination process, including shape and facet engineering, heterojunction 

formation, and introduction of internal electric fields, etc.105–110 

 
Figure 1.10 (a) Kinetic traces (probed at 632 nm) as a function of probe delay time 
and (b) their corresponding normalised traces. All these data were recorded with 
a 400 nm laser pulse (120 fs); Reproduced with permission from ref. 106. (c) 
Schematic illustration of the separation and migration of electrons and holes in the 
bulk of the pure and C-doped Bi3O4Cl; Reproduced with permission from ref. 106. 
(d) Schematic illustration of Pt and MnOx photo-depositions on BOC-MS. 
Reproduced with permission from ref. 107. 
 
The design of an internal electric field (IEF) to enhance the polarisation within the 

photocatalyst particles has recently been demonstrated to be an effective 

approach for improving the charge separation both in bulk and on the surface of 

the photocatalysts105–107. It is noteworthy that Zhang’s group reported a new 

strategy to introduce an IEF to Bi3O4Cl by carbon atom incorporation106. The 

resulting C-doped Bi3O4Cl achieved a bulk-charge separation efficiency of 80%, 

therefore the charge carrier lifetime was prolonged from less than 500 ps to around 
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4000 ps (Figures 1.10a and b), which is attributed to the strong IEF due to the 

potential difference between the doped and undoped layers (Figure 1.10c). The 

catalyst enabled the photocatalytic water oxidation half reaction under visible light 

irradiation in the absence of sacrificial reagents; however, H2 was scarcely 

detected because the CB is more positive than the H2-evolving potential. It was 

claimed that the photo-generated electrons either reduced O2 to give H2O2 or 

came into the solution to form solvated electrons, but no direct evidence was 

given106. Subsequently, the same research group also reported a Janus Cl2-

Bi12O17-MoS2 bilayer junction photocatalyst with an even stronger IEF for H2 

evolution (Figures 1.10d and e), in which the carrier lifetime was claimed to be 

3446 ns and a H2 evolution rate of 33mmol g-1h-1 was obtained in the presence of 

ascorbic acid as the hole scavenger59. 

A facile and versatile method to tune the local electric field (LEF) with the help of 

polar-faceted materials has recently been developed in our group, in which a 

strong LEF is obtained by engaging polar-faceted metal oxides as a support. Firstly, 

we need to understand how polarisation occurs in a solid-state material. Taking a 

simple ionic model of MgO as an example, Figure 1.11 shows the energy levels of 

filled O 2p and unfilled Mg 3s orbitals. For these isolated hard ionic species, the 

ionic charge distribution Mg2+-O2− is clearly not stable in the gas phase (the O2− 

ion does not even exist because the second electron affinity of O is highly 

endothermic). However, these ions can be stabilised in a solid ionic lattice, so they 

experience a summation of long-range Coulomb potentials from the ions in the 

lattice positions (the so-called Madelung potential) of appropriate sign. At oxide 

sites the Madelung potential is positive and thus stabilises electrons; at cation sites 

it is negative and correspondingly destabilising, as shown in Figure 1.11. Thus, the 
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most stable crystal structure is composed of ions interspersed with nearby counter 

ions and so on in the lattice. If some charges are dislocated from the lattice, 

polarisation occurs.  

 
Figure 1.11 Orbital energies of filled oxygen 2p and empty magnesium 3s levels 
in different states. Reproduced from ref. 83. Copyright 2020 American Chemical 
Society. 
 
The polarisation has been shown to lower the energy of empty (metal) levels and 

raise that of filled (oxygen) levels; hence, the binding energies of electrons in filled 

levels is reduced. Finally, the broadening of electronic levels due to overlap 

between ions gives bands rather than discrete energy levels. In the crystal facets, 

similar ion distributions exist in the energy-minimised packing (Figure 1.12). The 

most stable surfaces of MgO in this case are (100) or (1̅10), where cations and 

anions are evenly interspersed, obtaining the Madelung stabilisation. Although 

exposure of high-energetic facets such as O- or Mg-terminated (111) is 

thermodynamically unfavourable, it can be kinetically controlled during crystal 

growth. It is noteworthy that these thermodynamically unstable high-energetic 

facets tend to reduce the surface energy through relaxation processes, which can 

exert unusual effects such as band gap reduction, charge carrier stabilisation, 

enhanced adsorption of counter ions, and induced surface reconstruction. Polarity 

effects have long been studied in catalysis since the late 20th century, and the 

studies covered semiconductor surfaces, oxide surfaces, ultra-thin oxide films and 
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oxide interfaces.111–113  

 
Figure 1.12 Structural model of different exposed facets of MgO crystals: Crystal 
packing of polar and nonpolar faceted MgO. Arrows indicate the polarisation near 
the polar surface. Reproduced from ref. 83. Copyright 2020 American Chemical 
Society. 
 
For polar surfaces, the orientation is such that each repeat unit grows in the 

direction perpendicular to the surface, resulting in a non-zero dipole moment on 

the surfaces (as indicated in Figure 1.12). Thus, electric fields and electrostatic 

forces are generated on polar surfaces.111 Due to the presence of a macroscopic 

dipole, their surface properties and local environment strongly differ from those in 

the bulk or their non-polar counterparts. High surface energy means that the polar 

surfaces have a large tendency to cancel out the polarity, by charge transfer or 

introduction of compensating charges in the outer plane.112 However, the rigidity 

of some oxides hampers such processes and leaves considerable polarity and 

electrostatic forces on the polar surfaces, which could be good candidates for our 

local polarisation effect study. Solid state NMR and TEM were used to confirm that 

the surface polarity of crystalline MgO(111) facets induced significant chemical 
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shifts.73 In my DPhil project, I discovered that the polar-faceted MgO(111) could 

greatly prolong the lifetime of the photo-generated charge carriers in the N-doped 

TiO2 materials, while non-polar MgO(100) and MgO(110) showed no apparent 

influence. Accordingly, the MgO(111) promoted Au/N-doped TiO2 photocatalyst 

gave a much enhanced and stable H2 evolution rate of 11092 μmol g-1h-1 at 270oC. 

The QEs of 81.8% at 437 nm and 3.2% at 1000 nm were also achieved with the 

inclusion of MgO(111). We believe that the use of polar-faceted MgO(111) can 

introduce an LEF, which prolongs the charge carrier lifetime and therefore 

enhances the photocatalytic water splitting activities. The effect of different sizes 

and morphologies of the MgO supports were also studied, which will be discussed 

in detail in the following chapters.  

More systematic studies were carried out on a two-dimensional (2D) material, 

single layer MoS2 (SL-MoS2), whilst other polar-faceted oxides such as CeO2(100) 

nanocubes (NCs) and ZnO(0001) nanoplates (NPs) were also used to study the 

LEF effect. The SL-MoS2 was combined with different polar-faceted metal oxide 

supports as mentioned before. As expected, the photocatalytic activities are 

greatly improved by the polar-faceted oxides. TRPL spectroscopy confirmed the 

changes of the charge carrier lifetime of the photocatalysts, which showed nearly 

the same trend as the POWS activities. Therefore, the remarkable enhancement 

of photocatalytic activities is attributed to the prolonged the charge carrier lifetime. 

A strong LEF is exerted on the catalyst by the surface of the polar-faceted oxide 

supports, and such polarisation facilitates the separation of photo-excited electron-

hole pairs on the catalyst surface at the interface and therefore suppresses the 

recombination process. Also noteworthy is that the POWS activity and the charge 

carrier lifetime both show a linear relationship with the total polarity of the polar 
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material support, which further confirms that the local polarisation effect 

contributes to the separation of the photo-excited electron-hole pairs, leading to 

the prolonged charge carrier lifetime and the enhanced photocatalytic activities 

and QEs. This simple and versatile approach may contribute to the rational design 

of photocatalysts with suppressed recombination, for not only the water splitting 

system, but also other valuable photocatalytic processes. This part of study will be 

demonstrated more deeply in Chapter 4.  

1.3.3 Promoting surface reactions 

To achieve more efficient surface HER and OER, various cocatalysts are 

commonly engaged for different purposes, including lowering the activation energy, 

lowering the overpotentials of H2 and O2 evolution, facilitating the surface chemical 

reactions, and suppressing the backward water-formation reaction, etc., thus, they 

are of great interest in the field of POWS reaction, and have been extensively 

explored114–120. Generally, metals such as Pt, Pd, Au, Ru, Ni and Rh are 

considered as good H2 evolution cocatalysts, while the metal oxides of Ir, Mn, Co 

and Ru function as the O2 evolution cocatalysts121. Cocatalysts are capable of 

extracting the photo-generated electrons or holes from the semiconductor, 

depending on the nature of the cocatalyst used, therefore, they could act as 

surface trapping sites, where the electrons/holes accumulate and surface 

reactions take place.23 

H2 evolution cocatalysts such as Pt are widely used and much progress has been 

made in developing novel cocatalysts. Recently, our laboratory has found that Au 

nanoparticles introduced by the photoreduction method show a strong promoting 

effect in an N-doped TiO2 photocatalytic water splitting system, leading to a 90% 

increase in the H2 evolution rate.73 It should be noted that some metal 
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nanoparticles such as Au and Ag can introduce the localised surface plasmon 

resonance (LSPR) effect which may offer a potentially useful approach to 

enhancing the visible light absorption of wide band gap semiconductors. LSPR is 

an optical phenomenon in which the electron cloud on a metal NP oscillates in 

resonance with the electric field induced by the incident light (which is actually an 

electromagnetic field). This effect can trigger intense electric fields at the NP 

surfaces, giving rise to sharp spectral absorption and scattering peaks (as 

illustrated in Figure 1.13). The frequency of this resonance can be tuned by 

controlling the NP size and shape, as well as constructing a core-shell structure, 

resulting in a potentially wide absorption range within the visible light regime.122–

124 

 
Figure 1.13 (a) Prism coupling configuration of SPR, where a light beam impinges 
on a thin metallic film deposited on a prism. P-polarised light absorbed by the 
surface plasmon is seen from a minimum in the reflection spectra. (b) 
Representation of the localised surface plasmon on nanoparticles and absorbance 
spectra obtained for binding events on nanoparticles. Reproduced with permission 
from ref. 125. 
 
However, it is noteworthy that H2 evolution cocatalysts also accelerate the 

thermodynamically favourable reverse reaction: the water formation reaction, 

which is not desirable in a highly efficient POWS system. Therefore, efforts have 
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been made to suppress the backward reaction, whilst also promoting the forward 

reaction23. A bimetallic cocatalyst system was reported by the Domen group, 

where a Rh@Cr2O3 core-shell structure was synthesised by selective photo-

reduction: the protective Cr2O3 shell in the catalyst prevented the evolved O2 from 

reaching the Rh core, therefore limiting the possibility of the evolved O2 to be 

reduced again (Figure 1.14).114,126 Microscopic evidence showed that the core-

shell structure was successfully achieved by the photo-deposition method; 

Spectroscopic studies also confirmed the compositions and chemical states of the 

Rh core and the Cr2O3 shell. Building upon such observation, it was shown that a 

solid-solution photocatalyst, GaN:ZnO, exhibited greatly enhanced POWS activity 

after loading with a Rh@Cr2O3 core-shell structure due to the backward reaction 

being suppressed.127 Using other noble metals, such as Pt and Ir, as the metal 

core can also lead to similar performance.114 A similar modification method was 

also developed to promote the POWS reaction effectively: amorphous 

oxyhydroxides of group IV and V transition metals (Ti, Nb, Ta) were introduced to 

a semiconductor photocatalyst, in which the amorphous oxyhydroxides covered 

the whole photocatalyst particles, creating a core-shell structure126. The POWS 

performance was successfully enhanced after this surface modification, resulting 

from the prevention of the reverse reaction. The amorphous oxyhydroxide layers 

were believed to function as molecular sieves which selectively filter the reactant 

and product molecules. The core-shell structures were confirmed by microscopic 

studies, and the permeation behaviour on the core-shell structures was also 

studied in detail126. It was demonstrated that this structure was effective for POWS 

reaction even when the active sites were covered by the coating, because of a 

permeation-controlled behaviour: small H+ ions were allowed to permeate into the 



Chapter 1 Introduction 

28 
 

shell, and the evolved H2 molecules were allowed to diffuse out. However, as 

shown in Figure 1.14b, O2 molecules struggle to permeate into the shell due to 

their relatively large molecule sizes. In addition, H2 molecules could hardly come 

back in the shell due to the concentration gradient, thus, H2 molecules would 

favourably diffuse out. As a result, this permeation-controlled core-shell structure 

enabled the prevention of the reverse reaction without suppressing the forward 

reaction, leading to a more efficient POWS reaction. 

 
Figure 1.14 Schematic of the differences of the chemical processes before (a) and 
after (b) the construction of the core-shell structured cocatalysts. Reproduced with 
permission from ref. 114. 
 
1.3.4 Photocatalysis at elevated temperatures 

It should be noted that POWS has been extensively studied mainly at room 

temperature for several decades, however, it is well known that elevated 

temperatures can lead to enhanced performance of endothermic reactions both 

thermodynamically and kinetically, and possibly could lead to new understandings 

of this system. Thermolysis of water requires extremely high temperature of more 

than 1000 oC which is not practical128, but photocatalysis promoted by elevated 

temperatures is presumably able to provide a novel alternative for the solar energy 

utilisation especially as the thermal energy could also be provided by solar means. 

Moreover, infrared (IR) light contributes almost 50% of the whole solar spectrum 
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and can provide the required heat by thermal radiation instead of using additional 

electric heating devices37. A pioneering work has demonstrated a sacrificial 

photocatalytic H2 evolution system at elevated temperatures, of which the QE 

reached 65.7% on a Pt/black TiO2 catalyst in the visible light range at 280 oC in 

the presence of methanol as a sacrificial reagent (Figure 1.15).32 It is claimed that 

elevated temperatures add to the thermal energy of the reactants and 

subsequently increase the kinetic driving force, leading to the enhanced H2 

evolution rate and QE. However, the thermal decomposition of methanol also 

contributed to the overall H2 production (Figure 1.15a), and inevitably resulted in 

unwanted production of organic chemicals or carbon emission, hindering its further 

practical application.  

 
Figure 1.15 (a) Temperature-enhanced photocatalytic H2 production from H2O 
with a sacrificial agent (30% methanol) without light illumination (blue bar) and with 
AM 1.5 global sunlight illumination (red bar) and (b) apparent quantum efficiencies 
of visible light and AM 1.5 global sunlight over the Pt/black TiO2 catalyst at 280 oC. 
Reproduced with permission from ref. 32. 
 
Obviously, a POWS system without the use of any sacrificial reagents will be more 

favourable and the idea of using elevated temperatures in photocatalytic systems 

is worth further exploration. A recent attempt on this was reported by Tian et al., 

where black phosphorous nanosheets were used for a photocatalytic HER system 
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at elevated temperature as well.129 It was shown that amorphous cobalt phosphide 

supported black phosphorous exhibited around nine times enhancement of H2 

evolution activity at 353 K compared with that at room temperature, showing a QE 

of 42.55 % at 430 nm without addition of any sacrificial reagent in this 

photocatalytic system. Although this catalyst showed good stability at room 

temperature, it did not give a stoichiometric amount of O2 at 353 K, indicating there 

was photo-corrosion of the catalyst at this elevated temperature. Therefore, 

special attention should be given to the photocatalyst stability for the photocatalytic 

systems operated at elevated temperatures.  Also noteworthy is that the water 

dissociation equilibrium to H+ and OH- is greatly dependent on temperature: it can 

be promoted to about 25 times that at room temperature (about 1×10-14) and peaks 

at around 270 oC before rapidly declining130. Obviously, enhanced concentrations 

of H+ and OH- are also beneficial to the photocatalytic water splitting performance 

kinetically. As mentioned before, in-depth investigation of the POWS systems at 

elevated temperatures above 200 oC is still absent in literature right now. Hence, 

through my DPhil study, I focused on the exploration of POWS systems at elevated 

temperatures using semiconductor materials as the photocatalysts, and the 

reactions were conducted in a closed batch reactor (Figure 1.16). At the beginning 

of my DPhil project, with the help of electron paramagnetic resonance (EPR) 

spectroscopy, I found that the surface modifications of the semiconductor 

photocatalysts could be eliminated easily when in contact with water and air, and 

the surface defects, such as VOs could be regenerated at elevated temperatures, 

whether in N2, liquid water or water vapour. Experimental (e.g., in-situ structural 

characterisations) and computational studies suggested that the oxygen mobility 

could be greatly enhanced at elevated temperatures for TiO2-based materials, 
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which led to substantially enhanced POWS performance. Such enhanced oxygen 

mobility in oxide materials at elevated temperatures has also been widely studied 

and used in the solid oxide fuel cells.131 Time-resolved photoluminescence (TRPL) 

spectroscopy was then used to probe the recombination rate of photo-excited 

electron-hole pairs. Although no obvious change was observed when the TRPL 

experiments were conducted in air without water at different elevated 

temperatures, it was interesting to find that the charge carrier lifetime varies with 

the pH change.73 As previously mentioned, the water dissociation constant 

increases with the temperature and peaks at 270 oC, thus, the obvious response 

of the charge carrier lifetime to the pH change indicated that the increased 

concentration of H+ and OH- ions in water at elevated temperatures could also 

influence the separation of the photo-generated charge carriers. More details will 

be discussed in the following chapters of this thesis. Clearly, all these above-

mentioned results indicate that performing high-temperature photocatalysis exhibit 

major advantages of facilitating the POWS reaction.  

1.4 Aims and objectives 

As demonstrated before, the POWS at elevated temperatures is a promising 

approach to converting solar energy to chemical fuel in the form of H2, but it still 

lacks in-depth investigation. Therefore, in this thesis, I aim to explore the POWS 

at elevated temperatures as a novel technique to produce solar fuel. The POWS 

reaction was carried out at different temperatures to study the temperature effect 

on this system first. Starting from the most widely studied photocatalyst, TiO2, I 

managed to enhance its visible light absorption by N-doping, and synthesised a 

range of other semiconductor materials as the photocatalysts.  

As previously discussed, to make the solar-light-driven POWS system competitive 
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for H2 production, the quantum efficiency needs to undergo a substantial increase, 

and facilitating the separation of the photo-generated charge carriers by increasing 

the local polarisation has become the key. Consequently, different strategies have 

been explored through my DPhil study, which are demonstrated in this thesis. 

Systematic investigations have been conducted to investigate the effect of the 

local electric field introduced by polar-faceted support materials, such as polar-

faceted oxides and layered double hydroxides (LDHs), which are strongly 

polarised on the surface. Moreover, magnetic field effects are also explored by 

placing semiconductor photocatalysts near the superparamagnetic nanoparticles. 

Extensive catalytic studies have been carried out. Deeper understanding of the 

novel POWS system cannot be obtained without thorough characterisations of the 

materials. Thus, a wide range of spectroscopic and microscopic characterisation 

techniques were involved to investigate the relationships between structure and 

performance. In combination with the computational studies, possible 

mechanisms of the novel POWS system at elevated temperatures have been 

derived. 

Particulate photocatalytic water splitting systems have the advantage of simplicity 

and low cost over other solar energy conversion techniques, such as photovoltaic-

electrolysis systems and photoelectrochemical devices, however, the highest 

solar-to-hydrogen conversion efficiency reported so far is only around 1%.102 

There is no doubt that future work should be focusing on improving this efficiency 

to approximately 10% to meet the practical application requirement.37,121 Therefore, 

new strategies to harness the visible or even infrared light are still desirable. Novel 

approaches to suppress the charge carrier recombination and the backward 

reactions are also required. The following inter-related processes such as 
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separation, purification, transportation, and utilisation of the H2 fuel remain 

challenging as well. All these aspects are tremendously essential to realise the 

efficient and sustainable production of H2 via solar-light-driven water splitting. 

1.5 Thesis overview 

This thesis contains seven chapters, with Chapters 3 to 6 describing and 

discussing the experimental and computational work performed throughout my 

DPhil project. 

Chapter 1 (the current chapter) introduces the background of solar energy 

conversion and the photocatalytic overall water splitting system, and provides the 

fundamental principles of photocatalysis and definitions of the relevant terms. 

Some conventional and effective strategies to improving the POWS performance 

are then summarised and discussed, including defect engineering, deposition of 

cocatalysts, etc. The main challenge in this research field, the suppression of 

charge recombination, is then clarified. Building upon such background, a novel 

POWS system at elevated temperatures is then proposed and discussed, which 

serves as the focus of my DPhil project and this thesis. The overall aim of the 

thesis is outlined as a conclusion of this chapter. 

Chapter 2 starts with the experimental protocols of the synthesis methods and 

outlines various methods of catalytic performance testing. It is then followed by the 

detailed description of the background and theory of the main characterisation 

techniques used in this thesis.  

Chapter 3 demonstrates the feasibility of the POWS reaction using elevated 

temperatures on TiO2-based materials. The background with particular emphasis 

on the temperature effects on POWS reaction and the modifications of TiO2 is 
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covered. The band gap structure of the commercial P25 TiO2 is engineered by N-

doping to improve the visible light absorption. Extensive characterisations are 

included to investigate the structure and the physical chemical properties, 

especially the surface properties. Comprehensive photocatalytic tests are 

performed, including the temperature effect, surface metal nanoparticle deposition, 

stability tests, etc. Time-resolved photoluminescence spectroscopy is used to 

investigate the charge separation process. A potential mechanism is derived 

based on the above observations. 

Chapter 4 focuses on the fabrication of local electric fields (LEFs) to promote the 

POWS performance. Different polar-faceted metal oxides including CeO2, MgO, 

ZnO, and LDHs are synthesised and assembled with semiconductor materials. 

Non-polar CeO2, MgO, and ZnO are also included for comparison. Apart from the 

N-doped TiO2 demonstrated in Chapter 3, a 2-dimensional (2D) transition metal 

dichalcogenide (TMD) material, monolayer MoS2, is also covered in this chapter. 

Extensive efforts are made to investigate the properties of the polar facets and the 

monolayers with the help of microscopic techniques. Systematic photocatalytic 

tests are performed and relationships between the POWS performance, the 

charge carrier lifetime, and the strength of LEFs are also demonstrated in this 

chapter.  

Chapter 5 investigates the magnetic field effects (MFEs) on the POWS 

performance. To enhance the local magnetic flux near the photocatalyst particles, 

I managed to combine the N-doped TiO2 with superparamagnetic Fe3O4 

nanoparticles (NPs) via a sol-gel method. An external magnetic field is provided 

by two permanent magnets placed in parallel. Photocatalytic tests are carried out 

to scrutinise the effect of the external magnetic field strength and the concentration 
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of Fe3O4 NPs in the photocatalysts. Careful analysis of the catalytic results and 

computational studies is covered, which suggests that both the charge and spin 

properties of the electrons play important roles in the POWS system in the 

presence of a local magnetic field. 

Chapter 6 starts to investigate a more practical case - the photocatalytic splitting 

of seawater. The effects of different electrolytes on the POWS performance will be 

discussed in this chapter. It is shown that the neutral electrolyte solutions could 

greatly enhance the POWS performance by facilitating the charge carriers’ 

separation. Different characterisation techniques including time-resolved 

photoluminescence, in situ X-ray photoelectron spectroscopy, etc. are used to 

understand the charge separation processes. Artificial seawater samples are 

prepared in lab and natural seawater was collected from Bournemouth, UK, all of 

which are shown to enhance the POWS activity at elevated temperatures. 

Chapter 7 summarises the findings in the previous chapters and provides 

perspectives to the future research in the related research fields. 
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Chapter 2 Experimental and Characterisation Methods 

2.1 Material synthesis 

2.1.1 Preparation of titanium oxide (TiO2) 

Pristine TiO2 samples were obtained from different sources. Phase-pure anatase 

TiO2 is commercially available (ST-01 TiO2 powder, Ishihara Sangyo, Japan, mean 

particle size ca. 5 nm). Phase-pure rutile TiO2 powder was purchased from Sigma-

Aldrich (mean particle size < 100 nm). Commercial Degussa P25 was also 

engaged in this research project, which is a widely used photocatalyst containing 

about 80% of anatase and 20% of rutile phase. TiO2 nanoparticles was also 

prepared via sol-gel method (mean particle size ca. 25.4 nm). Typically, solution A 

was prepared by adding 5 mL of titanium tetraisopropoxide (TTIP) in 15 mL ethanol 

and solution B was obtained by mixing 10 mL of deionised water, 10 mL of ethanol 

and 1 mL of acetic acid. Then solution A was slowly added to solution B dropwise 

under vigorous magnetic stirring. After a transparent gel forms, it was left still for 

aging at room temperature overnight (without stirring), following by drying in 

vacuum oven at 70 oC. Then the obtained dry gel was calcined in an air flow at 

400 oC for 2 h to obtain the TiO2 nanoparticles (white powder), which were then 

collected for further use. 

2.1.2 Synthesis of N-doped TiO2 (N-TiO2) using NH3 treatment 

The N-TiO2 was prepared by treating the pristine TiO2 with pure NH3 gas. In a 

typical experiment, 250 mg of TiO2 sample powder (Degussa P25, sol-gel TiO2, 

anatase or rutile) was put into a quartz boat which was then loaded in a tubular 

furnace. The temperature was subsequently elevated to the required temperature 

in the range of 550-750 oC in a step of 5 oC min-1 in a pure NH3 gas flow. The 
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treatment was maintained for 8 h before cooling down to room temperature 

naturally. The samples were denoted as N-P25-T, N-sgTiO2-T, N-TiO2(A)-T or N-

TiO2(R)-T depending on the precursor that was used, where T represents the 

treatment temperature in NH3. Colour of the obtained N-TiO2 powders varies with 

the NH3 treatment temperature, with N-P25-550 showing a yellow colour, while N-

P25-620 showing a dark blue colour (Figure 2.1). The as-prepared materials were 

collected and used without further treatment unless specified. 

 
Figure 2.1 A photographic image of N-doped P25 TiO2 materials. From left to right: 
pristine P25, N-P25-550, N-P25-600, N-P25-620, and N-P25-660. 
 
2.1.3 Synthesis of the facet-engineered N-TiO2 

The synthesis of the facet-engineered TiO2 nanocrystals was adopted from our 

previous work:1 5.0 mL of titanium butoxide, Ti(OC4H9)4, was mixed with 0.6 mL of 

hydrofluoric acid (48 wt.%) in a 50-mL Teflon-lined autoclave and subsequently 

heated to 180 °C at a rate of 5 °C min-1. The temperature was kept at 180 °C for 

24 h. After the hydrothermal process, the as-obtained white precipitate was 

washed with ethanol and deionised water for three times, respectively, and then 

dried in an oven at 80 °C overnight. For N-doping, typically, 200 mg as-prepared 
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facet-controlled TiO2 was put in a quartz boat which was then transferred to a 

tubular furnace. The sample was then heated to 600 oC at a rate of 5 °C min-1 and 

kept for 2 h under NH3 flow, after which it was allowed to cool down naturally and 

the dark blue powder, N-doped TiO2 (N-TiO2), was collected. The N-TiO2 

photocatalyst, unless stated, was loaded with 1 wt.% Pt nanoparticles as the H2 

evolution cocatalyst via a photo-deposition method before the photocatalytic tests. 

The photo-deposition process is described in the following sub-section. 

2.1.4 Synthesis of N-TiO2 using controlled oxidation method 

N-TiO2 was also prepared by oxidising titanium nitride powders, which was 

adopted from literature.2 Typically, 500 mg of commercial titanium nitride powder 

(Sigma-Aldrich, mean particle size < 300 nm) was put into a quartz boat which was 

then loaded in a tubular furnace. Then the sample was calcined in O2 flow at 400 

oC, 500 oC, 600 oC and 700 oC, respectively, with a temperature ramping of 5 oC 

min-1. The oxidation process took 2 h before cooling down to room temperature 

naturally.  

2.1.5 Metal loading of N-TiO2 

Supported N-TiO2 catalysts were prepared via a photo-deposition method: 100 mg 

of the N-TiO2 was suspended in 60 mL methanol aqueous solution (50 vol. %) 

under vigorous stirring, and then the aqueous solution containing the required 

amount of the corresponding metal precursor was added into the above 

suspension. This suspension was then irradiated under a 300W UV lamp (Helios 

Italquartz S.R.L.) for 2 h before being filtered and washed with water and ethanol 

for 3 times, respectively. The final product was collected after being dried in a 70 

oC oven overnight. In a photo-deposition process, the photo-generated electrons 
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in the conduction band (CB) reduce the metal ions in the solution, forming metal 

nanoparticles. Methanol acts as a sacrificial reagent, also known as the electron-

scavenger, which is oxidised by the photo-generated holes in the valence band 

(VB), producing CO2, CO, or other organic products. Clearly, not all kinds of metal 

nanoparticles can be deposited using this method: the CB minimum must have a 

more negative potential than the reduction potential of the metal ions, enabling the 

electrons in the CB to reduce the metal ions.3 Size and morphology of the 

deposited metal NPs were studied by TEM in this thesis. The photocatalytic 

reactions of the photo-deposition are shown below. 

𝑀=> + 𝑛	𝑒? → 𝑀 

𝑀𝑒𝑂𝐻 + 𝑛	ℎ> → 𝐻/𝑂 + 𝐶𝑂/ + 𝑂𝑟𝑔𝑎𝑛𝑖𝑐	𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (Not balanced) 

2.1.6 Synthesis of single-layer molybdenum disulphide (SL-MoS2) 

Single layer MoS2 was prepared using the method adopted from our previous 

report:4 Typically, 2 g of commercial bulk MoS2 powder was soaked in 16 mL of 

1.6 M n-butyl lithium/hexane solution for 72 h under a N2 atmosphere. After the 

lithium intercalation process, the above suspension was diluted with 50 mL of 

hexane and centrifuged to collect the intercalated MoS2. The collected MoS2 was 

then dried under N2. Subsequently, the powder was immersed in 500 mL of water 

and the resulting suspension was sonicated for 12 h to assist the exfoliation 

process. The dispersion was centrifuged at 4000 rpm for 15 min to remove 

unexfoliated precursors and only the supernatant was collected. Eventually, the 

exfoliated MoS2 monolayers remained totally suspended in aqueous solution. To 

collect the SL-MoS2 in a powder form, HCl solution was added dropwise into the 

above SL-MoS2 colloid until the pH value reaching around 7. The precipitate was 
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then washed and collected by centrifugation several times and the final product 

was dried at 60 oC under vacuum overnight. 

2.1.7 Synthesis of metal decorated SL-MoS2 

Metal decorated SL-MoS2 materials (denoted as M:SL-MoS2, where M represents 

the metal doping) were prepared using a hydrothermal method. Typically, the 

required amount of corresponding metal precursors (calculated loading amount of 

2 wt.%) and 150 mg of thiourea were added to 10 mL of water and left overnight 

to form the complex. Subsequently this solution was then mixed with a 50 mL 

colloid containing 180 mg SL-MoS2 (30 v/v% isopropanol/water with 50 mg of 

polyvinylpyrrolidone). A mixed homogeneous solution was then transferred to an 

autoclave with a 120-mL Teflon lining, followed by hydrothermal treatment at 

160 °C for 24 h. After the reaction, the precipitate was washed three times using 

deionised water and then dried under vacuum for 12 h and finally treated with H2 

at 300 °C for 1 h prior to storage. 

2.1.8 Synthesis of magnesium oxide (MgO) with different dominating facets 

MgO(111) was prepared by a hydrothermal method. Typically, 2.0 g of MgCl2•6H2O 

and 0.12 g of benzoic acid was dissolved in 60 mL of deionised water at room 

temperature under sonication for 1 h. The mixture was then stirred for 10 minutes 

before 20 mL of 2 mol L-1 NaOH (aq.) solution was added dropwise. The resulted 

slurry was collected and subsequently transferred to a 100 mL-autoclave with 

Teflon lining and gradually heated to 180 oC in an oven and maintained at this 

temperature for 24 h. The resulted solid was separated by filtration followed by 

washing with water and drying at 80 oC under vacuum overnight, and then the 

Mg(OH)2 precursor was collected. MgO(111) nanosheets were obtained after 
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calcining the above Mg(OH)2 precursor in an air flow at 500 oC for 6 h.5,6 

MgO(110) was prepared by reconstruction of the commercial MgO powders. 

Typically, 500 mg of commercial MgO was reacting with 100 mL of deionised water 

at 120 oC for 5 h (in a closed hydrothermal autoclave) to form magnesium 

hydroxide. The resulted magnesium hydroxide powders were then collected by 

filtration and was subsequently dried at 60 oC in air overnight. Then they were 

heated under dynamic vacuum at 500 oC for 6 h to form the MgO(110) white 

powders.7,8  

MgO(100) was prepared by calcining the commercial magnesium nitrate 

(Mg(NO3)2). In a typical synthesis, 500 mg of Mg(NO3)2 was placed in a quartz 

boat and loaded in a tubular furnace, and then the temperature was increased to 

500 oC in a step of 5 oC min-1. The sample was then calcined in an air flow for 6 

h.9,10 

2.1.9 Synthesis of cerium oxide (CeO2) of different morphologies 

CeO2(100) nanocubes were synthesised via a hydrothermal process based on 

previous reports.11,12 1.0 g of Ce(NO3)3·6H2O was added to a 60 mL of 15 mol L-1 

NaOH aqueous solution under vigorous stirring and kept stirring for 15 min. 

Afterwards, the solution was transferred to a Teflon lined 120mL-autoclave inside 

an oven of 180 oC, which was then left for 12 h. Following hydrothermal synthesis, 

the autoclave was allowed to cool down to room temperature naturally. The 

obtained powder was collected by centrifugation, and then washed 3 times with 

deionised water and dried at 70 oC under vacuum overnight.  

For the synthesis of CeO2 nanospheres, 1 mmol of Ce(NO3)3·6H2O was dissolved 

in 32 mL of 0.078 mol L-1 NaOH (aq.) solution in a 100-mL round bottom reaction 
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flask.13 The mixture was vigorously stirred at room temperature for 24 h in air, and 

the colour changed to pale yellow. The CeO2 nanospheres were then collected by 

centrifugation at 5000 rpm for 10 min, and washed with ethanol and deionised 

water, each for three times, then dried at 70 oC under vacuum overnight. 

2.1.10 Synthesis of zinc oxide (ZnO) nanoplates and nanorods  

ZnO(0001) nanoplates were prepared according to our previous reports:14,15 6.0 g 

of zinc acetate dihydrate (Zn(Ac)2·2H2O) and 3.84 g of hexamethylenetetramine 

(HMT, C6H12N4) were dissolved in 48 mL of deionised water. The solution was 

transferred into a 100-mL Teflon-lined autoclave after a 10-min stirring. The 

autoclave was then put into an oven and maintained at 100 °C for 24 h and then 

allowed to cool down to room temperature naturally. The white precipitate was 

collected by centrifugation at 5000 rpm for 10 min, after which the supernatant was 

discarded. The solid was washed repeatedly with ethanol and water to remove 

excess precursor, and then was dried at 70 oC overnight. The resulted powder was 

calcined in air at 450 °C for 2 h with a heating rate of 10 °C min-1. 

The synthesis of ZnO nanorods is also based on our previous reports:14,15 1.487 g 

of zinc nitrate hexahydrate (Zn(NO3)2·6H2O) and 6 g of NaOH were dissolved in 

10 mL of deionised water. Then 100 mL of ethanol was added to the above solution, 

afterwards 5 mL of 1,2-ethanediamine (EDA) was added into the mixture. Then 

the mixture was transferred to a covered plastic container with a volume of 250 

mL. The reaction container was kept at room temperature under constant stirring 

for 3 days. After the synthesis a white precipitate was centrifuged and washed with 

deionised water and ethanol repeatedly. The resulted powder was calcined in air 

at 450 °C for 2 h with a heating rate of 10 °C min-1 after being dried at 70 oC under 

vacuum overnight. 
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2.1.11 Synthesis of layered double hydroxides (LDHs) 

All LDHs were synthesised by similar co-precipitation method: magnesium 

chloride (MgCl2) and the corresponding trivalent metal precursor (CrCl3·6H2O, 

Fe(NO3)3·9H2O, Co(NO3)2·6H2O and Al(NO3)3·9H2O for MgCr-LDH, MgFe-LDH, 

MgCo-LDH and MgAl-LDH, respectively) were dissolved in 100 mL of deionised 

water firstly. And the molar ratio of Mg and the trivalent metal was controlled as 

3:1. Then this solution and 1 mol L-1 NaOH (aq.) were added simultaneously into 

25 mL water in a 250-mL three-neck round bottom flask. pH was controlled at 

different values by adding 1 mol L-1 NaOH (aq.) solution, because the required pH 

for different LDHs varies with the solubility product (MgCr-LDH: pH=7; MgFe-LDH: 

pH=10; MgCo-LDH: pH=10; MgAl-LDH: pH=10). Afterwards the slurry was kept 

under vigorous stirring for 2 h before centrifugation and washing with water. The 

obtained solid product was dispersed in water for further use. 

2.1.12 Assembly of the photocatalysts with metal oxides or LDHs 

Photocatalysts were mixed and ground with different polar or non-polar metal 

oxides thoroughly at the required ratio (typically 1:1 mass ratio) and allowed to 

disperse in water and sonicated for 2 h, filtered, dried and calcined in N2 flow at 

400 oC for 2 h prior to use.  

The assembly of photocatalysts with LDHs was modified from a reported method 

in literature:16 photocatalysts were mixed with different LDHs thoroughly at a 1:1 

mass ratio and dispersed in 50 mL water, followed by refluxing at 60 oC for 1 h.16 

Subsequently the flask was cooled down to room temperature naturally and then 

the solid was separated by centrifugation at 5000 rpm for 10 min and washed with 

deionised water for 3 times. The product was dried under vacuum for further use. 
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2.1.13 Synthesis of iron oxide (Fe3O4) and Fe3O4@SiO2 nanoparticles  

The synthesis method was modified from our previous study.17 The iron-oleate 

complex was first prepared by reacting metal chlorides and sodium oleate. 

Typically, 1.08 g of FeCl3·6H2O and 3.65 g of sodium oleate were firstly dissolved 

in a mixture of 8 mL of ethanol, 6 mL of distilled water, and 14 mL of hexane. The 

solution was then heated to 70 oC and maintained for 2 h, after which the upper 

organic layer containing the iron-oleate complex was washed for three times with 

distilled water. Hexane was evaporated after washing, and iron-oleate complex 

was obtained in solid form. For the preparation of 8 nm Fe3O4 NPs, 20 mg of the 

iron-oleate complex and 300 μL of oleic acid were dissolved in 20 mL of 1-

octadecene at room temperature. Then the mixture was heated to 310 °C with a 

constant heating rate of 5 °C min-1, and kept for 30 min before cooled to room 

temperature. Ethanol was then added to the mixture, resulting in a black 

precipitate, which was separated via centrifugation. The product was then washed 

with isopropanol/hexane several times and dried in an oven. The Fe3O4 NPs with 

different mean particle sizes were also prepared by the same procedure by 

controlling the amount of oleic acid (450 μL for 10.1 nm; 600 μL for 17.5 nm). 

Fe3O4@SiO2 was prepared from reverse micelles using a previously reported 

procedure. Briefly, 2 mg of Fe3O4 nanoparticles and 100 μL of tetraethyl 

orthosilicate (TEOS) were added to a heterogeneous solution containing 

cyclohexane (24 mL), hexanol (4.8 mL), Triton X-100 (6 mL, surfactant for the 

controlled growth of SiO2), and deionised water (1 mL). After 6 h of stirring, 

NH3·H2O (30 wt.%) (100 mL) was added to initiate the hydrolysis of TEOS. The 

reaction was allowed to continue for another 24 h with stirring at room temperature. 

The product was well dispersed in ethanol and further purified by centrifugation 
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(14500 rpm, 10 min). 

2.1.14 Synthesis of the N-TiO2, Fe3O4/N-TiO2 and Fe3O4@SiO2/N-TiO2  

TiO2 nanoparticles was synthesised via a sol-gel process: solution A was prepared 

by adding 5 mL of TTIP in 15 mL ethanol, and solution B was obtained by mixing 

10 mL of deionised water, 10 mL of ethanol and 1 mL of acetic acid. Then solution 

A was added to solution B dropwise under vigorous stirring. After a transparent gel 

forms, it was then aged overnight, following by drying in vacuum oven at 70 oC. 

Then obtained dry gel was then calcined in N2 atmosphere at 400 oC for 2 h to 

obtain the TiO2 nanoparticles, followed by NH3 treatment at 600 °C for 10 h for N-

doping.  

Fe3O4/N-TiO2 and Fe3O4@SiO2/N-TiO2 photocatalysts were synthesised following 

the similar procedure, but adding the Fe3O4 or Fe3O4@SiO2 nanoparticles which 

were dispersed in ethanol in advance to the solution A. Photocatalysts containing 

different amount of Fe3O4 were also synthesised by this method by changing the 

amount of Fe3O4 NPs added to the solution A. The Fe3O4 NPs content were 

calculated to be 10%, 20%, 30% and 40% by weight, and the as-obtained samples 

were denoted as Fe3O4/N-TiO2-0, Fe3O4/N-TiO2-1, Fe3O4/N-TiO2-2 and Fe3O4/N-

TiO2-3, respectively. 

2.2 Characterisation techniques 

2.2.1 X-ray diffraction (XRD) 

XRD is one of the most widely used techniques to investigate the crystallographic 

structure of solid-state materials.18 The interatomic distances in crystalline 

materials are comparable with the wavelengths of X-ray (both in the Angstrom 

range), which enables the incident X-ray to diffract through the crystallographic 



Chapter 2 Experimental and Characterisation Methods 

54 
 

planes which act as gratings. Structural information of crystalline materials 

including phase identification, lattice constant calculation, particle size estimation 

and unit cell parameters, etc. can be derived from the diffractograms19,20. The high 

energy X-ray photons are able to penetrate deeply into the material and thus XRD 

is typically regarded as a macroscopic characterisation technique for well-

crystalline bulk structure21.  

For lab-sourced X-ray diffractometers, high speed electrons are generated from a 

heated filament of the cathode and targeted towards a metal target typically made 

up of copper and tungsten. Such collision will cause the ejection of core electrons 

from the metal target and then the electrons from higher energy levels will transfer 

to the lower energy levels to occupy the vacancy. This electron transfer between 

different energy levels results in the X-ray emission with a wavelength specific to 

the metal target. Then the X-ray beam will be monochromated and allowed to 

illuminate onto the sample material at different incident angles. If the sample is 

well crystalline, the X-ray beams diffract through the interlayer spacing grating of 

the material and undergo constructive or destructive interference to produce a 

unique diffraction pattern: the constructive interference appear as peaks in XRD 

diffractograms, while the beams undergone destructive interference cancel out 

each other and will not be observed. The interlayer spacing, d, can then be derived 

from Bragg’s Law (Equation 2.1):22 

 n	λ = 2	d	sinθ Equation 2.1 

where λ is the wavelength of the X-ray beam, d is the interlayer spacing, and θ is 

the angle between the incident X-ray and scattering planes. 
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Figure 2.2 Bragg’s Law depicting the relationship between interlayer spacing, 
diffraction angle, and wavelength of X-ray. Reproduced from ref. 22. 
 
Lattice parameters can be further derived from Miller Indices for different 

crystallographic systems. For example, for non-cubic hexagonal crystal structure, 

the relationship between lattice parameter and interlayer spacing can be depicted 

by (Equation 2.2): 

 
1
d = 	

4
3	E

h/ + hk + k/

a/ I +
l/

c/ Equation 2.2 

where d is the interlayer spacing; h, k, l is the Miller indices and a, c are the lattice 

parameters. 

The sharp and well-defined peaks in the diffractograms arise from the destructive 

interference that took place at all incident angles other than the diffraction angles. 

However, when the size of the material decreases, defects like edges and steps 

would readily form, which lead to a wider distribution of interlayer spacing and 

result in peak broadening. Thus, building upon this phenomenon, it is possible to 

estimate particle size from the peak broadening measured with the full width at 

half maximum (FWHM) of the peak. The Scherrer equation is frequently used for 

determination of crystallite sizes from XRD diffractograms (Equation 2.3). 
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 τ = 	
K	λ	
β	cosθ Equation 2.3 

where τ	is the size of the crystallite;	K is a dimensionless shape factor (typical 

value is about 0.9); λ is the wavelength of X-ray photon, β is the line broadening 

at FWHM after subtracting the instrumental line broadening (in radians); and θ is 

the diffraction angle.  

In this thesis, XRD diffractograms were collected on a Bruker D8 Advance 

diffractometer with LynxEye detector and Cu Kα1 radiation (λ= 1.5406 Å), 

operating at 40 kV and 25 mA (step size at 0.019°, time per step at 0.10 s, total 

number of steps at 4368), unless specified. Samples in powder form were pressed 

onto a glass preparative slide which was then attached to a sample holder. All 

measurements were scanned at 2θ of 5-90o. 

2.2.2 Electron paramagnetic resonance (EPR) spectroscopy 

EPR, also known as electron spin resonance (ESR) spectroscopy, is a powerful 

technique for studying materials with unpaired electrons. EPR spectroscopy is 

particularly useful for studying metal complexes, organic radicals and defects of 

solid-state materials. In quantum mechanics, every electron has a magnetic 

moment and a spin quantum number of 𝑚@ =
A
/
	or	 − A

/
, which have the same 

energy in the absence of any external magnetic fields. While in the presence of an 

external magnetic field with a strength of 𝐵B , the electron's magnetic moment 

aligns itself either antiparallel or parallel to the field, which means the original 

energy state splits to two different energy states, known as the Zeeman effect 

(Figure 2.3A). The energy of each state can be defined by Equation 2.4: 

 𝐸CDDEF= = 𝑚@𝑔DµG𝐵B Equation 2.4 
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 𝛥𝐸 = 𝑔DµG𝐵B Equation 2.5 

where 𝐸CDDEF= is the Zeeman energy; 𝑚@ is the spin quantum number; 𝑔D is the 

electron’s g-factor (𝑔D = 2.0023 for the free electron) and µG is the Bohr magneton. 

 
Figure 2.3 (A) Zeeman splitting of the degenerate electronic spin states for an S 
= 1/2 system. (B) An electron can absorb energy to make a transition to the excited 
state resulting in an EPR absorption line. (C) Typical experimental EPR resonance 
line. The point where the line crosses the baseline determines the resonance 
magnetic field, , which allows the determination of the g-factor of the system.23 
 
Therefore, the energy difference between the lower and the upper state 𝛥𝐸 can 

be defined as in Equation 2.5 for unpaired free electrons. Clearly, this equation 

indicates that the energy splitting is directly proportional to the strength of the 

applied magnetic field. Besides, electrons can change the spin states by either 

absorbing or emitting a photon of energy, ℎ𝜈, such that the resonance condition, 

ℎ𝜈 = 𝛥𝐸, is obeyed. This leads to the fundamental equation of EPR spectroscopy: 

 ℎ𝜈 = 𝑔DµG𝐵B Equation 2.6 

In actual experiments, the majority of EPR measurements are performed with 

microwaves in the 9-10 GHz region, with magnetic fields corresponding to around 
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3500 Gauss (0.35 Tesla). Furthermore, frequency of the microwave is usually kept 

fixed, and by increasing the strength of the external magnetic field, the energy gap 

is widened until it matches the energy of the microwaves, as shown in Figure 2.3A. 

This is when the unpaired electrons can readily transfer between the two spin 

states. Since there typically are more electrons in the lower state, due to the 

Maxwell–Boltzmann distribution, there is a net absorption of the microwave, thus 

the absorption is monitored and recorded into a spectrum (Figure 2.3B). Most 

commonly, the continuous wave EPR (cw-EPR) spectra are recorded and 

published as the first derivative of the absorption spectra (Figure 2.3C).  

In this thesis, cw-EPR is involved to study the unpaired electron species in the 

solid-state semiconductor photocatalysts and supports, such as the electrons 

trapped in surface defects (colour centres) and the d-electrons of transition metals. 

The spectra were collected by an X-band (9.4 GHz) Bruker EMX spectrometer at 

293 K. 50 mg powder of each sample was weighed and put into a glass EPR tube 

(0.60 i.d. and 0.84 o.d.). All X-Band spectra were collected over a field range of 

1000 Gauss and 15 scans were taken and averaged for each measurement. 

Signal intensity vs. electron spin numbers were calculated from the double 

integration of a defined peak range of the spectra. All measurements were taken 

in the Centre for Advanced Electron Spin Resonance (CAESR), Department of 

Chemistry, University of Oxford. 

2.2.3 Nuclear magnetic resonance (NMR) 

NMR is concerned with the interaction between isolated spin pairs of a target 

nuclei. NMR is used mainly to investigate the unique features of polar surfaces in 

this thesis, with the help of organic chemicals as surface probes. Recent studies 

from our group have shown that the surface features on the exposed polar facets 
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can be investigated by probe-assisted solid-state NMR (ssNMR) technique.1,15,24 

Among NMR-active basic probes (e.g., 13C, 15N, 31P, etc.), 31P nucleus with 100% 

natural abundance and a wide chemical shift (δ 31P) range over 430 ppm has been 

proved a sensitive and reliable technique capable of providing both qualitative 

information (the type, i.e., Brønsted or Lewis acid, and strength of acid sites) and 

quantitative information (concentration of each site). We have engaged trimethyl 

phosphine (TMP) and trimethyl phosphine oxide (TMPO) as surface probes in our 

studies. This is based on the fact that the nucleophilic probe TMP or TMPO 

molecule can form stable adducts with the exposed Lewis acid (LA) sites (i.e., 

cations or protons) on the surface. It should be noted that the LA strength is 

sensitive to its chemical micro-environment and can be influenced by the local 

electron density, resulting in different binding energies between the surface and 

the probes. Also, the different binding energies would then lead to different δ 31P 

of the corresponding surface LA-probe complexes. For example, we recently 

reported that in the case of TiO2 nanostructures, stronger interaction between TMP 

and surface Ti pushes δ 31P toward downfield (i.e., zero ppm), Ti cations on 

different facets promoted with various surface groups can thus be distinguished 

by corresponding chemical shifts and analysed quantitatively.1  

For a nucleus with a spin of one half (e.g., 1H, 13C, 15N, 31P, etc.), it has two linearly 

independent spin states, with 𝑚 = A
/
	or	 − A

/
, which is also referred to as spin-up 

and spin-down, respectively. In the absence of a magnetic field, these states have 

the same energy. Hence the number of nuclei in these two states will be almost 

equal at thermal equilibrium. If a nucleus is placed in a magnetic field, however, 

the two spin states no longer have the same energy as a result of the interaction 

between the nuclear magnetic dipole moment and the external magnetic field: 
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obviously, the direction of nuclear magnetic dipole moment can be either aligning 

with the magnetic field or opposing it, resulting in an energy difference (𝛥𝐸 ) 

between the two spin states that is proportional to the magnetic field strength 

(Equation 2.7).25 The effective magnetic moment is affected by the chemical 

environment of the target nuclei in which electron shielding effect in different extent 

could result in a variation of chemical shift.  

 𝛥𝐸 = 	𝛾ħ𝐵B Equation 2.7 

where 𝛾 is the gyromagnetic ratio, ħ is the reduced Planck constant and 𝐵B is the 

strength of the external magnetic field. 

 
Figure 2.4 Image showing the energy gap between the spin states in which the 
magnitude has a direct relationship with the chemical shift in NMR. Figure 
reproduced from ref.26. 
 
In this thesis, this probe-assisted solid-state NMR was used to characterise the 

polar-faceted and non-polar metal oxide supports, illustrating the unique physical 

and chemical properties of the polar surfaces. The ssNMR experiments were 

carried out using a Bruker Avance III 400WB spectrometer at room temperature 

for both 1H and 31P nucleus. Particularly, the high-power decoupling (HPDEC) was 
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thus used for the quantitative 31P analysis. The radiofrequency for decoupling was 

59 kHz. The spectral width was 400 ppm, from +200 to −200 ppm. All the ssNMR 

results in this thesis were obtained by Dr. Guangchao Li and the samples were 

synthesised by myself. 

2.2.4 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy is a powerful characterisation technique for 

surface sciences study that can identify the chemical state of a material, providing 

useful information such as chemical composition, chemical states of elements, 

state of hybridisation, as well as the bonding environment.27 In contrast to that in 

XRD, the beam used for XPS is usually regarded as soft X-ray where the source 

element is aluminium instead of copper resulting in a much lower photon energy 

(Al Kα: 1486.7 eV vs Cu Kα: 8047.8 eV). As a result, XPS has high sensitivity for 

the surface detection, especially for the first few atomic layers given its much lower 

penetration ability. Theoretically, XPS is based on photoelectric effect where 

electrons of the target element absorb X-ray photons to be excited and eventually 

be ejected as photoelectrons where its kinetic energy is measured (Figure 2.5). 

This relationship is described by Rutherford: 

 𝐸HI=JI=K = ℎ𝑣 − 𝐸LI=DMIN − 𝜑 Equation 2.8 

where	𝐸HI=JI=K	is the binding energy of the excited electron to the nucleus, ℎ is the 

Planck constant,	𝑣 is the frequency of the X-ray radiation, 𝐸LI=DMIN  is the kinetic 

energy of the photoelectron, φ is the work function of the spectrometer. 
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Figure 2.5 Processes that result from x-ray bombardment of a surface include (a) 
emission of a photoelectron, (b) x-ray fluorescence, and (c) emission of an Auger 
electron. Reproduced with permission from ref. 27. 
 
Typical lab-sourced X-ray photoelectron spectrometers perform the measurement 

in an air-tight sample chamber under ultra-high vacuum. This could not only avoid 

photoelectrons, which have a limited mean free path, from colliding with any 

gaseous molecules, but also protecting the sensitive microchannel plates in the 

detectors from moisture.28 A survey scan for the analysis of elemental composition 

can be obtained by scanning the binding energy (BE) from 0 eV to 1400 eV. Each 

of the peak corresponds to the core energy levels of a specific element in which 

the number of detected electrons is directly related to the elemental composition 

that could be accurately determined by further incorporating the relative sensitivity 

factor (RSF).28 To obtain information of oxidation states, a high-resolution scan can 

be performed for a specific binding energy range. By comparing the measured BE 

with the standard BE in the database, information of the change of chemical states 

can be obtained.  

In this thesis, XPS was used mainly to study the chemical states of nitrogen 

element in the N-doped TiO2 materials to determine its chemical environment. X-

ray photoelectron spectroscopy measurements were performed on a PHI 
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Quantum-2000 photoelectron spectrometer (Al Kα with 1486.7 eV operating at 15 

kV, 35 W and 200 µm spot size) and an Omicron Sphera II hemispherical electron 

energy analyser. XPS measurements were carried out on the Thermo Scientific 

model Nexsa. The aluminium anode tube for the X-ray emission was operated at 

a voltage of 12 kV and kept constant during all measurements. Survey scans were 

obtained at a pass energy of 200 eV, 5 scans with step size 1 eV, whereas for 

those detailed spectra 50 eV pass energy, 10 scans with 0.1 eV step size were 

used. In-situ XPS was carried out in the Diamond Light Source, with the 

professional assistance from Dr. Alexander Large and Prof. Georg Held. 

2.2.5 Ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS) 

UV-Vis DRS is complementary to UV-Vis absorption spectroscopy, which is more 

frequently used when studying the light absorption properties of solid-state 

semiconductor materials. Unlike the conventional UV-Vis absorption spectroscopy, 

where the transmission of light is measured, UV-Vis DRS records the remission 

(includes both specular reflection and diffusely back-scattered light) by a material. 

Experimentally, appropriate light sources are used to provide the ultraviolet light, 

visible light or near infrared light irradiation, and the reflectance of the light is 

recorded against the wavelength of the light irradiation. This technique is very 

useful when determining the band gap of semiconductor materials. To achieve this, 

the reflectance spectra are firstly converted by Kubelka-Munk equation:  

 
𝐹(𝑅O) =

(1 − 𝑅O)/

2𝑅O
=
𝐾
𝑆  

Equation 2.9 

where 𝑅O is the remission fraction of an infinitely thick layer; K and S are the 

absorption and back-scattering coefficients, respectively.  

Moreover, Tauc proposed a method of estimating the band gap energy of 
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semiconductors using optical absorption spectra, which was further developed by 

Davis and Mott.29 The Tauc method is based on the assumption that the energy-

dependent absorption coefficient  can be expressed by the following equation: 

 
(𝛼ℎ𝜈)

A
P = 𝐵(ℎ𝜈 − 𝐸K) 

Equation 2.10 

Where 𝛼 is the absorption coefficient, ℎ is the Planck constant, 𝜈 is the photon’s 

frequency, 𝐸K is the band gap energy, and 𝐵 is a constant. The 𝛾 factor depends 

on the nature of the electron transition and is equal to A
/
 or 2 for the direct and 

indirect transition band gaps, respectively.29  

 
Figure 2.6 Method of band gap energy (Eg) determination from the Tauc plot. The 
linear part of the plot is extrapolated to the x-axis.29 
 
In the case of solid-state semiconductors, where UV-Vis DR spectra are collected 

rather than absorption spectra, as mentioned above, the measured reflectance 

spectra can be transformed to the corresponding absorption spectra by Equation 

2.9, and 𝐹(𝑅O) is put into the Equation 2.10 instead of 𝛼. Then (𝐹(𝑅O)ℎ𝜈)
"
#  is 

plotted against ℎ𝜈, as shown in Figure 2.6. The region showing a steep, linear 
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increase of light absorption with increasing energy is characteristic of 

semiconductor materials. The x-axis intersection point of the linear fit of the Tauc 

plot gives an estimated band gap energy. 

UV-Vis DR spectra were obtained from a Perkin Elmer Lambda 750S UV-visible 

spectrometer at room temperature (equipment provided by the Chemistry 

Teaching Laboratory, University of Oxford). 50±5 mg of each sample was loaded 

and pressed onto a sample holder and UV-Vis spectra were recorded within the 

wavelength range of 200-1500 nm. 

2.2.6 Raman spectroscopy 

Raman spectroscopy is a widely used characterisation technique typically used to 

determine vibrational modes of molecules and solid-state materials, which can 

provide a structural fingerprint by which the chemical species can be identified. 

Raman spectroscopy depends on inelastic scattering of photons, which is known 

as Raman scattering, where a photon excites the sample. The name of Raman 

Spectroscopy typically refers to vibrational Raman using laser wavelengths which 

are not absorbed by the sample. A source of monochromatic laser in the visible, 

near infrared, or near ultraviolet regime is normally used. It should be noted that 

the magnitude of the Raman scattering correlates with polarizability of the 

electrons in a system. The Raman Effect is based on the interaction between the 

electron cloud of a sample and the external electric field of the monochromatic 

light, which can create an induced dipole moment within the molecule based on 

its polarizability. The photon excitation puts the system into a virtual energy state 

for a short time before the photon is emitted. After the Raman scattering event, the 

sample is in a different rotational or vibrational state, which means the energy of 

the emitted photon is of either lower or higher energy than the original incident 
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photon in order to keep the total energy the same. This energy difference is equal 

to that between the initial and final rovibronic states of the studied sample. If the 

final state is higher in energy than the initial state, the scattered photon will be 

shifted to a lower frequency (lower energy). This shift in frequency is called a 

Stokes shift, or downshift. 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. 

The shifts in photon energy offer information about the vibrational modes in the 

system. Raman shifts are typically recorded in wavenumbers (𝜈f), which have units 

of inverse length (cm-1), as this value is directly related to energy. In order to 

convert between spectral wavelength and wavenumbers of shift in the Raman 

spectrum, the following formula can be used: 

 𝛥𝜈f =
1
𝜆B
−
1
𝜆A

 Equation 2.11 

For a molecular system to exhibit the Raman effect, there must be a change in its 

polarizability with respect to the vibrational coordinate corresponding to the 

rovibronic state. Thus, Raman spectroscopy is considered as a complementary 

technique to infrared spectroscopy. In this thesis, Raman spectra were recorded 

on a Perkin Elmer Raman Station 400 F spectroscopy system with a laser 

excitation of 532 nm (equipment provided by the Chemistry Teaching Laboratory, 

University of Oxford). Samples were exposed for 10 seconds for each scan and 8 

scans were adopted for each measurement. 
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Figure 2.7 "Jablonski" style diagram of energetic transitions involved in Raman 
scattering. Rayleigh scattering is elastic: the incident photon is of the same energy 
as the scattered photon. Raman scattering is inelastic; in Stokes scattering, the 
incident photon is of greater energy than the scattered photon, while in anti-Stokes 
scattering, the incident photon is of lower energy.30 
 
2.2.7 Time-resolved photoluminescence (TRPL) spectroscopy 

PL is a light emission phenomenon from any form of matter after the absorption of 

photons (electromagnetic radiation). Upon absorption of photons, photoexcitation 

takes place: electrons are excited to a higher energy level from a lower level in an 

atom by the absorbed photons. The excited electrons will subsequently go through 

relaxation processes and recombination. Radiative recombination will then give 

photoluminescence where photons are emitted. Thus, PL spectroscopy is of great 

importance to studying the electron transition behaviours in semiconductor 

materials.  

In this thesis, all the PL measurements were performed under a non-resonant 

excitation condition, where the samples are excited with some excess energy. This 

is also the typical situation used in most PL experiments in literature, because the 

excitation beam can be easily discriminated using an optical filter. After excitation, 
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the laser photons induce a coherent polarisation in the sample (i.e., the transitions 

between electron and hole states oscillate with the laser frequency and a fixed 

phase). Such polarisation de-phases typically within 100 fs in case of non-resonant 

excitation due to ultra-fast Coulomb- and phonon-scattering.31 Subsequently, the 

dephasing leads to creation of populations of electrons and holes in the conduction 

band (CB) and the valence band (VB), respectively. During this lifetime a fraction 

of electrons and holes may form excitons, depending on the intrinsic properties of 

the material, and also the experimental conditions, such as lattice temperature, 

excitation density, as well as on the intrinsic material parameters. In the first a few 

hundreds of femtoseconds after excitation, the charge carriers are scattered by 

phonons, or at elevated carrier densities via Coulomb-interaction. The carrier 

system successively relaxes to the Fermi–Dirac distribution typically within the first 

picosecond. Finally, the carrier system cools down under the emission of phonons 

(optical phonons and/or acoustic phonons). This can take up to several 

nanoseconds, depending on the material system, the lattice temperature, and the 

excitation conditions such as the surplus energy. Obviously, the charge carriers 

lose some energy during the relaxation processes, resulting in the electrons 

appearing near the conduction band minima (CBM) and holes near the valence 

band maxima (VBM). Then the electrons and holes may undergo the radiative 

recombination to give PL or non-radiative recombination pathways, such as Auger 

recombination. Time periods between absorption and PL emission vary with the 

fundamental processes that the charge carriers undergo, ranging from short 

femtosecond-regime to milliseconds for phosphorescence processes. In special 

circumstances, delay of emission may even span to minutes. Therefore, 

measuring the decay in PL may give information about the electron transition 
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processes in a sample material. TRPL is such a method where the sample is 

excited with a laser pulse and then the decay in PL with respect to time is 

measured. This technique is useful for measuring the minority carrier lifetime of 

semiconductors. 

 
Figure 2.8 Energy diagram showing light absorption and the processes involved 
in the photoluminescence.32 
 
In this thesis, TRPL was involved to study the change of charge carrier lifetime of 

the photocatalysts, which indicated the effect of local fields on the charge 

separation processes of the semiconductor materials. Typically, the PL spectra 

and the corresponding lifetime of the photo-generated charge carriers were 

obtained from a bespoke micro-photoluminescence setup, in which a Ti-Sapphire 

laser (λ = 266 nm, pulse duration = 150 fs, repetition rate = 76 MHz) is directed 

onto the sample. The diameter of the laser spot on the sample was ca. 200 micron, 

and the laser output power was tuned at 2 mW. It should be clarified that this 

results in a power density of 5000 mW cm-2, which is 50 times of the power density 

of solar light. Time-resolved measurements are performed using the spectrometer 

as a monochromator before passing the selected signal to a photomultiplier tube 
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(PMT) detector with an instrument response function width of ~150 ps connected 

to a time-correlated single-photon counting module. The TRPL measurements 

were carried out under a pulse-picking mode: the recorded signals were selected 

using a pulse picker to ensure that the consecutive recorded signals had a long-

enough delay (ca. 100 ns) to allow the excited charge carriers to decay to the 

ground states, therefore avoiding the accumulation of charge carriers. The charge 

carrier lifetime is obtained by fitting the corresponding background-corrected PL 

spectrum with a mono- or bi-exponential decay function (mono- or bi-exponential 

decay means there is/are one or two kinds of recombination rate(s) of the charge 

carriers), as shown in Equation 2.12.: 

Mono- 𝑦 = 𝐴A𝑒?M/R" + 𝑦B  

Bi- 𝑦 = 𝐴A𝑒?M/R" + 𝐴/𝑒?M/R! + 𝑦B Equation 2.12 

where 𝐴A, 𝐴/, 𝜏A and 𝜏/ are the fitting parameters and 𝑦B is a constant. 

The TRPL measurements were performed in the Department of Physics, 

University of Oxford, where I have been working as a visiting student, supervised 

by Prof. Robert A. Taylor. Professional assistance was kindly offered by Dr. 

Timothy Putchler, Dr. Mo Li and Vitaly Osokin. 

2.2.8 Transmission electron microscopy (TEM) 

It is widely accepted that the catalytic performance is closely related to the shape 

and morphology of the catalyst and the catalytic support14,33,34. Therefore, 

researchers have been making great efforts in visualising and imaging the 

materials with high resolution in order to rationally design functional catalysts. In 

contrast to the standard light microscopy which is limited by the Abbe resolution of 

1 μm set by the wavelength of visible light (Equation 2.13), transmission electron 
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microscopes (TEM) use transmission electron beam of which the de Broglie 

wavelength is significantly smaller than that of visible light35. The operation energy 

of TEM ranges from 100 to 200 keV, which is corresponding to an electron beam 

with wavelength from 2.5 to 3.7 pm, offering a resolution of 0.3 nm. Moreover, the 

wavelength of the electrons can be tuned even smaller in order to obtain a higher 

resolution (at the risk of damaging the samples due to higher applied voltage).36 

On the other hand, additional detectors could be equipped to the TEM, which 

would offer simultaneous acquisition of information on elemental composition 

(Energy Dispersion X-ray spectroscopy, EDX or EDS) and electronic structure 

(Auger electrons) in addition to the microscopic imaging.   

 𝑑 = 	
𝜆

2𝑛	𝑠𝑖𝑛𝜃 Equation 2.13 

where d is the feature size, λ is the wavelength of light, n is the refraction index of 

the medium, and θ is the half-angle subtended by the objective lens.  

Typically, the measurements take place in an ultra-high vacuum (10-6 mbar) 

chamber to avoid inelastic collision of electrons with any surrounding gaseous 

molecules that would lead to the deviation of pathway of the electron beam. The 

transmitted electrons will then interact with the sample in an extent according to 

the electron density of different atomic species, which are then refocused, 

magnified and projected onto a fluorescent screen. Following this, a charge 

coupled device is used to convert the beam into digital signals for imaging.  

Transmission electron microscopes can be operated in 2 modes, i.e., bright field 

and dark field. For the bright field measurements, the transmitted electron beam 

is captured by the aperture and the scattered electrons are blocked. As a result, 

materials with high mass (or high electron density) with appear darker whereas 
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the background appears bright. On the other hand, in dark field mode, scattered 

electrons are selected with the aperture instead, which means the background, 

where electrons can directly transmitted through, will be black out while the 

material of interest will appear bright depending on the electron density.37 The dark 

field mode is important when the contrast between the background and sample is 

low, especially when the nanoparticles are small in size and drowned by the 

background. 

 
Figure 2.9 Image showing the principal components of a transmission electron 
microscope (TEM). Figure reproduced from ref. 37. 
 
In this thesis, TEM was used to image the morphology of the photocatalysts and 

catalyst supports. More discussions will be given in the following chapters. In this 

thesis, the morphologies and microstructures of the photocatalysts were examined 

by high-resolution TEM (HRTEM) using a JEOL 3000F microscope operated at 



Chapter 2 Experimental and Characterisation Methods 

73 
 

300 kV. TEM specimens were prepared by pipetting 5 μL of the sample dispersion 

in ethanol onto holey carbon-coated copper mesh grids (400 meshes). TEM 

images in this thesis were obtained by Dr. Tianyi Chen in the Department of 

Materials, University of Oxford. 

 
Figure 2.10 Images demonstrating the difference in image when operated in (A) 
bright field mode and (B) dark field mode. Figure reproduced from ref. 38. 
 
2.2.9 Scanning transmission electron microscopy (STEM)  

Like TEM, high angle annular dark field-scanning transmission electron 

microscopy (HAADF-STEM) operates via transmission of an electron beam 

through the sample material. Instead of using an aperture to select the electron 

beam, STEM is equipped with a condenser lens to converge electron beam to an 

ultra-fine spot of 0.05 – 0.2 nm, which is then rastered across the sample by a 

scanning coil.39 An annular dark field (ADF) detector is then used to capture the 

scattered electrons and exclude the unscattered electrons at a high angle (> 5o) 

via the dark field imaging mode. As described above, the scattered electrons 

(sample material of interest) appear bright while the transmitted ones (background 

with no scattering occurred) appear black under this mode.  
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HAADF-STEM is especially significant in imaging materials with high electron 

density, for instance metal nanoparticles. In conventional catalysis, catalyst 

materials are usually composed of transition metal (TM) active centre supported 

on inorganic oxides where HAADF-STEM serves as an ideal technique to image 

the TM as very bright spots with the lightly-coloured support in the background. 

However, in the case that the active centre and the catalyst support both contain 

TMs, the contrast between them could be negligible, thus, they can hardly be 

differentiated from each other. In such cases, electron energy loss spectroscopy 

(EELS) is usually simultaneously acquired to give the unique absorption edge of a 

particular metal, thus, the chemical species of different TMs can be confirmed.39 

 
Figure 2.11 Schematic illustration of the differences in configuration and detectors 
between (a) STEM and (b) TEM. Reproduced with permission from ref. 40. 
 
In this thesis, HAADF-STEM and EELS were performed respectively to showcase 

the atomic dispersion of Ru species supported on the 2D MoS2 monolayers. The 

sharp contrast of Ru appearing as a very bright spot compared to the MoS2 

background indicated the clear observation of the atomic positions of Ru. HAADF-

STEM samples were ground and coated onto a holey carbon coated Cu TEM grid. 
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The analysis was performed on the JEOL-JEM2100 Aberration-Corrected 

Transmission Electron Microscope using the following instrumental conditions: 

Voltage 200 kV; Dark-field (Z-contrast) imaging in scanning mode using an off-axis 

annular detector and capable of atomic-resolution imaging. Professional 

assistance was kindly offered by Zihan Wang, Dr. Songhua Cai, Prof. Rafal E. 

Dunin-Borkowski and Dr. András Kovács. 

2.2.10 Gas chromatography (GC) 

In this thesis, the gaseous products of the photocatalytic water splitting reaction 

were separated and analysed in GC equipped with thermal conductivity detectors 

(TCD) using He and N2 as carrier gases. In a typical GC analysis, a known volume 

of gaseous or liquid analyte is injected through a rubber disk and into a hot, 

temperature-controlled port attached to the column. As the carrier gas transports 

the analyte molecules through the column, there is adsorption of the analyte 

molecules either onto the column walls or onto packing materials (stationary phase) 

in the column to give separation. Since each type of molecule has a different rate 

of progression, the various components of the analyte mixture are separated as 

they progress along the stationary phase and reach the end of the column at 

different times (retention time). A detector is used to monitor the time at which each 

component reaches the outlet and ultimately the amount of that component can 

be determined. Generally, substances are identified (qualitatively) by the order in 

which they elute from the column and by the retention time of the analyte in the 

column. Other parameters that can be used to alter the order or time of retention 

are the carrier gas flow rate, column length and the temperature.  
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2.2.11 Superconducting quantum interference device (SQUID) 

In my DPhil project, the magnetic field effects on the photocatalytic performance 

were investigated, therefore, static magnetic properties of the solid-state 

semiconductor photocatalysts were studied by SQUID magnetometer. Taking 

ferromagnetic materials such as iron as an example, the atomic dipoles align 

themselves when an external magnetic field is applied. However, when the 

external field is removed, some of the alignment will be retained: the material has 

become magnetised. To demagnetise the material, it requires heat or a magnetic 

field in the opposite direction. Such phenomenon is known as magnetic hysteresis. 

Due to the magnetic hysteresis, the field strength H is not in a linear relationship 

with magnetisation M in such materials. If the relationship between H and M is 

plotted for increasing levels of field strength, M follows the initial magnetisation 

curve, which increases rapidly at first and then approaches an asymptote called 

magnetic saturation. If the magnetic field is now reduced monotonically, M follows 

a different curve. At zero field strength, the magnetisation is offset from the origin 

by an amount called the remanence. If the M-H curve is plotted for all strengths of 

applied magnetic field, we will obtain a hysteresis loop called the main loop, as 

shown in Figure 2.12. The width of the middle section along the H axis is twice the 

coercivity of the material (Coercivity is a measure of the ability of a ferromagnetic 

material to withstand an external magnetic field without becoming 

demagnetised).41 Magnetic hysteresis loops are not exclusive to materials with 

ferromagnetic ordering. Other materials also exhibit this phenomenon, such as 

paramagnetic and superparamagnetic materials, which show different 

characteristic hysteresis loops (Figure 2.12).42 The phenomenon of hysteresis is 

considered as the result of two effects: rotation of magnetisation and changes in 



Chapter 2 Experimental and Characterisation Methods 

77 
 

size or number of magnetic domains. In a single-domain magnet, the 

magnetisation responds to a magnetic field by rotating. Larger material can be 

divided into lots of magnetic domains. Within each domain, the magnetisation does 

not vary in direction or magnitude; but in the thin domain walls between domains, 

the direction of magnetisation rotates from the direction of one domain to another. 

If the magnetic field changes, the walls move, changing the relative sizes of the 

domains. 

In this thesis, the materials used can be mainly classified as paramagnetic, 

superparamagnetic, ferromagnetic, and diamagnetic materials. Diamagnetism 

appears in all materials and is the tendency of a material to oppose an applied 

magnetic field. Paramagnetic materials contain unpaired electrons. An unpaired 

electron can align its magnetic moment in any direction. When an external 

magnetic field is applied, these magnetic moments will tend to align themselves in 

the same direction as the applied field, thus reinforcing it. Ferromagnetic materials 

also have unpaired electrons. However, in addition to the electrons' tendency to 

align their magnetic moments parallelly to an applied field, there is also a tendency 

for these magnetic moments to align parallelly to each other to maintain a low-

energy state. Thus, even in the absence of an applied field, the magnetic moments 

of the electrons in the material spontaneously line up parallel to one another. When 

a ferromagnetic material is sufficiently small, it acts like a single magnetic spin that 

is subject to Brownian motion. Therefore, its response to a magnetic field is 

qualitatively similar to the response of a paramagnetic material, but much larger. 

These materials are known as superparamagnetic materials. 

When measuring the magnetisation properties, in general, the sample material is 

placed in a varying external H field, as induced by an electromagnet, and the 
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resulting magnetic flux density (B field) is measured, generally by the inductive 

electromotive force introduced on a pickup coil nearby the sample. This produces 

the characteristic B-H curve; because the hysteresis indicates a memory effect of 

the magnetic material, the shape of the B-H curve depends on the history of 

changes in H. Alternatively, the hysteresis can be plotted as magnetisation M in 

place of B, giving an M-H curve. These two curves are directly related, which can 

be converted by Equation 2.14:  

 𝑩 = µB(𝑯 +𝑴) Equation 2.14 

where µB is magnetic permeability. 

 
Figure 2.12 Characteristic hysteresis loops of different magnetic orderings.43 
 
In this thesis, the magnetisation curves were obtained on a superconducting 

quantum interference device (SQUID, Quantum Design MPMS-XL-5), which is a 

very sensitive magnetometer used to measure extremely subtle magnetic fields, 

based on superconducting loops containing Josephson junctions (The Josephson 

effect occurs when two superconductors are placed in proximity, with some barrier 

or restriction between them. It produces a supercurrent that flows continuously 

without any voltage applied, across a device known as a Josephson junction).44 

More details are discussed in the following chapters. SQUID measurements 
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shown in Chapter 5 were kindly carried out by Zihan Wang and Prof. Chen Wu in 

Zhejiang University, P. R. China. 

2.3 Catalytic testing 

2.3.1 Photocatalytic overall water splitting (POWS) activity tests 

 
Figure 2.13 Photocatalytic batch reactor for the POWS reaction at elevated 
temperatures used in this thesis. 
 
The POWS reaction was carried out in a 25-mL stainless steel batch reactor 

equipped with two quartz windows with an illuminated area of 0.785 cm2 (10 mm 

in diameter and 18 mm in thickness each, images shown in Figure 2.13). In a 

typical experiment, 5 mg of catalyst was added to 5 mL of aqueous solution (pure 

water, artificial seawater or natural seawater) in a glass lining (20 mm i.d. × 24 mm 

o.d. × 52 mm height) under magnetic stirring (750 rpm) as a particulate suspension, 

then the batch reactor was purged with continuous Ar gas flow for 5 min after well-

sealed to remove the dissolved O2 in water. Then the batch reactor was 

pressurised with 6 bar of inert Ar gas. The reactor would then be allowed to heat 

up to the required elevated temperature with its saturated water vapour pressure 

(e.g., ca. 60 bar at 270 oC).  

The use of water vapour at low pressure was also studied instead of the liquid 
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water at its saturated pressure. The photocatalytic activity was determined by 

measuring the amounts of H2 and O2 evolved. Reactions were carried out in the 

same windowed batch reactor, but the photocatalyst was first deposited onto a 

glass slide and put into the batch reactor, facing towards the light irradiation path 

through the silica window. A fixed amount of water was added into the batch reactor 

at room temperature. This amount of water was calculated to generate the required 

pressure when totally vaporised at 270 oC. As a result, variable pressures of water 

vapour were established below the saturated pressure of water at 270 oC. After 

the addition of water, the reactor was allowed to reach the designated temperature. 

Tungsten light (70 W, Glamox Professional 2000) or VeraSol solar simulator (AM 

1.5G, 100 mW cm-2) was then used to provide the irradiation through the silica 

windows when the reactor reached the required temperature. After a 2-hour 

reaction, the batch reactor was cooled down naturally to room temperature.  

The amounts of O2 and H2 were measured by a gas chromatograph (GC) equipped 

with two thermoconductivity detectors (TCDs) with He and N2 as carrier gas, 

respectively, for better sensitivity of each gas. The gaseous product was sampled 

by a 0.25-mL Ni sampling loop, and the separation of gaseous components were 

completed in Agilent J&W CP-Molsieve 5Å columns. The gaseous sample was 

brought into the GC by the inner pressure of the batch reactor, and the sampling 

loop is connected to the atmosphere so the pressure inside the sampling loop was 

considered as 1 atm. GC analysis was also carried out before reactions to make 

sure the air and dissolved O2 were completed removed. The GC signals were 

calibrated by external standard quantitation, so that the concentrations (in 

percentage) of H2 and O2 could be calculated from the corresponding peak area. 

The pressurised gas in the reactor was released to a balloon, of which the volume 
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was measured using a water drainage method, thus, the total volume of gas at 1 

bar and room temperature could be obtained. Finally, amounts of the generated 

H2 and O2 were calculated using the ideal gas law. 

2.3.2 Photocatalytic activity tests with light furnace 

The photocatalytic water splitting reaction was also investigated in a light furnace, 

in which light was the only energy source, and no electrical heating device was 

engaged. Conditions were the same as those for the typical photocatalytic water 

splitting activity test previously mentioned. However, the light source was 

generated by a four-mirror floating-zone light furnace (Operated at 66.7 V, 15.58 

A and 1039 W) from Crystal Systems Inc. equipped with four halogen lamps to 

mimic a solar concentrator: the concentrated light was applied through the quartz 

windows to heat the batch reactor to 270oC at saturated equilibrium pressure of 

water and at the same time irradiated photocatalyst. After 2 h, the reactor was 

cooled down naturally and the amounts of H2 and O2 were measured by GC 

equipped with TCDs. 

2.3.3 Quantum efficiency (QE) measurements and calculation 

Apparent quantum efficiency was measured in the same batch reactor and 

conditions were kept the same as those for a typical POWS test, while the batch 

reactor was then irradiated by a 300 W Xenon lamp (Newport) using different 

bandpass filters (UV-Vis spectra of the filters are given in Figure 2.14). The power 

of light was measured using a standard photodiode power sensor (Thorlabs 

S121C), which had been calibrated by Thorlabs before it was delivered, thus it was 

used without further calibration. Then the number of photons was calculated from 

the measured power at each wavelength. The apparent QE can be calculated 
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using Equation 2.15. 

𝑄𝐸	(%) =
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐻/	𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 × 2
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡	𝑝ℎ𝑜𝑡𝑜𝑛𝑠 	× 100% Equation 2.15 

 

 

Figure 2.14 UV-Vis transmission spectra of the bandpass filters which were used 
in QE measurements. 
 
An example is given below, taking Fe3O4/N-TiO2-4 as an example (demonstrated 

in Chapter 5, and more details are given in Appendix Note 1): 

For the measurement of the QE of the Fe3O4/N-TiO2-4 photocatalyst at 437 nm, 

the H2 amount analysed by GC is 5.25 µmol in the 2-hour experiment, 

corresponding to 3.159×1018 H2 molecules (N = n x NA). During the period of 2 

hours, the energy of the light irradiation: W=P×t. With the bandpass filter of 437 

nm, the light irradiation power was measured to be P = 0.45 mW at the centre of 

the batch reactor (the power of light was measured using a Thorlabs S121C 

standard photodiode power sensor, which had been calibrated by Thorlabs before 

it was delivered, and was used without further calibration), therefore, the energy 

W = 0.00045 × 7200 = 3.24 J, which contains the photon (437 nm) numbers of 
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7.123×1018 (𝜀 = ℎ𝜈). Then, the QE can be calculated using Equation 2.15. 

QE (%) = (2×3.159×1018)/ (7.123×1018) ×100% = 88.7 % 

All the QE values in this thesis are calculated likewise. The irradiation power 

measured in the centre of the batch reactor at each wavelength is summarised in 

Table 2.1. 

 

Table 2.1 Irradiation power measured in the centre of the batch reactor using the 
bandpass filters at different wavelengths. A 300-W Xe arc lamp was used as the 
light source, and the power was measured using a Thorlabs S121C standard 
photodiode power sensor 

Wavelength (nm) Power (mW) 
385 1.03 
437 0.45 
575 1.21 
620 5.07 
750 3.11 
1000 1.07 

 

2.3.4 Solar-to-hydrogen (STH) efficiency measurements and calculation 

The 𝜂ST* was measured with a similar procedure: the POWS performance was 

evaluated by adding a certain amount (typically 20 mg of the TiO2-based 

photocatalyst unless specified otherwise) of photocatalyst which contained 20 mg 

of N-TiO2 to 5 mL of Milli-Q H2O under vigorous magnetic stirring (600 rpm), then 

the suspension was irradiated by a VeraSol solar simulator (AM 1.5G, 100 mW 

cm-2, 1 sun). The amounts of H2 and O2 were measured by a GC equipped with 

TCDs. The 𝜂ST* can then be calculated by the following equation: 

𝑆𝑇𝐻	(%) =
𝐸𝑣𝑜𝑙𝑣𝑒𝑑	𝐻/	𝑎𝑚𝑜𝑢𝑛𝑡 × ∆𝐺

𝑃 × 𝑆 × 𝑡 	× 100% Equation 2.16 

where P is the power of solar irradiation (0.1 W cm-2), S is the illuminating area in 

square centimetres; t is the time of reaction in seconds; ∆G is the Gibbs free 
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energy for the POWS reaction under the reaction conditions; the evolved H2 

amount is typically given in moles. 

2.4 Density functional theory (DFT) calculations 

In Chapter 6, all spin-polarised DFT calculations were carried out using the Vienna 

ab-initio Simulation Package (VASP).45 Electronic exchange and correlation were 

treated within the generalised gradient approximation (GGA) by using the Perdew-

Burke-Ernzerhof (PBE) functional.46 The projector-augmented wave (PAW) 

method 47 with an energy cut-off of 400 eV was employed to describe the 

interactions between the core and valence electrons with the Ti (3s, 3p, 3d, 4s), O 

(2s, 2p), N (2s, 2p), Na (3s), Mg (3s), Al (3s, 3p), K (3s, 3p, 4s), Ca (3s, 3p, 4s), P 

(3s, 3p), S (3s, 3p) and Cl (3s, 3p) shells being treated as valence electrons. For 

all the calculations, we applied the on-site Coulomb interaction correction with an 

effective U value of 4.2 eV on the Ti 3d orbitals to describe the localised electronic 

states accurately.48,49 

The N-doped anatase TiO2(101) and the N-doped reconstructed anatase 

TiO2(001)-(1×4) surfaces were constructed.50 The former surface was extended at 

a (2×2) cell, and the slab contains four TiO2 layers; a 2 × 3 × 1 k-point mesh was 

used for the calculations. The latter surface was extended at a (2×1) cell, and the 

slab contains eight TiO2 layers; a 3 × 2 × 1 k-point mesh was used for the 

calculations. We set a vacuum layer of ~15 Å to avoid interactions between 

neighbouring slabs. Geometry optimisations were converged when the Hellman-

Feynman forces of relaxed atoms are less than 0.02 eV Å-1. The relative energies 

of the different N-doped TiO2(101) and N-doped TiO2(001)-(1×4) surfaces were 

calculated to locate the corresponding most favourable doping site of N. 
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In order to consider ion adsorption and to simulate photo-electron/hole in the 

system, the correct number of electrons of such system was controlled by the 

NELECT parameter, which is a common practice reported in the literature.51,52 

The adsorption energy (Eads) was calculated according to: 

𝐸82- = (𝐸810(1/BBA − 𝐸810(1/U83%&) + (𝐸,830(1/ABA − 𝐸,830(1/U83%&) 

Equation 2.17 

where 𝐸810(1/BBA, 𝐸810(1/U83%&, 𝐸,830(1/ABA, and 𝐸,830(1/U83%& are the calculated total 

energies of the N-doped reconstructed anatase TiO2(001)-(1×4) surface slab with 

the anion (e.g., Cl-) being adsorbed on the surface, the N-doped reconstructed 

anatase TiO2(001)-(1×4) surface slab with the anion being placed in the middle of 

the “water” region of the model, the N-doped anatase TiO2(101) surface slab with 

the cation (e.g., Na+) being adsorbed on the surface, and the N-doped anatase 

TiO2(101) surface slab with the anion being placed in the middle of the “water” 

region of the model, respectively. Note that the water environment was treated 

implicitly using the VASPsol code with a dielectric constant of 78.4.53 The first part 

on the right hand side (i.e., 𝐸810(1/BBA − 𝐸810(1/U83%&) is the adsorption energy of an 

anion on the N-doped reconstructed anatase TiO2(001)-(1×4) surface, and the 

second part on the right hand side (i.e., 𝐸,830(1/ABA − 𝐸,830(1/U83%&) is the adsorption 

energy of a cation on the N-doped anatase TiO2(101) surface. If the two surfaces 

are charge-neutral/charged, the 𝐸82-  of electrolytes before/after excitation (i.e., 

𝐸82-(BE)/𝐸82-(AE)) can be obtained. 

The electrolyte-induced charge polarisation energies (𝐸%,4) can be calculated as 

follows: 

𝐸%,4 = 𝐸82-(AE) − 𝐸82-(BE)                    Equation 2.18 
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A negative 𝐸%,4  indicates that the charge polarisation effect is enhanced by 

electrolyte. 
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3.1 Introduction 

Storage and conversion of solar energy has been catching increasing attention for 

several decades as a clean energy source since severe environmental issues 

were caused by the combustion of fossil fuels. And photocatalysis is considered 

as a promising technique to convert the fluctuated solar energy into stable 

chemical substances which are easier to store and transfer.2,3 Among various 

photocatalytic reactions, the photocatalytic overall water splitting (POWS) reaction 

is of great importance. Water is decomposed to H2 and O2 stoichiometrically under 

light irradiation in the presence of appropriate photocatalysts in a POWS reaction. 

The evolved hydrogen is an alternative energy source which has high energy-

capacity of 143 MJ kg-1 and lots of advantages such as carbon-emission-free, 

producing only water after its combustion.4–6 Moreover, except for being used as 

a chemical fuel, it is also an important raw material for many industrial synthesis 

processes, such as ammonia synthesis and petrochemical industry.7 

Although the photo-induced oxygen evolution reaction was reported as early as 

1968,8 the POWS reaction has been extensively explored only since the 

demonstration over TiO2 in 1972 by Honda and Fujishima.9 Even though various 
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materials have been synthesised and studied since then, TiO2-based materials are 

still the most widely studied photocatalysts. Studies of the POWS reaction over 

TiO2-based materials mainly focused on using UV irradiation due to the wide band 

gap of 3.2 eV (corresponding to the wavelength of ca. 385 nm),10,11 however, UV 

light contributes only about 4% to the solar energy, and nearly 43% of the solar 

energy lies in the visible light regime, despite of the wide range of solar spectrum.12  

Actually, in terms of an efficient photocatalyst for POWS reaction using solar light, 

several prerequisites must be fulfilled:13 (1) the band gap energy is less than 3.0 

eV to be able to harness the visible light; (2) valance band maximum is more 

positive than = +1.23 eV and conduction band minimum is more negative than = 

0 eV to make O2 and H2 evolution happen; (3) the recombination of excited 

electrons and holes is greatly suppressed so that they have enough lifetime to 

travel to the surface active sites and react with the chemical species on the surface 

of the photocatalysts. Although the photo-reduction of protons for H2 evolution is 

generally believed as a kinetically facile process, O2 evolution from OH- is a slow 

fundamental step1 which is generally a four-electron process. 

Therefore, efforts have been made to overcome the drawback of wide band gap 

and improve the POWS performances of the TiO2-based materials. It is then found 

that the absorption of the TiO2 can be broadened and extended to visible light 

regime after ion-doping. A breakthrough relying on the anion-doped TiO2 was 

reported by Asahi et al. in 200114 and then one decade later, Chen et al. published 

the work on a deeply hydrogenated black TiO2,15 both of which exhibited 

impressive visible light absorption and enhanced photocatalytic activity. Therefore, 

coloured TiO2 were considered as a panacea for the photocatalytic water splitting 

reaction for some time. Defects such as the oxygen vacancies (VOs) and the doped 
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N are believed to provide intermediate band levels/extra states, and contribute to 

enhanced visible light absorption.16–18 

In addition to focusing on the visible light absorption properties of the materials, 

strategies have also been developed to optimise the photocatalytic water splitting 

systems by promoting the charge transfer or surface reactions. The approaches 

include cocatalyst decoration, dye-sensitisation and Z-scheme photocatalytic 

systems, etc. Metals and metal oxides are often engaged as H2 and O2 cocatalysts, 

respectively, to promote the surface evolution reaction by lowering the activation 

energy.19 It has also been reported that Rh@Cr2O3 core-shell structure as 

cocatalyst can also kinetically prevent the O2 from reaching the metal surface, 

therefore limited the possibility of the backward reaction.20 Dye-sensitisation is 

also one of the widely used techniques to improve the efficiency of visible light 

absorption, where the organic dyes are engaged and act as photosensitisers and 

inject electrons into the conduction band of the semiconductors.21,22 Besides, Z-

scheme photocatalytic system has also obtained attention recently, where 

normally two photocatalysts are engaged, namely H2 evolution photocatalyst (HEP) 

and O2 evolution photocatalyst (OEP), and sometimes redox shuttles are also 

required. It has been reported that a Z-scheme POWS system shows a high QE 

of 30% at 419 nm and STH efficiency of 1.1% with the help of cocatalysts.23 TiO2-

based materials are also reported to show enhanced performances toward the 

photocatalytic H2 evolution reaction (HER) under visible light irradiation in the 

presence of sacrificial reagents.24 

3.2 Objectives 

As discussed above, much progress has been achieved and different approaches 

have been developed in recent decades, however, unfortunately the POWS 
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performances are still far behind the requirement of the practical application. In 

addition, many POWS systems require the addition of other chemicals except for 

water, such as the organic dyes, redox shuttles or sacrificial reagents, which add 

up to the capital costs and more importantly, lead to unwanted side-reactions and 

by-products. Materials like sulphides and phosphides, although sometimes are 

reported to show good photocatalytic performances, suffer from the photo-

corrosion problems.2,25,26 While there is scarcely any report of high-rate water 

splitting system for simultaneous O2 and H2 evolution over TiO2-based materials 

under visible light irradiation without sacrificial reagents. 

It has been mentioned in previous chapters that visible light absorption of TiO2 has 

been considerably enhanced, however, high absorption does not necessarily 

result in high QE or photocatalytic activity: for example, the QE decreased sharply 

from 90% to less than 5% once ultraviolet irradiation was switched to visible 

light27,28 but the reason behind this sudden drop was rarely discussed. It must be 

noted that the overall photocatalytic performance is not determined only by 

photons absorption, the efficiencies of the photo-generated charge separation and 

surface chemical reactions are also important. Therefore, novel systems are 

urgently needed to improve the POWS performances instead of simply screening 

different materials. In this chapter, the main objective is to demonstrate a state-of-

the-art POWS system at elevated temperatures, where the photo-generated 

charge carriers’ separation is greatly facilitated and the POWS performance is 

extraordinarily improved. By using the most widely studied photocatalyst, TiO2, the 

temperature effect on the POWS system is clearly demonstrated. Moreover, the 

feasibility and potential of further practical application are also discussed. 
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3.3 Results and discussion 

3.3.1 Characterisations of the N-TiO2 materials 

3.3.1.1 XRD of N-P25 materials 

TiO2 (P25) powder was treated by temperature ramping in an NH3 flow to a specific 

temperature T (ranging from 550-660 oC, as specified in the sample name) to 

obtain the N-TiO2 materials with different concentrations of N-doping, denoted as 

N-P25-T. At such high temperatures, N element can get into TiO2 lattice, taking up 

either the interstitial sites or the substitutional sites that are originally occupied by 

O atoms. In the case of substitution, each two substitutional N3- ions will kick out 

three O2- ions to reach charge neutrality, leaving an oxygen vacancy in the material. 

The above processes will clearly compromise the crystallinity of TiO2 in the surface 

and sub-surface regions, rendering the outmost surface amorphous, as later 

shown by TEM images.  

 
Figure 3.1 XRD patterns of N-P25 obtained at different NH3 treatment 
temperatures. 
 
The obtained products were then characterised by XRD, as shown in Figure 3.1. 
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XRD indicates that N-P25-550, N-P25-600 and N-P25-620 share almost the same 

patterns with pristine P25, but with a tiny additional peak at 2θ of 36.9o which might 

be attributed to TiN phase. The major characteristic peaks can be observed at 2θ 

of 25.3o, 37.9o, 48.1o, 55.2o and 62.9o, which can be attributed to the anatase 

crystalline structure; and the peaks observed at 2θ of 27.5o, 36.1o, 48.0o and 53.9o 

can be attributed to the rutile phase. The ratio between the peaks of anatase and 

rutile maintain unchanged within experimental errors, which means no phase 

transformation from anatase to rutile has taken place during the NH3 treatment. 

However, further increasing the NH3 treatment temperature to 660 oC leads to a 

dramatic transformation to a clear titanium nitride structure, and the diffraction 

peaks of either anatase or rutile have totally disappeared. Therefore, further study 

will not be carried out on the N-P25-660, but focus on the other N-P25 samples. It 

should be mentioned that the surface area decreased to 42 m2 g-1 of N-P25-620 

from 57 m2 g-1 of pristine P25, indicating aggregations during the high temperature 

treatment. In addition, one of my fellow DPhil students, Christopher Foo, has 

demonstrated in a separate research that the local TiN phase and a new oxynitride 

phase (TiOxNy) could be observed in the N-P25 samples. Systematic structural 

study was carried out in his work, with the help of the variable-temperature 

synchrotron XRD technique (see more details in ref. 29). 

3.3.1.2 XPS of N-P25 materials 

XPS was also engaged to investigate the chemical status of each element of the 

N-P25 on the surface and sub-surface region and the Ti 2p, O1s, and N1s spectra 

are shown in Figure 3.2, respectively. For each sample, two peaks corresponding 

to Ti 2p3/2 and Ti 2p1/2 were observed in the Ti 2p XPS spectra, at the binding 

energies of 458.5 eV and 464.2 eV, respectively, which can be attributed to the 



Chapter 3 Photocatalytic Overall Water Splitting Reaction at Elevated 
Temperatures on TiO2 Based Materials 

96 
 

main characteristic peaks of Ti4+ on the surface of N-doped TiO2 materials. A single 

peak at 529.6 eV was observed in O1s spectra which is the characteristic peak of 

lattice oxygen in TiO2 and N-doped TiO2. N 1s XPS spectra shows clearly two 

characteristic peaks, located at 396.4 eV and 400.7 eV, which can be assigned to 

N substituted at lattice oxygen sites (Ns), and interstitial N atoms (Ni), 

respectively.30,31  

 
Figure 3.2 XPS spectra of N-P25 treated at different NH3 treatment temperatures.  
 
It is also noteworthy that only interstitial N is detected in N-P25-550, while with 

increasing the N-doping level, substitutional N begins to emerge, and the 

interstitial N levels off at further higher N concentration. Therefore, it is clear that 

under our N-doping conditions, N atoms preferably occupy the interstitial sites at 

low doping level, and only start to substitute the O sites when the interstitial sites 

are saturated. As mentioned previously, the substitutional N atoms occupy the 

original O positions, and this process is accompanied by the generation of surface 

oxygen vacancies.30 Unfortunately, we have not resolved the exact positions of the 

Ns and Ni in the TiO2 lattice, due to the lack of expertise of appropriate structural 

characterisation techniques. 
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3.3.1.3 UV-Vis absorption of N-P25 materials 

 
Figure 3.3 (a) UV-Vis absorption spectra of N-P25 treated in NH3 at different 
temperatures; (b) The corresponding Tauc plots. 
 
UV-Vis spectroscopy was used to characterise the absorption properties of the N-

P25 samples, and the UV-Vis spectra are shown in Figure 3.3a. It is obvious that 

with the inclusion of N, an additional broadened edge at a longer wavelength of 

500 nm (visible light) is observed for N-P25-550, apart from the absorption edge 

at 395 nm (UV light) of pristine P25. Higher N-doping concentrations lead to a 

significant enhancement of the light absorption property, and result in high 

absorption in visible and infrared regimes: N-P25-600 and N-P25-620 show quite 

strong absorption even at 800-1000 nm. Tauc plots are frequently used to evaluate 

the band gap energy of semiconductor materials, as shown in Figure 3.3b. 

However, it has been demonstrated that the Tauc plot method for band gap energy 

evaluation is not suitable for defected materials, such as the N-P25 samples in this 

chapter, or semiconductor mixtures, since it will give falsely small band gap 

energies.32 Although the band gap energy of these samples cannot be obtained 

from the Tauc plots at this stage, it can be clearly seen from Figure 3.3b that the 

intrinsic band gap energy of TiO2 has not been changed after the NH3 treatment, 

which is ca. 3.2 eV. It has been reported that the introduction of N-doping in TiO2 
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can create VOs and Ti3+ and the photo-excitation of these colour centres and 

defects as extra intraband levels to the conduction band can therefore contribute 

to the visible light absorption of the N-TiO2.31,33 

3.3.1.4 Raman spectra of N-P25 materials 

 
Figure 3.4 Raman spectroscopy of N-doped TiO2 treated in NH3 flow at different 
temperatures.  
 
Raman spectroscopy was then utilised to obtain more structural understanding of 

the N-P25 samples. As can be seen from Figure 3.4, There are five major peaks 

located at 144, 196, 396, 544, and 636 cm-1, respectively, which represent Eg, Eg, 

B1g, A1g and Eg Raman active vibrational modes, indicating the predominant phase 

of the N-doped TiO2 is anatase,34,35 which is consistent with the XRD results. 

Moreover, the Raman peaks of these samples exhibit different degrees of 

weakening with inclusion of N doping, implying the disruption of the TiO2 lattice by 

interstitial N, substitutional N and VO which are introduced by the NH3 

treatment.36,37  
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3.3.1.5 HAADF-STEM of N-P25 materials 

 
Figure 3.5 HAADF-STEM images of N-P25-620 show the typical lattice spacing 
of <101> of anatase TiO2 (0.35±0.02 nm) in the bulk structure. However, the top 
few atomic layers appear to show an amorphous-like sub-surface with a distorted 
lattice. Scale bars are indicated in the images. STEM images were acquired by Dr. 
Tianyi Chen of Prof. Edman Tsang’s group. 
 
HAADF-STEM images show the typical lattice spacing of <101> of anatase TiO2 

(0.35±0.02 nm) in the bulk structure. However, the top few atomic layers appear 

to show an amorphous-like sub-surface with a distorted lattice. Scale bars are 

given in the images (Figure 3.5). 

Now according to all the above characterisations, it is quite clear that after the 

high-temperature NH3 treatment, N is doped into the TiO2 lattice significantly 

(Figure 3.1), occupying the interstitial sites at low doping levels, and substituting 

the O atoms at high doping levels (Figure 3.2). Such a heavy N-doping then results 

in the appearance of a local TiN phase and a TiOxNy oxynitride phase, which was 

observed using the high-resolution synchrotron XRD, but could not be seen clearly 
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on the XRD patterns in this thesis (Figure 3.1). The formation of these new phases, 

especially the TiN phase, are responsible to the greatly enhanced absorption in 

visible and infrared regimes, which actually shows the feature of metallic materials 

(Figure 3.3). It is noteworthy that these N-doping, O substitution, and new phase 

generation are mainly happening within the sub-surface region. Therefore, 

HAADF-STEM images show an amorphous-like sub-surface with a distorted lattice 

(Figure 3.5), which means the crystallinity of these regions are substantially 

compromised, resulting in the weakening of the Raman-active vibrations and the 

Raman signals (Figure 3.4). 

3.3.1.6 EPR of N-P25 materials 

 
Figure 3.6 EPR patterns of N-P25 prepared by NH3 treatment at different 
temperatures. 
 
As mentioned before, it has been reported that the inclusion of substitutional N 

into TiO2 will lead to the creation of VOs. This is because the N3- ion carries three 

negative charges, while O2- carries two negative charges. And to balance the 

charges within the whole material to make it stay neutral, three O atoms will be 

substituted by only two N atoms, leaving an VO unoccupied. On the other hand, 

the VOs are generally considered as trapping sites for electrons and active sites of 
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many chemical reactions. Moreover, those electrons trapped in the surface VOs 

can subsequently interact with O2 molecules in the air to form paramagnetic O2- 

species which are detectable by EPR.38,39 For a photocatalyst, the excited 

electron-hole pairs that can reach to the surface of the photocatalyst for the 

subsequent reactions are more important than those pairs recombine in the bulk. 

Consequently, EPR measurements were performed on the N-P25 samples, as 

shown in Figure 3.6. It is evident that pure P25 is silent on EPR and shows no 

signal at room temperature; while for N-P25-550, N-P25-600 and N-P25-620, an 

orthorhombic EPR signal with the g values of gzz=2.023, gyy=2.006 and gxx=1.987 

were observed. Also, the EPR signals increase with the N-doping concentrations, 

implying that N-doping is always accompanied by the formation of VOs, as 

discussed above. The above observations are consistent with the fact that doping 

electronegative N species into anatase TiO2 can create defects like Ti3+ and VOs 

at different energy levels.31,33 The photo-excitation of these colour centres and 

doped N providing extra intra-band levels is thought to account for our observed 

strong UV-Vis absorption over a broad range from the UV to the infrared. 

Despite the creation of VOs, their stability on the particle surface is still uncertain 

and has been rarely discussed in literature. Thus, in order to evaluate the stability 

of the surface VOs and investigate the probable degeneration of these surface 

defects when exposed to air, EPR measurements were carried out after N-P25-

550 was freshly prepared and exposed to air for different time ranges. Interestingly, 

after the sample was exposed to air at ambient conditions for 1.5 hours, 40% of 

the EPR signal gradually disappeared and after 24 hours, only 23% of the original 

signal remained, suggesting that the surface VOs are not stable in air at room 

temperature (Figure 3.7a). This is attributed to the fact that the oxygen sources in 
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air (i.e., O2 and H2O), when in contact with the particle surface, will gradually 

replenish the surface VOs and redistribute the electrons. Such observation could 

also explain the fact that N-doped TiO2 or hydrogenated TiO2 do not necessarily 

show good photocatalytic overall water splitting activity under visible light 

illumination in air, because the surface defects are readily recovered by the oxygen 

sources in air. Even though the remaining oxygen defects in bulk can still exert 

strong visible light absorption, they hardly contribute to the photocatalytic 

performances, since they are not accessible for the chemical species. It should be 

clarified that defects are not always good in photocatalysts: defects deeply inside 

the band gap, also known as deep-level defects, are not desirable and can lead to 

more severe recombination issues. Only the shallow defects are desirable in 

photocatalysts, which can prolong the lifetime of the photo-generated charge 

carriers.40 Subsequently, I noticed that after re-calcining the N-doped TiO2 in a N2 

atmosphere at elevated temperatures, the EPR signals of these materials re-

emerged and became even larger, implying that more surface VOs were 

regenerated at elevated temperatures (Figure 3.7b). Control experiments were 

performed in an Ar atmosphere at elevated temperatures as well, which gave 

similar results as those in the N2 atmosphere, confirming that N2 could not dope 

the TiO2 samples with extra N under the given experimental conditions. The 

surface VOs formed in N-doped TiO2 are vulnerable to oxygen sources at room 

temperature, but at elevated temperatures, the faster subsequent reactions can 

regenerate them to sustain the surface photocatalytic processes. DFT calculations 

have also demonstrated that N-doping leads to a large reduction in the formation 

energy of VOs, indicating that VOs are more easily generated after N-doping,30 in 

accordance with the EPR results shown in Figure 3.7b. Similarly, thermal 
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treatments were also carried out in liquid water at different temperatures, 

considering the use of N-TiO2 in water splitting reaction. Samples were dispersed 

in deionised water and loaded in a batch reactor, and after the thermal treatment 

for one hour, the reaction was quenched and the post-treatment samples were 

filtered, dried in vacuum and measured by EPR. As shown in Figure 3.7c, the 

increase of EPR signals with the treatment temperatures can be also observed. 

Similarly, samples were also treated in 10 bar of water vapour, which exhibits the 

same trend of EPR signal increase (Figure 3.7d). The above observation clearly 

suggests that the VOs can be also regenerated at elevated temperatures under the 

photocatalytic water splitting conditions, even the N-TiO2 particles are surrounded 

by water or water vapour. 

 
Figure 3.7 (a) EPR spectra of N-P25-550 after freshly made and exposed to air 
for different times; (b) EPR spectra of the deactivated N-P25-550 after re-
calcination in N2 at different temperatures; (c) EPR spectra of the deactivated N-
P25-550 after treatment in liquid water at different temperatures; (d) EPR spectra 
of the deactivated N-P25-550 after treatment in water vapour at different 
temperatures. 
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3.3.2 Temperature effect on the POWS reaction 

The POWS activity was then evaluated in pure water under visible light illumination 

in a batch reactor equipped with silica windows. The detailed temperature effect 

on the POWS activity was initially investigated on the N-P25-620 photocatalyst 

that possesses the highest N-doping level and most surface vacancies as the 

catalytic active sites, as shown in Figure 3.8. It is interesting to note that the 

photocatalytic activity of N-doped TiO2 in water is highly dependent on the applied 

temperatures. However, the activity does not increase linearly, despite the kinetic 

and entropic contributions upon using higher temperatures where more surface 

VOs are also formed. Apparently, the activity reaches a maximum value of H2 

production when the temperature rises to near 270oC but declines rapidly on 

further increasing the temperature.  

 
Figure 3.8 Left: Photocatalytic water splitting reaction activity tests of N-P25-620 
and Au/N-P25-620 at different temperatures. Right: Temperature dependence of 
pKw at the saturated vapour pressure. Reproduced from ref. 41.  
 
Such behaviour in response to the temperature increase cannot be explained by 

the promoted kinetics at elevated temperatures, which should be in a positive 

correlation instead of a volcanic response. It has been reported that the ionic 
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dissociation of water to H+ and OH- is dependent on temperature, and the 

dissociation constant can be promoted to 25 times that at room temperature (1× 

10-14) and peaks at around 260-270 oC before rapidly declining.41 Our observed 

volcanic response of the photocatalytic activity against temperature appears to 

show a similar pattern as the reported temperature-dependent ionisation constant 

of water. We discounted the effect of associated saturated water pressure in the 

batch reactor as no promoting effect was observed in equivalent N2 pressure 

without heating. In fact, pressure can influence the ionisation constants of water 

only at extremely high values.41 As shown in Figure 3.8, the H2 evolution rate of N-

P25-620 reaches 3525 μmol g-1 h-1 at 270 oC. 

 
Table 3.1 Photocatalytic activities (270 oC, under visible light irradiation), VO 
concentrations, and N-doping concentrations of different N-P25 TiO2 samples in 
this chapter and pristine P25 as a reference. 

 
Subsequently, the POWS activities of N-P25-550 and N-P25-600 were also 

evaluated with similar method at the optimised temperature of 270 oC, and both 

show exciting H2 evolution rates of 1980 μmol g-1 h-1 and 2945 μmol g-1 h-1 

respectively. It is also noteworthy that the trend of POWS activities of the N-P25 

samples correlates well with the trend of VO concentrations determined by EPR 

signals and surface N-doping concentrations determined by XPS (Table 3.1), 

indicating that the enhanced POWS activities can be attributed to the N-doping 

and the regenerable surface VOs to a large extent. The surface VO concentration 

NH3 treatment 
T (oC) 

Surface VO  
(1016 counts mol-1) 

N concentration 
(wt.%) (by XPS) 

H2 evolution rate 
(µmol g-1 h-1) (270 oC) 

Not treated Not detected Not detected Not detected  
550 1.86 0.53 1980±95 
600 8.74 1.41 2945±93 
620 13.33 4.60 3525±122 
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was obtained by double-integration of the EPR signal of the surface VO at g=2.006. 

Deposition of metal promoters as cocatalysts is a generally used strategy to 

enhance the photocatalytic activities so it was also investigated. Different metal 

depositions onto the N-P25-620 were attempted in this thesis, via the photo-

deposition method, including gold, platinum, cobalt, palladium, silver and nickel, 

all of which are traditionally considered as good cocatalysts for the HER, and the 

results are shown in Figure 3.9. All of the as-prepared photocatalysts show 

enhanced water splitting activity compared with N-P25-620 to some extents.  

 
Figure 3.9 Photocatalytic activities of N-P25-620 decorated with different metals 
(1.0 wt.%) at 270 oC. Error bars indicate standard deviation. 
 
However, it must be clarified that the photo-deposition method used here actually 

cannot result in Co or Ni nanoparticles due to the insufficiently negative conduction 

band minimum (CBM): the reduction potential of Co and Ni are -0.28 and -0.23 V 

vs. the standard hydrogen electrode (SHE), while the CBM of TiO2 is ca. 0.3 V vs. 

SHE.42 Therefore, Co or Ni nanoparticles cannot be obtained using this method. 

This may explain why the photocatalytic activity did not change obviously after 

“deposition of Ni” (Figure 3.9). On the contrary, in the case of Co, the photocatalytic 

activity was enhanced substantially even though Co nanoparticles could not form 
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(Figure 3.9). Oxide species, CoOx, may be deposited on the TiO2 surface, which 

may facilitate the OER half reaction, and finally result in the enhanced POWS 

activity. Among all the metal studied here, gold shows the highest enhancement 

effect, presumably due to the surface plasmon resonance (SPR) effect, giving a 

H2 evolution rate of 6746 μmol g-1 h-1 at 270 oC. Unfortunately, I was not able to 

observe any SPR peak of Au in the UV-Vis spectra, because the N-P25-620 

exhibited extremely high absorption across the whole UV-Vis-NIR region, but the 

Au nanoparticles could be observed using microscopic techniques. I did not look 

into the SPR effect carefully in this thesis, since it is kind of beyond the focus of 

this thesis, and the SPR effect of Au in photocatalytic systems has been 

extensively studied in literature.43–45 It is noted that this optimal H2 activity at 270 

oC is substantially higher than the best photocatalytic systems claimed in the 

literature (which have mainly been evaluated at room temperature). 

 
Figure 3.10 Stable splitting of water to 2:1 H2/O2 with no sacrificial reagent over 
N-P25-620 and Au/N-P25-620 at constant rates for 50 hours.  
 
The stoichiometric and stable production of H2 and O2 in a 2:1 ratio is of 

tremendous importance when evaluating POWS systems. Therefore, a 50-hour 

reaction was then carried out at 270 oC to verify the stability of the 1.0 wt. % Au/N-
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P25-620, as shown in Figure 3.10. Obviously, the Au/N-P25-620 photocatalyst 

gives a stable production of H2 and O2 in stoichiometric 2:1 molar ratio over 50 

hours with no loss of N content according to our chemical analysis, showing an 

average H2 evolution rate of around 6600 μmol g-1 h-1 at 270 oC. Unfortunately, 

pristine P25 TiO2, with or without the high-temperature treatment in an inert 

atmosphere, showed no observable POWS activity under visible light irradiation, 

even at 270 oC, confirming that the N-doping is essential in this system. 

 
Table 3.2 POWS performance of 1.0 wt% Au/ N-P25-620 at 270oC/60 bars 
(saturated equilibrium pressure of water) as compared to selected literature data. 

 
 

 
 
 
 
 
 
 
 

Photocatalyst Light source H2 Evolution Rate 
(µmol h-1 g-1) Ref. 

Au/N-TiO2 (P25) 70 W W-lamp, ≥400 nm 6746±147 This 
work 

CDots-C3N4 300 W Xe lamp, ≥420 nm 566 46 

Pt/(Cring)-C3N4 300 W Xe lamp, ≥420 nm 150 47 

Pt, Co modified g-C3N4 300 W Xe lamp, ≥420 nm 1.2 48 

Cr-Rh oxide/(Ga1–

xZnx)(N1–xOx) 
450 W high pressure 
mercury lamp, ≥436 nm 1543 49 

Ni@NiOx/SrTiO3 AM 1.5 solar simulator 18 50 

Pt, Co3O4/carbon nitride 300 W Xe lamp, ≥300 nm 155 51 

Pt/BixY1-xVO4 300 W Xe lamp, ≥300 nm 139 52 
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Table 3.3 QE for POWS of 1.0 wt% Au/ N-P25-620 at 270oC/60 bar (saturated 
equilibrium pressure of water) as compared with selected literature data. 
*Quantum efficiency results from literature were obtained in the presence of 

various amounts of sacrificial reagent such as methanol, while in this work it was 
measured in pure water (Milli. Q.). 
 

 
Figure 3.11 QE of the N-P25-620 and the Au/N-P25-620 at different wavelengths 
evaluated at 270 oC. 
 

For a photocatalytic system, QE is one of the key parameters when evaluating the 

conversion efficiency of renewable solar energy to H2 fuel systems.33 Almost all 

the reported photocatalytic water splitting TiO2 based systems suffer from 

extremely low QE in the visible light region (rarely exceeding 3 % at 420 nm), 

Photocatalyst Cocatalyst 
Wavelength  
(nm) 

QE*(%) Ref. 

N-doped P25 Au 437 76.7±2.1 This work 

Vacuum-activated P25 Pt 420 1.17 53 

Hydrogenated TiO2 Pt 420 2.28 54 

Unsupported Au NPs / 300 2.7 55 

W-doped TiO2 Au 380 18.3 56 

Hydrogenated  
N doped-TiO2 

Pt 420 9.0 57 

Li-EDA treated P25 / 420 2.57 58 
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which largely hinders any potential practical applications. For our photocatalytic 

system, the QE was evaluated at 270 oC at wavelengths of visible light and in the 

near infrared (NIR) using bandpass filters. The detailed method of the QE 

evaluation in this thesis has been described clearly in Chapter 2, and an example 

is given in Appendix Note A1. As illustrated in Figure 3.11, the QE becomes larger 

with decreasing wavelength and an impressive QE of 76.7% is obtained at 437 

nm. Such high QE values in the visible light region have only been reported by 

chalcogenide systems with anticipated photo-corrosion issues and with the 

addition of a sacrificial reagent.26 Clearly, the QE increased significantly after the 

deposition of Au nanoparticles, since Au nanoparticles could trap the photo-

generated electrons and facilitate the H2 evolution reaction. Also, the QE at 575 

nm (which is very close to the SPR wavelength of Au nanoparticles, and the SPR 

wavelength varies with the particle size) increased more substantially, showing a 

110 % enhancement, which could be attribute to the SPR effect of Au nanoparticles. 

Here, I demonstrate that this robust N-doped TiO2 system can give equally high 

QE at elevated temperatures. Excitingly, this photocatalytic system can operate 

even at 1000 nm (1.24 eV), almost the minimum threshold energy required for 

water splitting with a QE of 2.7%. To the best of our knowledge, this system is the 

first example that the overall water splitting reaction can be accomplished under 

NIR irradiation with considerable Q.E. whilst exceptional photoactivity and QE in 

the visible region at 270 oC greatly exceeds values reported for TiO2 systems 

(Table 3.3).  

3.3.3 Separation of charge carriers 

Time-resolved photoluminescence (TRPL) was used to investigate the 

recombination of photo-excited electron-hole pairs. PL spectra in Figure 3.12a 
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clearly show that the PL intensity decreases as the N-doping increasing – this is 

an indication that the lifetime of the photo-generated charge carriers also is more 

prolonged at a higher N-doping concentration. The main PL signal lies in the region 

of 400-600 nm, forming a very broad emission band (Figure 3.12a), while for N-

P25-600 and N-P25-620, there is an additional emission signal emerging at ca. 

900 nm, which can be attributed to the emission that involves the N-defect band. 

 
Figure 3.12 (a) PL spectra of P25 and N-P25 samples. TRPL spectra of (b) N-P25 
treated by NH3 at different temperatures and promoted by Au; (c) N-P25-620 after 
being soaked in acidic solutions with different pH and (d) N-P25-620 after being 
soaked in alkaline solutions with different pH. Conditions: the excitation 
wavelength is 266 nm and the probe wavelength for the TRPL is 500 nm.  
 
As shown in Figure 3.12b, introduction of VOs via N doping and subsequent Au 

deposition are both able to prolong the charge carrier lifetime, leading to an 
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increase to 2.56 ns from the 1.12 ns of pristine P25. It is widely agreed that the 

separation of photo-excited charge carriers plays an important role in the 

photocatalysis; therefore, TRPL can also be a powerful technique to understand 

the effect of using elevated temperature. As a result, the TRPL experiments were 

first conducted in air without water at different elevated temperatures to see if the 

increase in temperature could make any difference to the charge carrier lifetime. 

It is interesting to find that the measurements showed no apparent change with 

solely the temperature increase (as shown in Figure 3.13). Bear in mind that the 

photocatalytic water splitting activity is dramatically increased at elevated 

temperature and peaks at 270 oC, which coincides with the maximal water 

dissociation constant. It is therefore obvious that the significant temperature effect 

observed in the presence of water is due to the increased concentration of both 

H+ and OH- from the water dissociation. This can largely contribute to the 

enhanced photocatalytic performance at elevated temperatures.  

 
Figure 3.13 TRPL spectra of N-P25-620 measured in air at increasing temperature. 
Each TRPL spectrum was normalised to its highest intensity (i.e., right after the 
laser pulse, t=0) for a more straightforward and clearer comparison. The actual 
intensity/amplitude of all the TRPL spectra in this figure is similar to each other. 
Therefore, temperature does not obviously influence either the PL spectra or the 
TRPL spectra. 
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The TRPL measurements were subsequently carried out in different H+ and OH- 

concentrations by soaking the N-P25-620 sample in acidic or alkaline solutions 

with various pH at ambient temperature to mimic the high temperature conditions 

and to correlate to the charge carrier lifetime. As expected, the charge carrier 

lifetime increased dramatically, as shown in Figures 3.12c and 3.12d, the fastest 

recombination rate was obtained at pH=7 where there were the lowest 

concentrations of H+ and OH-, and the charge carrier lifetime apparently increased 

with higher concentration of H+ or OH-, and H+ and OH- showed similar effect on 

the charge separation, and the charge carrier lifetimes were prolonged to the same 

degree. Clearly, the adsorption of H+ or/and OH- near the surface of the 

semiconductor could create a local electric field (LEF) which can attract the 

counter charged electron or hole species hence suppressing their recombination 

rate and enhancing the overall photocatalytic activity. As stated before, 

dissociation of H+ and OH- from water becomes more favourable at higher 

temperatures and peaks at around 270 oC. Consequently, the charge carrier 

lifetime is prolonged at elevated temperatures, compared to that at room 

temperature due to the simultaneously enhanced H+ and OH- concentrations, 

which allows chemical reactions to take place. It is noted that the correlation of pH 

with photocatalytic activity at a fixed temperature could have a more complex 

relationship since the increase in H+ concentration in using lower pH will 

simultaneously decrease the concentration of OH- due to water dissociation 

constant and will affect the overall kinetics. Thus, the addition of acid or alkali to 

the catalytic system may prolong the charge carrier lifetime, but it concomitantly 

decreases the concentration of counter ions (OH- or H+) due to ionisation 

equilibrium at room temperature, which is unfavourable kinetically, whereas the 
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use of high temperatures can increase both H+ and OH- at the same time by the 

promoted water ionisation, which is a promising and efficient way to promote the 

photocatalytic water splitting performances.  

3.3.4 Practical application of the temperature-promoted POWS system 

 
Figure 3.14 (a) photographic image of the light furnace used to mimic a solar 
concentrator; (b) The POWS activity tests of Au/N-P25-620 in the light furnace. 
This figure shows the total amount of the evolved H2 gas (in μmol) after the 
reaction time of 2 h and 16 h. Conditions: 5 mg of Au/N-P25-620 was added to 10 
mL of deionised H2O in a 25-mL batch reactor under vigorous magnetic stirring, 
and Ar gas was used as the inert gas. Then the reactor was heated up to 270 oC 
and maintained for different reaction times. Both the heating and light irradiation 
are provided solely by the light furnace shown in (a). The light furnace was 
operated by Dr. Dharmalingam Prabhakaran in the Department of Physics, 
University of Oxford. 
 
Large-scale application of particulate photocatalytic systems has attracted 

increasing attention recently, due to its low cost compared with photovoltaic-

powered electrolysis (PV-E) and photoelectrochemical (PEC) processes, and 

complicated reactor structures are not required.59–61 Therefore, to demonstrate the 

technical feasibility of using solely the renewable light energy to supply the 

required thermal heat and visible photons for photocatalytic splitting of water in 

this new process, a light furnace was used to mimic the solar light concentrator 

without any direct thermal energy input from an electrical device. The reactor 
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temperature of 270 oC is maintained by this light source with the black body 

radiation, and a constant H2 evolution rate of about 12 mmol g-1h-1 is achieved 

using Au/N-P25-620 for up to 16 hours of testing time (as shown in Figure 3.14). 

Different kinds of configurations and prototypes of solar concentrators were 

discussed recently38 which are presumably helpful for scale-up H2 production, 

such as parabolic cylinder reflectors that can provide enhanced light irradiation 

and temperature for solar energy applications.  

Alternatively, the heat required for such a highly efficient photocatalytic water 

splitting system to produce H2 may be provided by coupling with other exothermic 

processes for the subsequent H2 utilisation at a comparable temperature range. 

For example, the formed H2 if combined with N2 (from air separation) can be used 

to produce ammonia which is a highly exothermic reaction. In addition, the H2 

evolution rate in our LEF enhanced water splitting system appears to match well 

with the ammonia evolution rate.62,63 Based on our evaluation, the heat produced 

during ammonia synthesis could compensate the energy required for our LEF 

enhanced water splitting system, which gives an exciting possibility to turn the 

current natural gas dependent Haber-Bosch process to carbon-free photocatalytic 

practice for the ammonia synthesis. A similar scenario could be expected to couple 

with the strongly exothermic hydrogenation of CO2 to methane, which may spark 

a new carbon-recycle technology for energy and environment. Some potential 

practical applications could be considered, which include the injection of separated 

H2 from the photocatalytic splitting process at elevated temperatures for 

decentralised domestic devices into natural gas pipeline in UK and some parts of 

Europe, etc for caloric use of this renewable fuel. The calculations of the heat 

balance to prove the possibility of coupling the POWS system with other 
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exothermic systems are shown in Appendix Note A2. 

 
Figure 3.15 POWS performances over Au/N-P25-620 at different water vapour 
pressures at 270 oC. Error bars are defined as standard deviation. 
 
Besides, further study in using water vapour at different pressures instead of liquid 

water is initiated, which is more controllable, easier to operate, possesses lower 

heat capacity and can be operated at lower pressure for the same temperature. 

As seen from Figure 3.15, the visible-light-driven water splitting system works well 

even using lower pressures of water vapour. A H2 evolution rate of about 1500 

μmol g-1 h-1 is achieved at a pressure of less than 10 bar. 

3.4 Conclusion 

In conclusion, a novel POWS system at elevated temperatures over N-TiO2 based 

materials using visible light has been demonstrated in this chapter. A series of N-

TiO2 photocatalysts have been fabricated by a simple NH3 treatment. XPS results 

show that the N species have been incorporated into the TiO2 lattice as 

substitutional and interstitial N, respectively. The facilitated formation of surface 

VOs in the presence of these N inclusions is also confirmed by EPR. It is evident 

that the visible-light-driven POWS reaction depends critically on the N and the 
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surface VO content of N-TiO2. I have also found that these surface defects as 

catalytically active centres are easily replenished in contact with oxygen sources 

at room temperature, leading to poor photocatalytic activity despite the existed 

bulk defects that can still take up visible light. However, the VOs can be 

regenerated when heated to elevated temperatures. TRPL measurements show 

that the introduction of VOs and deposition of a metal cocatalyst are both essential 

in prolonging the charge carrier lifetime to enable superior water splitting activity 

under visible light illumination. More importantly, lifetime of the photo-generated 

charge carriers can also be prolonged via local electric fields formed by high 

concentrations of adsorbed H+ and OH- resulting from enhanced water ionisation 

at elevated temperatures. Under these conditions, both H2 evolution and 

regeneration of the electron depleted VOs (photo-generated holes) to produce O2 

are greatly facilitated. Obviously, temperature shows remarkable effects on the 

POWS performances of N-TiO2 nano-catalysts and extraordinary H2 evolution 

rates and QEs have been achieved in this POWS system. Feasibility of potential 

practical application has also been considered by using a light furnace, by which 

heat and photons are both provided without engaging external electric heating 

device, and the sustainable H2 evolution is maintained. Such POWS system may 

contribute to the future capture and utilisation of solar energy for H2 production. 
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Chapter 4 Effects of the local electric field on photocatalytic 

overall water splitting reaction 

This chapter is adapted from the work by Yiyang Li, Simson Wu, Jianwei Zheng, 

Yung-Kang Peng, Dharmalingam Prabhakaran, Robert A. Taylor, Shik Chi Edman 

Tsang, published in Materials Today in 2020. The figures are reproduced with 

permission. Copyright 2020 Elsevier.1 

4.1 Introduction 

As demonstrated before, a typical photocatalytic reaction involves three 

fundamental steps, namely, excitation, charge separation, and surface chemical 

reactions. Much progress has been achieved to broaden the absorption spectra 

by band gap engineering and facilitate the surface reactions by loading cocatalysts, 

however, the separation of charge carriers remains untamed and in most cases 

the charge recombination readily takes place, leading to poor quantum efficiency 

(QE) and photocatalytic activities. Apparently, the photo-generated electron-hole 

pairs must possess a sufficient lifetime to capture both H+ and OH- species derived 

from the water molecules to allow efficient photocatalysis to take place. Therefore, 

strategies for suppressing the charge recombination are required. 

Recent reports have shown that polarisation plays an important role in the 

separation of these photo-generated electrons and holes, which prolongs the 

lifetime of charge carriers, therefore leading to enhanced photocatalytic 

performance.2–4 The introduction of an electric field to enhance the polarisation 

has recently been demonstrated to be an efficient approach for improving the 

charge separation both in bulk and on surface of the photocatalysts. Zhang's group 

reported a new strategy to introduce an internal electric field to Bi3O4Cl by carbon 
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incorporation.3 The resulting C-doped Bi3O4Cl achieved a bulk charge separation 

efficiency of 80 %, therefore the charge carrier lifetime was prolonged from less 

than 500 ps to around 4000 ps, which is attributed to the strong internal electric 

field. This catalyst enabled photocatalytic water oxidation under visible light in the 

absence of sacrificial reagents; however, H2 was scarcely detected because the 

CB is more positive than the H2-evolving potential. Likewise, the same research 

group also reported a Janus Cl2-Bi12O17-MoS2 bilayer junction photocatalyst with 

strong internal electric field for H2 evolution, in which the carrier lifetime was 

claimed to be 3446 ns and a H2 evolution rate of 33 mmol g-1 h-1 was obtained with 

ascorbic acid as the hole scavenger.4 However, the above strategies require fine 

control during the synthesis and only apply to a few circumstances, hindering it 

from wider applications.  

As demonstrated in Chapter 3, a novel POWS system has been developed which 

is operated at elevated temperatures, where the water ionic dissociation is greatly 

enhanced and the surface adsorbed ion species create a local polarisation, which 

subsequently prolong the charge carrier lifetimes. Enlightened by such 

phenomenon, it came to my mind that I can use solid-state materials to create a 

stronger local electric field. In fact, polar-faceted materials have long been studied 

in catalysis since late 20th century, and the studies covered semiconductor 

surfaces, oxide surfaces, ultra-thin oxide films, and oxide interfaces.5–7 For polar 

surfaces, the orientation is such that each repeat unit grows in the direction 

perpendicular to the surface, resulting in a non-zero dipole moment on the 

surfaces. Thus, electric fields and electrostatic forces are generated on polar 

surfaces5, making such materials good candidates for the study of local 

polarisation effect. 
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In addition, two-dimensional (2D) materials such as graphene, transition metal 

dichalcogenides (TMDs), etc. have been proved to show great potential toward 

catalysis, energy conversion and many other fields in recent decades, among 

which single-layer MoS2 (SL-MoS2) has attracted considerable attention for 

photocatalytic and electrochemical H2 evolution reaction (HER) due to its suitable 

band structure and low overpotential.8–12 It has also been reported that with the 

reduction of the thickness of MoS2, the optical, electronic and magnetic properties 

change dramatically.13–15 The absorption properties and band structures have 

been therefore well studied,14 which proved that as MoS2 is exfoliated to 

monolayer, its band gap is broadened, making its conduction band and valance 

band possess sufficient thermodynamic driving forces to drive the H2 and O2 

evolution reactions ( 𝐸VG =	+1.69	𝑉	𝑣𝑠. 𝑆𝐻𝐸;	𝐸WG = −0.11	𝑉	𝑣𝑠. 𝑆𝐻𝐸 ), 

respectively.16,17 These make the SL-MoS2 promising for solar-light-driven 

photocatalytic water splitting systems. However, so far, the SL-MoS2 are still 

commonly used as a substitute of noble metal like Pt in photocatalytic or 

electrocatalytic H2 evolution systems, and very few studies reported MoS2 alone 

as the photocatalyst. Plus, sacrificial reagents are frequently engaged in such 

photocatalytic water splitting systems to capture the photo-generated holes due to 

the fast intrinsic charge recombination process, leading to unwanted by-products 

and extra costs.11,12,18 

4.2 Objectives 

Here in this chapter, I aim to explore the local polarisation effect on the POWS 

reaction system. As stated before, the local polarisation effect can provide local 

electric fields (LEFs) which will facilitate the charge carrier separation process, 

leading to enhanced POWS performances. Fortunately, the LEF can be provided 
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by polar-faceted materials. Therefore, the N-doped TiO2 is firstly assembled with 

polar-faceted MgO (111) and its non-polar counterparts, MgO (110) and MgO (100), 

respectively. The influence of the local polarisation on the lifetime and POWS 

performance is therefore investigated. 

Following the same idea, the 2D SL-MoS2 is studied by assembling with the polar-

faceted materials. The monolayer nature makes it more sensitive to the local 

electric field, considering the polarisation is quite localised within a small range; 

and the structural flexibility of the monolayer material allows it to form stronger 

interactions with the supports. Except for the previously mentioned MgO, CeO2 

and ZnO are also studied, and layered double hydroxides (LDHs) are engaged as 

well. POWS performances are subsequently investigated and with the help of 

time-resolved technique, the influence on the charge separation can also be 

studied. By involving two widely studied photocatalysts, TiO2 and MoS2, and 

different kinds of polar-faceted materials, the objective of this chapter is to show 

that the local polarisation can be a versatile strategy in photocatalysis. And also, 

the relationships between polarity, lifetime of the charge carriers, and POWS 

activity are carefully investigated and discussed. 

4.3 Results and discussion 

4.3.1 Electric field effects on TiO2 based materials 

4.3.1.1 LEF introduced by the polar-faceted MgO(111) 

Enlightened by the results presented in Chapter 3, I realised that the local 

polarisation plays an important role in the POWS system. Therefore, the polar-

faceted metal oxides were synthesised as supports to introduce local electric field 

due to the strong surface polarities. MgO(111) was firstly explored, and the non-
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polar counterparts, MgO(110) and MgO(100), were also included for comparison. 

As is well known, the polar MgO(111) nanocrystals give surfaces of both negative 

(O2-) or positive (Mg2+) terminations,19,20 giving a strong LEF to the catalyst 

particles (Figure 4.1A). TEM images shown in Figure 4.1B confirm the lattice 

fringes of 0.244 nm, 0.148 nm and 0.214 nm for MgO(111), MgO(110) and 

MgO(100) respectively, indicating the successful synthesis of the MgO samples 

with different exposed facets. 

 
Figure 4.1 (A) Schematic illustrations of different MgO facets (O: red; Mg: green); 
(B) HRTEM images of MgO(111), (110) and (100) nanostructures; (C) 1H NMR and 
TMPO-assisted 31P MAS NMR measurements of MgO (111), (110), (100), 
respectively, which show the surface polarity of MgO (111) creates substantial 
chemical shifts to 1H and 31P. HRTEM images were acquired by Dr. Simson Wu, 
and NMR experiments were performed by Dr. Guangchao Li. 
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Figure 4.2 POWS activity tests of the 1 wt.% Au/N-P25-620 photocatalyst 
combined with different MgO supporting materials, including non-polar MgO(100) 
and MgO(110), and also the polar-faceted MgO(111). POWS reaction is performed 
at 270 oC with visible light irradiation. 
 
1H MAS NMR was carried out to evaluate the interaction of H+ with oxygen anions 

in bulk phase of MgO(111), (110) and (100) respectively. As shown in Figure 4.1C, 

a chemical shift at around 0.7 ppm can be observed in all MgO supports, which is 

attributed to the protons from isolated hydroxyl groups (i.e., Mg-OH) and physical-

adsorbed water molecules;21 while the other peak observed at lower field, which 

can be assigned to the protons attached to the bridging oxygen (i.e., Mg-O(H)-Mg), 

shifted to 5.43 ppm for MgO(111) compared with 4.78 ppm for MgO(110) and 4.74 

ppm for MgO(100). Such a significant difference between polar MgO(111) surface 

and non-polar MgO(110) and (100) surface is due to the preferential proton 

adsorption on polar surface. Trimethylphosphine oxide (TMPO, chemical formula: 

OP(CH3)3) probe assisted 31P MAS NMR was subsequently engaged to further 

confirm the surface polarity of MgO(111).21,22 TMPO has lone pairs at the O atom, 

so it is a Lewis base and able to interact with the surface Lewis acid species, such 

as Mg2+ or H+, which forms Lewis acid-base adducts. Such Lewis acid-base 

interactions can be observed through the change of chemical states by the 
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difference of chemical shifts in 31P NMR. As shown in Figure 4.1C, a shift to 45.8 

ppm for MgO(111) from 43 ppm for MgO(110) and (100) can be observed 

(chemical shift of physically adsorbed TMPO in 31P NMR is at around 41 ppm), 

which also confirmed the surface polarity of the MgO(111) support. 

 
Figure 4.3 EPR spectra of Au/N-P25-620 with and without mixing with polar 
MgO(111), and non-polar MgO(100) and MgO(110), respectively. 
 
Subsequently, the MgO materials were combined with the 1 wt.% Au/N-P25-620 

that shows extraordinary POWS performance as comprehensively studied in 

Chapter 3. The POWS activity of the resulted Au/N-P25-620/MgO(111) 

photocatalyst was then tested using the same method, which gives a much 

enhanced and stable H2 evolution rate of 11092 μmol g-1 h-1 with O2 to H2 at 1:2 

ratio at 270 oC, while non-polar Au/N-P25-620/MgO (100) or (110) shows no rate 

promotion compared to that without the MgO support (Figure 4.2). To rule out the 

influence of other factors like oxygen vacancies (VOs), EPR measurements were 

then carried out for the Au/N-P25-620 combined with polar and non-polar MgO 

supports. As can be seen from Figure 4.3, all the MgO supports showed small and 

similar signal at g=2.003, which can be assigned to the surface defects such as 
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VOs of the MgO.23,24 After mixing with the Au/N-P25-620 the mixtures showed 

similar patterns as the Au/N-P25-620 alone. In another word, the enhancement of 

the photocatalytic performance could not be due to the change of VO 

concentrations, considering the different behaviours between polar MgO(111) and 

its non-polar counterparts. 

 
Figure 4.4 TRPL spectra of Au/N-P25-620 with and without MgO supports. 
 
As mentioned before, the polarisation effect of the LEF is able to influence the 

separation of the photo-generated electron-hole pairs, therefore, TRPL was 

engaged to investigate the changes of the charge carrier lifetimes of the TiO2-

based photocatalysts combined with different MgO supports. As shown in Figure 

4.4, MgO(111) shows strong effect on prolonging the charge carrier lifetime of the 

Au/N-P25-620 from 2.56 ns to 5.76 ns, whereas non-polar MgO(100) or (110) 

shows no apparent influence. Thus, it is indicated that the use of polar-faceted 

MgO(111) can introduce a strong LEF, which prolongs the charge carrier lifetimes 

and therefore enhances the photocatalytic water splitting activities. QE was also 

measured, which was further promoted to 81.8 % at 437 nm and 3.2 % at 1000 
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nm with the inclusion of MgO(111) (Figure 4.5). Activities of the MgO supports were 

also tested separately to confirm the MgO alone shows no contribution to POWS 

activity. A 10-cycle stability test was carried out for the Au/N-P25-620/MgO(111) 

which showed a stable photocatalytic activity (Figure 4.6).  

 
Figure 4.5 QEs of Au/N-P25-620/MgO(111) photocatalyst at different wavelengths. 
 

 
Figure 4.6 Stability test of Au/N-P25-620/MgO(111): 10 mg of Au/N-P25-
620/MgO(111) was used in the POWS activity test (detailed method of activity 
testing has been demonstrated in Chapter 2). After reaction, the photocatalyst was 
separated by centrifuge and dried at 60 oC under vacuum overnight. This recycled 
photocatalyst was then used for the POWS activity test again, following exactly 
the same procedures. The photocatalyst was used and recycled for 10 cycles in 
total, and the activity of each cycle is shown in this figure. 
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Figure 4.7 Post-reaction characterisations of the photocatalyst. XRD (a) and EPR 
(b) spectra of Au/N-P25-620 and Au/N-P25-620/MgO(111) before and after the 10-
cycle photocatalytic water splitting test. 
 
The used catalyst was characterised using XRD and EPR (Figure 4.7), which 

again suggested the good stability of the Au/N-P25-620/MgO (111) photocatalyst. 

For the Au/N-P25-620/MgO(111) photocatalyst, the XRD peaks of MgO became 

sharper after the reaction, indicating that there could be aggregation of the 

MgO(111) nanostructures during the POWS reaction at 270 oC. Also, the EPR 

signal increases after the reaction for both the Au/N-P25-620 and Au/N-P25-

620/MgO(111), which agrees with the observations demonstrated in Chapter 3: the 

surface VOs can be regenerated at elevated temperatures, no matter in an inert 

atmosphere or in liquid water, thus giving an increased EPR signal after the POWS 

reaction at 270 oC. 

4.3.1.2 Investigation of the LEF 

Further efforts were made to confirm the enhancement is due to the LEF effect. 

Since there might be artefacts introduced by different sizes and morphologies of 

the MgO supports, leading to different interfaces and catalytic behaviours, then N-

TiO2 with different particle sized were made and mixed with MgO(111). It has been 

considered that the LEF is a localised effect which makes only short-range 

influence.2 Theoretically, more obvious LEF effect can be obtained on the N-TiO2 
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with smaller particle size. Commercial ST-01 TiO2 and sol-gel synthesised TiO2 

were treated with NH3 flow and mixed with polar-faceted MgO (111), of which the 

size characterisation by TEM was shown in Figure 4.8. Visible-light-driven POWS 

performance was then evaluated over these photocatalysts, and indeed as we 

expected, smaller particle sizes led to more obvious enhancement of activities 

caused by LEF. It is noted that by changing the particle size of the N-TiO2 

nanoparticles, the surface area also changes, which may influence the 

photocatalytic activity as well. Therefore, the LEF effect was quantified by an 

enhancement factor to rule out the influence of different surface areas, which was 

determined as the ratio of the H2 evolution rates between N-TiO2/MgO (111) and 

N-TiO2, instead of comparing the absolute value of the H2 evolution rate. Clearly, 

the enhancement factors increased as the particle sizes decreased, as shown in 

Table 4.1, the H2 evolution rate of sol-gel prepared N-TiO2 (9.7±0.3 nm) increased 

by a factor of 2.07 after mixed with MgO (111), while that of the N-P25-620 

(35.3±4.7 nm) increased by only 1.64 times when mixed with the same polar oxide 

support.  

 
Table 4.1 The N-TiO2 inverse size-dependent enhancement with the LEF 
introduced by the polar MgO(111) support. 

*1 wt.% Au was deposited onto each photocatalyst by photo-reduction method 
before the activity test. 
 

Cat. * Mean size (nm) 
H2 evolution rate (µmol h-1 g-
1) Enhancement 
With MgO Without MgO 

N-P25-620 35.3±4.7 11092 6746 1.64 
N-ST-01-640 23.8±2.1 12078 6825 1.77 
Sol-gel N-TiO2 9.7±0.3 14538 7024 2.07 
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Figure 4.8 TEM images of the N-doped TiO2 photocatalysts. a: different sizes of 
N-TiO2 prepared by a sol-gel method; b: N-ST-01 and c: N-P25-620, together with 
the corresponding average particle size dispersions (d-f). TEM images were 
acquired by Dr. Tianyi Chen. 
 
4.3.2 Electric field effects on 2D MoS2 based materials 

4.3.2.1 Characterisations of MoS2 based materials 

The above results show that the local polarisation effect becomes more substantial 
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as the photocatalyst particles getting smaller, therefore, I realised that 2D materials 

such as SL-MoS2 would presumably be promising for a better investigation of this 

effect. SL-MoS2 monolayers were then prepared via a chemical exfoliation method, 

and decorated with atomically dispersed metal atoms by hydrothermal process1,15. 

The morphologies of the SL-MoS2 were initially characterised by TEM, as shown 

in Figure 4.9. Compared with the large particle of extensive layered-structure 

morphology of the bulk form, it is exciting to observe the exfoliated SL-MoS2 as 

thin monolayers. Atomic force microscopy (AFM) subsequently confirmed that the 

thickness of individual layers is about 0.6-0.7 nm, which is in good accordance 

with the layer thickness of ca. 0.65 nm of the S-Mo-S building block (Figure 4.10).  

 
Figure 4.9 Conventional TEM image analyses of (a, b) bulk MoS2, showing 
layered structure of crystal MoS2, with lateral size varying from 0.5 to 2µm; (c) SL-
MoS2 and (d) Co:SL-MoS2. After the incorporation of Co atoms, the morphology 
of SL-MoS2 remains a sheet-like structure. Reproduced from ref. 1,15. 
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Figure 4.10 (a) AFM image of SL-MoS2 spin-coated on a Si substrate; (b) a model 
of MoS2 structure perpendicular to c axis. (c) height profile of the AFM image. 
Reproduced with permission from ref. 1,15. 100 flakes in (a) were scanned, with 
the majority of heights between 0.6-0.7nm. The lateral dimension of the MoS2 
monolayers is approximately 20-40 nm. It can be seen that the step heights of 
individual layers of 0.6-0.7 nm. This value is comparable to ca. 0.65 nm of a single 
layer of the S-Mo-S building block. Statistical analysis of 100 flakes revealed that 
56% of the flakes to be monolayer, 28% of two layers and 13% of three layers and 
so on. The average topographic height is around 1.04 nm. 
 
The metal doped SL-MoS2 materials were then investigated with microscopic 

techniques as well, as can be seen in Figure 4.9d, after the incorporation of Co 

atoms, the morphologies of SL-MoS2 still remained sheet-like structure. Then the 

Co:SL-MoS2 was looked into in more details (Figure 4.11). HAADF-STEM together 

with electron energy loss spectroscopy (EELS), confirmed the existence of the Co 

single atoms on the Mo atop sites. The HAADF-STEM images of Fe:SL-MoS2 and 

Ru:SL-MoS2 are also shown in Figure 4.11, which again imply that single atoms 

are attached onto the single layer nanosheets and overlap the Mo and S positions. 

XRD measurements were also carried out before and after the chemical exfoliation 

process, not surprisingly, the XRD peaks were barely present after the exfoliation, 



Chapter 4 Effects of the local electric field on photocatalytic overall water splitting 
reaction 

136 
 

implying the successful preparation of the single layer nanosheets (Figure 4.12). 

Moreover, no apparent re-stacking happened after metal loading via hydrothermal 

treatment, given that the XRD patterns of the metal doped SL-MoS2 are almost flat 

lines (Figure 4.12b).  

 
Figure 4.11 (a) HAADF-STEM image of Co–SMoS2. Scale bar, 0.5 nm. (b) A 
magnified view of the boxed area of a. Simultaneous acquisition HAADF (c) and 
EELS (d) acquired along the line in b, with EELS extracted from above (red), on 
(green), and below (blue) the Co atom on the Mo atop site. The L3 and L2 edges 
for Co are indicated, confirming the scanned atomic column contains a Co atom. 
(e, f) HAADF-STEM images of (e) Fe:SL-MoS2 and (f) Ru:SL-MoS2 
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Figure 4.12 (a) XRD patterns of bulk MoS2, SL-MoS2 and the metal-doped SL-
MoS2; (b) Enlarged XRD patterns of SL-MoS2 and the metal-doped SL-MoS2 in 
the range of 10-20o, as indicated in (a). 
 

 
Figure 4.13 EPR spectra of bulk MoS2, SL-MoS2 and the metal-doped SL-MoS2. 
 
EPR experiments were carried out to investigate the surface defects, as shown in 

Figure 4.13. SL-MoS2 showed an increased EPR signal at around g=2.005, which 

originated from the sulphur vacancies, while bulk MoS2 remained silent on EPR. It 

is also shown that after the metal doping, the signal sharply decreased compared 

with pure SL-MoS2, implying the metal species were favourably anchored on the 

sulphur vacancy sites. A control experiment was carried out by treating the SL-
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MoS2 with the hydrothermal process, but without adding any metal precursors. The 

result showed that EPR signal remained after the hydrothermal treatment in the 

absence of the metal precursors. 

 
Figure 4.14 (a) Ru K-edge XANES spectra of the Ru:SL-MoS2 and the Ru (0) foil 
reference. (b) FT-EXAFS spectra of the Ru:SL-MoS2 and the Ru (0) foil reference 
for Ru K-edge. (c) Fourier transforms of k3-weighted Ru K-edge of the EXAFS 
spectrum of the Ru:SL-MoS2. These XANES and EXAFS were performed and 
analysed by Dr. Simson Wu of Prof. Edman Tsang’ s group. 
 
To investigate the local structures of the decorated metal species more precisely, 

X-ray absorption near edge structure (XANES) and extended X-ray absorption fine 

structure (EXAFS) measurements were conducted. Figure 4.14a shows the 

XANES curves of the Ru:SL-MoS2 sample and the Ru (0) foil reference at Ru K-
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edge. It is found that the Ru:SL-MoS2 shares nearly the same absorption edge as 

Ru foil, suggesting the presence of Ru (0) species in the sample. Fourier 

transformed (FT) EXAFS spectra of Ru K-edge showed no peak related to Ru-Ru 

scattering at 2.42 Å (before phase shift), indicating the absence of Ru-Ru bond in 

the Ru:SL-MoS2. Instead, the peak at 1.68±0.03 Å was observed, which is 

attributed to the contribution of Ru-S scattering. Subsequent least-squares fitting 

of the EXAFS spectrum (Figure 4.14c) revealed a three-sulphur coordination to 

the Ru at 1.68±0.03 Å (coordination number: 2.8±0.3; R-range: 1.3-3.0; Debye 

Waller’s factor: 0.006±0.001; R-factor: 3.5%), which concomitantly matches with 

our expectation that the doped Ru atoms are anchored in the S sites with each Ru 

surrounded by 3 nearest sulphur atoms. 

4.3.2.2 POWS performance of MoS2-based materials 

The POWS performance was then evaluated at 270 oC under visible light 

irradiation. The bulk MoS2 showed no activity for this reaction, while SL-MoS2 

exhibited a H2 evolution rate of 157 μmol g-1h-1. Control experiments that carried 

out in dark or in the absence of catalysts showed no activity, confirming the 

stoichiometric H2 and O2 evolution (as will be shown later in this chapter) is due to 

the photocatalytic water splitting over the MoS2-based photocatalysts. UV-Vis 

diffuse reflectance spectroscopy (DRS) was performed for the SL-MoS2, which 

indicates that the SL-MoS2 exhibits good visible light absorption in the range of 

400-700 nm (Figure 4.15a), and the Tauc plot gives a band gap energy of 1.93 eV 

(Figure 4.15b). The POWS activity can be largely enhanced after the metal doping, 

among which the Ru-doped SL-MoS2 (Ru:SL-MoS2) shows the best H2 evolution 

rate of 821 μmol g-1h-1 (Figure 4.15c). Therefore, the following study was focused 

on the Ru:SL-MoS2.  
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Figure 4.15 (a) UV-Vis absorption spectra of the SL-MoS2 converted from the UV-
Vis DRS using the Kubelka-Munk function. (b) Tauc plot of the SL-MoS2 derived 
from (a). (c) Photocatalytic water splitting performance over different metal-doped 
MoS2 single layer. Error bars indicate the standard deviations. 
 
4.3.2.3 Characterisations of the polar-faceted metal oxides 

 
Figure 4.16 TEM images of (a) polar-faceted CeO2 nanocubes with predominant 
(100) surfaces and (b) non-polar CeO2 nanospheres. 
 
Subsequently, the study of local polarisation effect was carried out by assembling 

the Ru:SL-MoS2 with various polar-faceted metal oxide supports. Besides the 

MgO(111), MgO(110), and MgO(100) which have been discussed before, polar 

CeO2(100) nanocubes (NCs), polar ZnO(0001) nanoplates (NPs), non-polar CeO2 

nanospheres (NSs), and non-polar ZnO nanorods (NRs) were also included for 

the study of local polarisation effect. These polar surfaces display alternative anion 

and cation layers hence the top surfaces possess non-zero polarity.  
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Figure 4.17 TEM images of (a) polar-faceted ZnO (0001) nanoplates and (b) non-
polar ZnO nanorods. (c) Schematic illustration of the polar and non-polar facets of 
the ZnO nanoplates and nanorods. 
 
Microscopic images of the polar and non-polar metal oxide support are displayed 

in Figures 4.16 and 4.17. For example, distinctive layers of Ce4+ and O2- in (100) 

terminal facets can be directly visualised in Figure 4.16. Morphologies of ZnO 

nanoplates and nanorods are shown in Figure 4.17. The unique surface polarity of 

the polar oxides was further confirmed by the solid-state nuclear magnetic 

resonance (NMR) (Figure 4.18). The probe-assisted 31P NMR results clearly 

showed the different 31P chemical shift of the polar-faceted metal oxides compared 

with their non-polar counterparts. More characterisations were then carried out to 

exclude the influence of the structural differences. XRD patterns barely change 

with different dominant facet exposure. Taking CeO2 as an example, the NCs and 
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NSs share similar XRD patterns as can be seen in Figure 4.19, with the NCs 

exhibiting slightly stronger signals than the NSs. Such similarities can also be 

observed for the MgO and ZnO samples. EPR analysis was then performed on 

the polar-faceted and non-polar oxides, which indicates that MgO(111) and ZnO 

NPs show no obviously difference compared with their non-polar counterparts, 

while CeO2 NCs shows higher signal intensity which can be attributed to the 

formation of Ce3+ at the surface,22,25 as shown in Figure 4.20.  

 
Figure 4.18 TMP-probed 31P NMR of polar-faceted and non-polar a: CeO2, b: 
MgO and c: ZnO. 
 

 
Figure 4.19 XRD patterns of polar and non-polar faceted a: CeO2, b: MgO and c: 
ZnO. 
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Figure 4.20 EPR spectra of polar and non-polar faceted a: CeO2, b: MgO and c: 
ZnO. 
 
4.3.2.4 Assembly of Ru:SL-MoS2 and polar-faceted metal oxides 

 
Figure 4.21 (a) SEM images of Ru:SL-MoS2/CeO2 NCs; (b) TEM and (c) EDS 
elemental mapping of selected Ru:SL-MoS2 on a cubic CeO2 particle. 
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TEM images of a typical assembled photocatalyst, Ru:SL-MoS2/CeO2 NCs, is 

shown in Figure 4.21. Clearly, the SL-MoS2 monolayers are well dispersed on the 

surface of the CeO2 nanocubes, which is further confirmed by the energy-

dispersive spectroscopy (EDS) mapping (Figure 4.21c). 

 
Figure 4.22 (a) PL spectrum of the SL-MoS2 (excitation wavelength: 400 nm). (b) 
TRPL spectra and (c) the POWS activity of the Ru:SL-MoS2 assembled with the 
polar and non-polar oxide supports. The TRPL spectra were recorded at a probe 
wavelength of 680 nm. 
 
The charge separation process of the assembled materials was investigated by 

photoluminescence (PL) spectroscopy. The PL spectrum of the SL-MoS2 shows a 

broad emission band ranging from 600 nm to 800 nm (Figure 4.22a). The charge 

carrier lifetimes of the Ru:SL-MoS2 were much prolonged after assembled with the 

polar faceted oxide materials, showing a more than four-fold improvement from 

1.02 ns to 4.53 ns after mixed with CeO2 NCs, and for the assembly with the 

MgO(111) and ZnO NPs, the lifetimes were increased to 3.10 ns and 1.32 ns, 

respectively. However, those that combined with the non-polar metal oxides 

showed no such obvious change (Figure 4.22b). Subsequently, the photocatalytic 

water splitting performance of these assembled materials were evaluated. 

Excitingly, the photocatalytic activity of Ru:SL-MoS2 was greatly enhanced after 

assembled to the polar-faceted oxides. As seen in Figure 4.22c, the Ru:SL-

MoS2/CeO2 NCs shows a high H2 evolution rate of 2977 μmol g-1h-1 under visible 
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light irradiation, while those of Ru:SL-MoS2/MgO(111) and Ru:SL-MoS2/ZnO NPs 

are 2184 μmol g-1h-1 and 1152 μmol g-1h-1, respectively. On the other hand, the 

combination with their non-polar counterparts were also tested which still showed 

no improvement of the photocatalytic activities of overall water splitting reaction 

(Figure 4.22c). It is noted that there has been nearly 4 times promotion of activity 

when blended with polar CeO2 NCs support. It is noted that CeO2 is also a good 

catalyst due to its high oxygen mobility, and it is used in the solid oxide fuel cells.26 

In addition, ZnO has been used in the Z-scheme photocatalytic systems to form 

heterojunctions for better charge separation.27 Some may argue that the enhanced 

POWS activity is due to these favourable properties of the oxide supports. 

Obviously, the greatly prolonged lifetime of the photo-generated charge carriers 

finally results in the remarkable enhancement of photocatalytic activities.  

 
Figure 4.23 (a) The charge carrier lifetime and (b) the POWS performance of the 
Ru:SL-MoS2 photocatalysts promoted by the polar-faceted oxide supports plotted 
against the electronegativities of the metal elements. 
 
To strike more understanding of the controlling of the charge separation process 

via the polarisation effect by using polar-faceted oxides, we tried to find the 

relationship between the polarity and photocatalytic activities. Obviously, polarity 

is related to the electronegativity difference of the metal and oxygen in a polar-
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faceted oxide, and the metal with lower electronegativity gives higher polarity near 

the surface of the polar-faceted oxide in this negative to positive layer configuration. 

Thus, the photocatalytic activities and the charge carrier lifetimes are plotted 

against the polarity, respectively (Figure 4.23). It is interesting to see that both the 

photocatalytic activities and the charge carrier lifetimes showed apparent linear 

relationships with the polarity within experimental errors, which confirmed that the 

charge carrier lifetime of a photocatalyst can be proportionally prolonged by the 

local electric field introduced by the polarisation effect of the polar-faceted oxide 

supports. 

4.3.2.5 Assembly of Ru:SL-MoS2 and LDHs 

 
Figure 4.24 XRD patterns of different Mg-contained LDHs prepared by co-
precipitation method. 
 
Bearing in mind that the local polarisation effect observed so far should not be 

limited to the polar-faceted metal oxides, but can be extended to other material 

systems, thus, further exploration of the local polarisation effect was attempted on 

layered double hydroxides (LDHs). LDHs are also well-defined materials with 

layered structures, which consist of metal layers and hydroxide layers carrying 
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alternative negative and positive charge along their main crystallographic [100] 

direction. Thus, the LDHs can also introduce a local electric field via the surface 

polarity. Moreover, the surface polarity can be more flexibly controlled by changing 

the metal elements and ratios of the LDHs. Various LDHs were thus prepared by 

co-precipitation method, including MgAl-LDH, MgCr-LDH, MgFe-LDH and MgCo-

LDH, and each of them was then assembled with the Ru:SL-MoS2 by refluxing in 

water. As shown in Figure 4.24, the structure of each LDH was confirmed by XRD, 

the characteristic peaks were observed at 2θ=11.4o and 22.9o, implying the 

existence of (003) and (006) facets of the layered structure of the LDHs.28,29 There 

are also some additional peaks in the XRD spectrum of MgCr-LDH, which is 

attributed to Mg(OH)2 and MgO,30 thus, the synthesis of this LDH material needs 

further optimisations in the future research. 

Obviously, the charge carrier separation was substantially facilitated when Ru:SL-

MoS2 was combined with LDHs, the charge carrier lifetime increases from 1.02 ns 

of Ru:SL-MoS2 to 2.62 ns of Ru:SL-MoS2/MgAl-LDH. Photocatalytic activity of 

water splitting reaction was then evaluated likewise. As expected, the 

photocatalytic performance was also apparently enhanced compared with Ru:SL-

MoS2. It is exciting to see that the most common MgAl-LDH showed the highest 

enhancement factor among the four selected LDHs, leading to a H2 evolution rate 

of 1811 μmol g-1h-1 (as can be seen from Figure 4.25), which is among the best of 

the visible-light-driven overall water splitting systems. The layered structure of 

LDHs allows the formation of the oriented polarisation inside the LDHs, which 

leads to the presence of the local electric field near the surface, therefore prolongs 

the lifetime of the photo-generated charge carriers in the Ru:SL-MoS2, resulting in 

the enhanced photocatalytic activities (Figure 4.25).  



Chapter 4 Effects of the local electric field on photocatalytic overall water splitting 
reaction 

148 
 

4.3.2.6 Correlation of polarisation and POWS performance 

Now that the promotion of polarisation effect introduced by polar-faceted metal 

oxides and LDHs as supports have been studied separately, then for better 

understanding of this effect and further rational design of photocatalysts with 

prolonged the charge carrier lifetimes, the unification of the two systems must be 

achieved. It should be taken into account that the binary metal oxides and LDHs 

have different compositions and structures. Thus, the contribution of Mg and the 

corresponding trivalent metal should both be taken into account, and the metal 

ratios should be considered. So, a total polarity is developed as shown in the 

following equations: 

For polar-faceted metal oxides:  

 Total	polarity	𝜒T =	𝜒XYZKD= − 𝜒EDMF[ Equation 4.1 

For LDHs: 

 Total	polarity	𝜒T =	𝜒XYZKD= − (𝜒\K × 𝜔\K + 𝜒/ × 𝜔/) Equation 4.2 

where 𝜒XYZKD=, 𝜒EDMF[, 𝜒\K, 𝜒/ are the electronegativity of oxygen, metal ions in 

metal oxides, magnesium and the trivalent metal ions in the LDHs; and 𝜔\K, 𝜔/ 

are the molar percentage of magnesium and the trivalent metal in the LDHs. 

In Equation 4.1, the 𝜒T  of polar-faceted oxides is defined by the difference 

between the electronegativity of oxygen and metal; while for those of LDHs, both 

trivalent metal and bivalent metal (Mg) are considered, and the contribution of 

each is normalised depending on the molar ratio, as demonstrated in Equation 4.2. 

Then all the photocatalytic activities and the charge carrier lifetimes of the Ru:SL-

MoS2 based materials are plotted against the 𝜒T. Interestingly, linear relationships 

are clearly observed, as a result, the charge carrier lifetimes are found proportional 
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to the 𝜒T (Figure 4.25a), which confirms that the charge separation process can 

be controlled by tuning the local polarity through different polar-faceted supports. 

Such facilitated charge separation therefore contributes to the enhanced 

photocatalytic performance, making the photocatalytic water splitting activities 

also proportional to the total polarities 𝜒T  (Figure 4.25b). Strong LEF is exerted to 

the catalyst by the surface of the polar-faceted materials, and such polarisation 

effect prolong the lifetime of the charge carriers at the interfaces, which largely 

enhances the photocatalytic activities. So far, the CeO2 NCs shows the highest 

enhancement because of its strongest polarity of Ce-O bond (which is 

perpendicular to the exposed (100) surfaces of the CeO2 nanocubes) according to 

the difference in electronegativity between Ce and O. 

 
Figure 4.25 The semi-quantitative relationships of total polarity 𝜒T of the Ru:SL-
MoS2 photocatalyst enhanced by polar-faceted metal oxides and LDHs supports 
(a) the relationship between total polarity 𝜒T and the charge carrier lifetime. (b) the 
relationship between total polarity 𝜒T and the photocatalytic H2 evolution rates. 
 
Ru:SL-MoS2 and Ru:SL-MoS2/CeO2 NCs were then tested for 10 hours, both of 

which showed good stability without obvious change of the H2 evolution rates. As 

shown in Figure 4.26a. Both catalysts showed a stable and stoichiometric 

production of H2 and O2. It is widely agreed that for a photocatalytic system, the 
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QE, which evaluates the conversion efficiency of the photons at a certain 

wavelength to H2, is one of the most important parameters when evaluating the 

performance of renewable solar energy to H2 fuel systems.31  

 
Figure 4.26 (a) POWS activity tests over Ru:SL-MoS2 with and without polar CeO2 
NCs support at constant rate for 10 hours. This figure shows the amount of the 
evolved H2 gas (in μmol) against the reaction time. Conditions: the amount of 
catalyst that contains 5 mg of the Ru:SL-MoS2 was added to 10 mL of deionised 
H2O in a 25-mL batch reactor under vigorous magnetic stirring, and Ar gas was 
used as the inert gas. Then the batch reactor was heated up to 270 oC and 
maintained for different reaction time before cooling down to room temperature. 
(b) QEs of Ru:SL-MoS2 with and without the polar CeO2 NCs at different 
wavelengths.  
 
Different from the overall solar-to-hydrogen conversion efficiency or H2 evolution 

rate, the QE provides more detailed and fundamental information about the 

photocatalytic systems, bearing in mind that a photocatalyst performs differently 

when harnessing the photons at different wavelengths. Remarkable QE has been 

frequently reported in the presence of sacrificial reagents, unfortunately, for the 

overall water splitting system, almost all the reported QEs were extremely low 

under the visible light irradiation (rarely exceeding 5% at 420 nm), which cannot 

reach the requirement of any practical applications. In our photocatalytic system, 

the QE was evaluated at 270 ℃ with the highest water ionisation at wavelengths 
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ranging from ultraviolet to visible light using different band pass filters. As 

illustrated in Figure 4.26b, high QE of about 90% were obtained for each 

photocatalyst at 385 nm due to high absorption, and it is exciting that when the 

light irradiation is changed to visible light, an extraordinary QE of 66.8 % for Ru:SL-

MoS2/CeO2 NCs can still be maintained at 437 nm, which is more than 10 times 

higher than most results reported so far. QE sharply drops with further increasing 

the wavelength due to the rapid decrease of photon absorption at longer 

wavelengths. However, the MoS2-based photocatalysts show considerable QE of 

7.5 % at even 650 nm at elevated temperature. Similarly, the POWS reaction was 

also performed in the light furnace to mimic the solar light concentrator without any 

direct thermal energy input from an electrical device. The reactor temperature of 

270 oC is maintained by this light source, and a constant H2 evolution rate of about 

3 mmol g-1 h-1 and 10 mmol g-1 h-1 are achieved over Ru:SL-MoS2 without and with 

a polar CeO2 support, respectively, indicating the great potential of further 

application of this photocatalytic water splitting system over nano-catalysts 

4.4 Conclusion 

In conclusion, the electric field effects on N-TiO2 and SL-MoS2 based 

photocatalysts were systematically demonstrated in this chapter. All the 

photocatalysts exhibited greatly enhanced activity for the POWS reaction at 

elevated temperature with a LEF introduced by polar-faceted supports. It was 

demonstrated that the photo-generated charge carrier separation can be 

substantially facilitated by assembling with polar-faceted materials, which can 

exert strong LEF in proximity of the interfaces. The resulted prolonged the charge 

carrier lifetimes allow the charge carriers travel to the surface of the photocatalysts 

and make the subsequent chemical reactions take place. Deeper understandings 
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of the relationships between the strength of LEF, photocatalytic activity and charge 

carrier lifetime were obtained by studying the Ru:SL-MoS2 supported on different 

polar-faceted supports, with the help of TRPL. The results have shown that both 

the photocatalytic activity and the charge carrier lifetime exhibit an obvious linear 

relationship with the strength of the LEF. Therefore, the local polarisation effect is 

confirmed to show strong enhancement to photocatalysis by promoting the 

separation of the photoexcited electron-hole pairs. This observation provides a 

simple but versatile approach to control the recombination process and rationally 

design the photocatalysts using polar support materials, for not only the water 

splitting system, but also other valuable photocatalytic processes, which may also 

contribute to the future utilisation of solar energy. 
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5.1 Introduction 

It is quite obvious that most photocatalytic overall water splitting (POWS) systems 

reported so far are greatly hindered by the intrinsic slow generation but fast 

recombination of the photo-generated charge carriers.2 In the previous chapters, 

it was demonstrated that the separation of the photo-generated charge carriers 

and the regeneration of oxygen vacancies (VOs) can be promoted by using 

elevated temperatures, which leads to enhanced water dissociation and 

favourable reaction kinetics (Chapter 3).3–6 Such observation enabled further 

investigation of the impacts of local fields: for example, it is illustrated that the 

charge carrier lifetime and the POWS activity are both enhanced linearly by the 

local electric field introduced by polar-faceted materials at 270 oC (Chapter 4).3,5 

Building upon these previous observations, more efforts have been made to find 

a more facile and efficient method to facilitate the separation of the charge carriers. 

Although the effects of magnetic field in chemical reaction have been studied in 

some early organic research since 1920s,7–9 their application in the POWS 

reaction using solid-state photocatalysts has rarely been investigated, because it 

is generally believed that the Zeeman energy produced by a magnetic field is 
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negligible compared to the Gibbs free energy of the POWS reaction (ca. 273 kJ 

mol-1).10,11  Here in this chapter, I systematically explored the magnetic field effects 

(MFEs) on POWS performance as a novel non-contact technique at elevated 

temperatures over N-doped TiO2 (N-TiO2) photocatalysts.  

5.2 Objectives 

The MFEs on particulate POWS system has scarcely been reported before, 

but studies on MFEs for other photocatalytic systems are emerging recently, 

including nitrogen fixation,12 denitrification of contaminated water,13 CO2 

conversion,14 and dye degradation,10,11,15 where an external magnetic field 

is applied during material preparation or reaction. Such effects have been 

attributed to the enhanced adsorption of charged species,13 regulation of 

internal field,12 facilitated migration of charge carriers,19,20 etc. Obviously, 

even though the Zeeman energy is small, MFEs can contribute to 

photocatalysis through other pathways. However, it should be noted that 

conventional semiconductor photocatalysts such as TiO2 exhibits very low 

magnetic flux even under strong magnetic fields,10–13 hence giving 

insignificant effect on the photocatalytic performance. Moreover, the 

mechanism of the MFEs has not been systematically studied in the reported 

works, thus deep understandings of such effects are still absent. Lorentz 

force can be produced on charge carriers, the strength of which is dependent 

on charge, relative velocity and magnetic induction intensity. The Lorentz 

force is always vertical to the moving direction, which changes the 

movement of the charge carriers according to the left-hand rule. In general, 

excited electrons and holes are generated upon irradiation, where positive 

and negative charges are staying very close and moving together. Under the 
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influence of a local magnetic field, the positive and negative charges 

experience the Lorentz forces to the opposite directions, which will facilitate 

the separation especially at elevated temperature, therefore prolonging the 

lifetime.  

Here in this chapter, I have demonstrated that by placing the N-doped TiO2 

(N-TiO2) photocatalyst in proximity to the superparamagnetic Fe3O4 

nanoparticles (NPs) under an external magnetic field, a very strong local 

magnetic flux can be induced, which leads to an efficient H2 and O2 evolution 

in a stoichiometric 2:1 ratio from pure water under visible light irradiation at 

270 oC. An extraordinary H2 evolution rate (21.2 mmol g-1 h-1), QE (e. g. 88.7 % 

at 437 nm) and an unprecedented STH efficiency of 11.9±0.5% can be 

achieved, exceeding the practical STH target of 10 %. An overall energy 

efficiency of 1.16±0.05% has been demonstrated as well. Investigations of 

the charge and spin properties of electrons suggest that this remarkable 

enhancement originates from the magnetically induced Lorentz force 

facilitating the charge separation, as well as the dramatic suppression of 

charge carrier recombination in a strong spin-polarised energy band in N-

TiO2 during illumination. This facilitates alternative reaction routes to charge 

relaxation by water splitting at a high rate at elevated temperature. 

Mechanism of the MFEs was explored with the help of time-resolved 

photoluminescence (TRPL) technique and first-principles density-functional 

theory (DFT) calculations, and the contribution of each effect was studied 

quantitatively at different magnetic field strengths.  
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5.3 Results and discussion 

5.3.1 Characterisations of the magnetic photocatalysts 

5.3.1.1 Structural and morphological characterisations 

 
Figure 5.1 Schematic illustration of the encapsulation of Fe3O4 NPs by the reverse 
micelle method. 
 
Superparamagnetic Fe3O4 NPs encapsulated in silica were initially synthesised 

using a method adopted from our previous study in order to obtain an enhanced 

local magnetic flux under an external magnetic field (Figure 5.1).16 High-resolution 

transmission electron microscopy (HRTEM) was then engaged to characterise the 

morphology of the as-prepared materials. As shown in Figure 5.2, the length of ten 

lattice fringes of a Fe3O4 nanoparticle was measured to be 2.979 nm, of which the 

lattice spacing is 0.298 nm, corresponding to the (220) plane of Fe3O4 structure. 

 
Figure 5.2 Left: HRTEM image of an Fe3O4 NP. Right: 10 d-spacings between 11 
consecutive lattice fringes are selected and shown in this figure, of which the total 
distance is 2.979 nm, thus, an average d-spacing can be calculated as ca. 0.298 
nm, corresponding to the (220) plane of Fe3O4 structure. 
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Figure 5.3 (a) TEM images of Fe3O4 NPs (8 nm). (b) TEM image of Fe3O4@SiO2. 
These images were acquired by Dr. Tianyi Chen. 
 
TEM clearly shows the well-dispersed Fe3O4 NPs have been synthesised with a 

high crystallinity, giving a mean particle size of ca. 8 nm, as shown in Figure 5.3a. 

Subsequently, using a reverse micelle method, the Fe3O4 NPs are successfully 

encapsulated in silica, forming a core/shell nano-structure (denoted as 

Fe3O4@SiO2) with an average shell thickness of ca. 26 nm, as shown in Figure 

5.3b. 

 
Figure 5.4 Left: Mössbauer spectra of the Fe3O4 NPs with different mean particle 
sizes (black: collected overall response curves; blue and red (superparamagnetic): 
Fe3O4 phase; green: Fe2O3 phase). Right: Quantitative analysis of the Mössbauer 
spectra shown on the left, indicating the composition of Fe3O4 and Fe2O3 in each 
sample. 
 
The synthesis of Fe3O4 NPs with different mean sizes was also attempted by 
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controlling the amount of the surfactant, which leads to the coexistence of Fe2O3 

and Fe3O4 phases.16 The two phases were differentiated quantitatively by 

Mössbauer spectroscopy (Figure 5.4). It was noticed that larger particle size gives 

rise to a larger proportion of the Fe2O3 phase due to the partial oxidation. Therefore, 

the Fe3O4 NPs with a mean size of 8 nm is further studied in order to explore the 

effects of the local magnetic flux. 

Characterisations were carried out on X-ray diffraction (XRD), as shown in Figure 

5.5. The XRD pattern of pure magnetic Fe3O4 NPs gives the characteristic peaks 

at 2θ values of 30.40°, 35.58°, 53.72°, 56.58°, and 62.74°, representing well the 

single phase crystalline fcc structure of Fe3O4.17 

 
Figure 5.5 XRD patterns of Fe3O4 NPs, Fe3O4/N-TiO2-2, and N-TiO2, obtained on 
the Bruker D8 Advance diffractometer in the Department of Chemistry. 
 
Unfortunately, the Fe3O4@SiO2 did not show any photocatalytic activity toward the 

POWS reaction under visible light irradiation, because of the large band gap of 

SiO2 as the shell, while Fe3O4 in the core can hardly absorb the light irradiation 

or reach the chemical species in the solution. Subsequently, the Fe3O4 NPs were 

then combined with TiO2 via a sol-gel method, followed by a high-temperature NH3 
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treatment for N-doping, with a Fe3O4 content of 20 wt.% (denoted as Fe3O4/N-

TiO2-2). The XRD pattern shows peaks at 2θ = 25.48o, 38.06o, 48.21o, 54.19o, 

55.28o and 62.91o, indicating the existence of anatase phase TiO2, and no phase 

transformation to rutile phase can be observed (Figure 5.5). 

5.3.1.2 XPS of Fe3O4/N-TiO2 materials 

 
Figure 5.6 (a) XPS survey spectra of Fe3O4/N-TiO2-2. (b) Fe 2p XPS spectra of 
Fe3O4/N-TiO2-2 obtained at different ion-sputtering times. Etching was achieved 
by an Ar+ sputtering gun with a etching rate of 1 nm min-1. High resolution (c) Ti 
2p, (d) N 1s and (e) O 1s XPS spectra of Fe3O4/N-TiO2-2 without ion-sputtering. 
 
Depth-profiling X-ray photoelectron spectroscopy (XPS) was performed to 

investigate the chemical species of Fe3O4/N-TiO2-2. The sample was etched by 

an ion-beam for different time periods so as to obtain the chemical information 

from the surface/subsurface to the inner region. A typical XPS survey spectrum 

shows peaks of N 1s, O 1s, Ti 2p and Fe 2p (Figure 5.6a). Moreover, the Fe 2p 

peaks show an increasing trend when the sample is sputtered, indicating the 
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Fe3O4 NPs are mostly encapsulated in the N-TiO2 (Figure 5.6b and Table 5.1). 

High resolution XPS spectra of Ti 2p, N 1s and O 1s are also shown in Figures 

5.6c-5.6e, indicating that the doped N atoms mainly take up the substitutional 

positions, with a small portion occupying the interstitial sites, which is similar to 

what has been demonstrated in more details in Chapter 3. 

Table 5.1 The concentration of Fe species in the Fe3O4/N-TiO2-2 at different 
etching times derived from the XPS spectra in Figure 5.6b. 

Etching 
time (min) 

Fe concentration 
(wt. %) 

0 3.23 

0.5 16.28 

1 26.37 

 
5.3.1.3 EPR of Fe3O4/N-TiO2 materials 

Continuous wave electron paramagnetic resonance (CW-EPR) was performed at 

room temperature using an X-band (9.39 GHz) microwave to observe the VOs in 

the photocatalysts (Figure 5.7). The Fe3O4 NPs gives a very broad and strong 

resonance signal at a field of around 3150 Gauss, due to the unpair electrons of 

the paramagnetic Fe(II) and Fe(III) species and the dipolar interaction between the 

NPs18. The EPR experiments were also carried out on the Fe3O4/N-TiO2-2 

photocatalyst before and after the N doping, both of which showed much smaller 

EPR signal compared with that of the Fe3O4 NPs due to the magnetic dilution of 

TiO2. Also, the strong and broad signal of Fe3O4 NPs makes the signal changes of 

the TiO2 species not distinguishable. Therefore, measurements were performed 

on pure anatase TiO2 and N-TiO2 which was synthesised following the same 

procedure and N doping. Apparently, pure TiO2 is observed silent on the EPR, 

while after N doping, a peak at a g-value of 2.003 can be observed as shown in 
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Figure 5.7d, which is attributed to surface VOs.19 The VOs were created during the 

ammonia treatment in accordance to our previous study showing that more VOs 

can better harness the visible light and facilitate the O2 evolution reaction3,19. 

Moreover, further EPR measurements were carried out by calcining the N-TiO2 in 

an Ar flow at different temperatures for 1h and allowed to naturally cool down to 

room temperature. Then the sample was exposed to air for 10 min before EPR 

measurements. As can be seen in Figure 5.7a, it showed an anisotropic g tensor 

(gzz=2.026, gyy=2.006, gxx=1.998), which is originated from the 𝑂/∙?  radicals 

(resulted from the O2 molecules stabilised on the surface VOs);20 another signal of 

g=2.012 was observed which can be attributed to the doped interstitial N species. 

Clearly, the signal of 𝑂/∙? radicals indicative to the surface VOs increases with the 

calcination temperature; while the signal of doped N remains the same. 

 
Figure 5.7 EPR study of the magnetic photocatalysts. (a, b) EPR spectra of N-
TiO2 calcined in Ar at different temperatures. (c) EPR spectra of Fe3O4 NPs, 
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Fe3O4/N-TiO2-2 and Fe3O4/TiO2-2. (d) EPR spectra of N-TiO2 and TiO2. 
 
5.3.1.4 UV-Vis absorption of Fe3O4/N-TiO2 materials 

 
Figure 5.8 UV-Vis diffuse reflectance spectra of N-TiO2 and TiO2. Spectra were 
recorded within the wavelength range of 250-1100 nm at room temperature and 
converted using the Kubelka-Munk function. 
 
The visible light absorption of the material was also substantially enhanced after 

N doping, which was investigated by UV-Vis DRS (Figure 5.8). Apparently, the 

original absorption edge of the pristine TiO2 at around 400 nm was greatly 

extended, and the N-doped TiO2 showed strong absorption at even 1000 nm, 

which covers the whole visible light spectrum and some near infrared regime.  

5.3.1.5 Magnetic properties of Fe3O4/N-TiO2 materials 

The magnetic properties of the Fe3O4 NPs, Fe3O4/N-TiO2-2, and N-TiO2 were 

investigated with a superconducting quantum interference device (SQUID) 

magnetometer, and the magnetisation curves of the materials are shown in Figure 

5.9. The saturation magnetisation (Ms) values of Fe3O4 and Fe3O4/N-TiO2-2 are 

1.82×105 and 6.85×104 A m-1 (43.01 and 16.19 emu g-1 in CGS unit system). The 

saturated magnetisation value of the Fe3O4/N-TiO2-2 is smaller than the Fe3O4 

NPs because of the inclusion of the N-TiO2. The as-prepared samples exhibit 
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superparamagnetic feature as seen in Figure 5.9 since the Fe3O4 around 8 nm is 

smaller than the critical size of 20 nm. Due to the lack of magnetic coupling, the 

materials can be magnetised under an external magnetic field but will not retain a 

substantial residual magnetism upon removal of the external field.  

 
Figure 5.9 (a) Magnetisation curves of Fe3O4 NPs, Fe3O4/N-TiO2-2 and N-TiO2. 
(b) Magnetisation curves of Fe3O4/N-TiO2 photocatalysts with different contents of 
Fe3O4 NPs. 
 
5.3.2 POWS performance and optimisations 

5.3.2.1 Effects of local magnetic flux density 

The photocatalytic performances of the as-prepared photocatalysts were then 

evaluated for the POWS reaction at 270 oC under a visible light irradiation, which 

is the optimal temperature in this POWS system as discussed in the previous 

chapters. Different metal NPs were deposited on the Fe3O4/N-TiO2-2 photocatalyst 

via a photo-reduction method, since previous studies have shown that deposition 

of noble metal such as Au and Pt can greatly improve the H2 evolution 

performance.3,21–23 According to the volcanic curve for the electrocatalytic H2 

evolution reaction, Pt has the optimal adsorption energy with H2, followed by Pd 

and Ru.24,25 Basically, the POWS activity of the metal-deposited photocatalysts 
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follows this volcano curve, however, the Au-decorated Fe3O4/N-TiO2-2 showed the 

highest POWS activity in this case (Figure 5.10a), which is not in accordance with 

the volcano curve. Therefore, as mentioned previously in Chapter 3, I believe that 

the localised plasmon resonance effect of the Au NPs could play a role in this 

POWS system, which has been extensively studied in the Au/TiO2 system in 

literature,26,27 but is not studied in detail in this thesis.  

 
Figure 5.10 (a) POWS performance of the Fe3O4/N-TiO2-2 photocatalyst 
decorated with 1 wt.% of different metal NPs via a photo-deposition method. (b) 
POWS performance of the Au-decorated Fe3O4/N-TiO2-2 photocatalyst with 
different Au loading amounts. NMF: no magnetic field; MF: with magnetic field. (c) 
Isotopic study of the POWS reaction on Fe3O4/N-TiO2-2 photocatalyst decorated 
with 1 wt.% of Au NPs. The products were measured by mass spectrometer (Hiden 
Analytical) after the reaction time labelled in each figure, as indicated in the figure. 
All signals are re-scaled by the signal of the inert component Ar (The relative 
intensity of Ar is 100 %). 
 
Then the loading amount of Au NPs was optimised, as shown in Figure 5.10b. 

Clearly, the POWS activity levels off when the loading amount is increased beyond 
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1 wt.%; Moreover, the activity shows a small drop when the loading reaches 4 

wt.%, which is presumably due to the shielding effect of the NPs, resulting in less 

photons reaching the N-TiO2.28 Consequently, 1 wt.% Au NPs were used for all the 

photocatalysts as a H2 evolution cocatalyst. Initial experiments were performed 

over N-TiO2 and Fe3O4/N-TiO2-2 photocatalysts without external magnetic field, 

both of which showed good performance toward POWS, giving similar H2 evolution 

rates of around 7000 µmol g-1 h-1. Control experiments were also performed, which 

confirmed that Fe3O4 NPs, SiO2 and Fe3O4@SiO2 all showed no detectable H2 

evolution, indicating that N-TiO2 is the only photocatalytically active component in 

the catalysts under these conditions. Moreover, no activity could be observed at 

elevated temperatures if either the light illumination or a photocatalyst is absent. 

The stoichiometry of products (H2 and O2) was investigated quantitatively by gas 

chromatograph, which indicates a H2:O2 ratio of 2.01±0.04 throughout this work. 

N2 was not detected in the gaseous products, which excludes the influence of 

mixed air in the system. The isotopic studies were then carried out by using D2O 

rather than H2O to confirm that H2 is generated from the POWS reaction instead 

of the photocatalyst itself or any other possible organic contaminants (Figure 

5.10c). Also, the influence of electron transfer between N-TiO2 and Fe3O4 NPs was 

excluded by introducing an insulated silica layer in between (Fe3O4@SiO2/N-TiO2-

2), which showed similar POWS activity as that of Fe3O4/N-TiO2-2 without the silica 

layer. The amounts of Fe3O4 and N-TiO2 were maintained the same in each 

catalyst and neither SiO2 nor Fe3O4@SiO2 showed any activity toward the POWS 

reaction. Thus, the following studies were carried out with the Fe3O4/N-TiO2 

materials without the silica layer. 

Subsequently, to study the MFE on the POWS system, an external static magnetic 
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field of 180 mT was applied by two paralleled permanent magnets near the reactor. 

The applied external magnetic flux density Bexternal in the centre of the two magnets 

was measured by a Gauss metre.  Excitingly, the POWS activity of Fe3O4/N-TiO2-

2 increases to 12210 µmol g-1 h-1, showing an enhancement of 76%.  The 

photocatalytic activity of the N-TiO2, however, almost keeps the same. The lack of 

a detectable change on N-TiO2 with and without an external magnetic field 

indicates its weak field flux density whereas superparamagnetic Fe3O4 

nanoparticles can generate much stronger local field flux upon magnetisation. The 

M-H curves of the samples in Figure 5.9 exhibit that the Fe3O4 NPs are crucial for 

providing sufficient local magnetic field induced by the external field.  

 
Figure 5.11 (a) POWS activity tests of Fe3O4/N-TiO2-2 under external magnetic 
field of different strengths; (b) POWS activity tests of N-TiO2 and Fe3O4/N-TiO2 
photocatalysts with and without external magnetic field (180 mT) (NMF=no 
magnetic field, MF=magnetic field). 1 wt.% Au was deposited onto the 
photocatalysts via the photo-reduction method before use. 
 
More explorations were attempted to further confirm the influence of the magnetic 

field on the POWS system. For a magnetic-field-promoted catalytic system, the 

enhancement of the photocatalytic performance should show dependency on the 
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intensity of the external magnetic field. Therefore, the POWS performance was 

then evaluated in magnetic fields of different intensities by changing the distances 

between the permanent magnet to the centre of the batch reactor. The permanent 

magnet was placed at different distances which results in the field strengths of 105 

mT and 10 mT, respectively. The photocatalytic performance was then evaluated, 

showing a decreasing trend as the field strength is reduced (Figure 5.11a). 

Apparently, the POWS activity over Fe3O4/N-TiO2-2 is clearly dependent on the 

strength of the external magnetic field, while the pure N-TiO2 hardly shows any 

responses to the external magnetic field change. 

To further understand the local MFEs on the POWS system over N-TiO2 based 

photocatalysts, a series of Fe3O4/N-TiO2 photocatalysts with increasing Fe3O4 NPs 

contents were fabricated (the amounts of the Fe3O4 NPs in Fe3O4/N-TiO2-1, 

Fe3O4/N-TiO2-2, Fe3O4/N-TiO2-3 and Fe3O4/N-TiO2-4 are 10 wt.%, 20 wt.%, 30 wt.% 

and 40 wt.%, respectively). Then the magnetisation curves of the samples were 

measured by SQUID, as shown in Figure 5.9b. Apparently, the saturated 

magnetisation values vary with the Fe3O4 NPs content. The POWS activities were 

then tested at 270 oC as well under visible light irradiation with an external 

magnetic field of 180 mT. The results are shown in Figure 5.11b, which clearly 

indicates that the magnetic photocatalysts become more sensitive to the external 

magnetic field as the content of the Fe3O4 NPs increasing. This can be attributed 

to the stronger local magnetic flux induced by the external static magnetic field, as 

indicated by the magnetisation curves: the photocatalysts which contain more 

Fe3O4 show stronger magnetism, which means a stronger induced local magnetic 

field flux will be generated in close proximity to the photocatalysts. The above 

observation further confirms that the POWS activities strongly depend on the 
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intensity of the local magnetic flux induced by the external magnetic field, implying 

the dramatic MFEs in the POWS systems.  

Similar work has also been undertaken on the commercially available P25 TiO2 to 

simplify the catalyst design. It was doped with N and then combined with the Fe3O4 

NPs. The resulted photocatalyst contains 40 wt.% of Fe3O4 NPs, the same as that 

in the Fe3O4/N-TiO2-4. Excitingly, the simple mixture of N-doped P25 and Fe3O4 

NPs results in a significantly enhanced POWS performance in the external 

magnetic field (180 mT), making such magnetic field promoted system more 

practical for further application. It is noteworthy that in this case, the Fe3O4 NPs 

have not experienced any high-temperature ammonia treatment. Although this 

catalyst exhibited slightly lower enhancement under external magnetic field due to 

geometric longer distance between the magnetic phase from catalytic sites, the 

high-temperature ammonia treatment causing insurmountable issue on the Fe3O4 

nanoparticles is not evidenced. Similar work has also been attempted on 

commercial ST-01, which exhibits a similar conclusion. 

5.3.2.2 Effects on separation of charge carriers 

Time-resolved photoluminescence (TRPL) was engaged in this study to 

investigate the changes of charge separation process with or without an external 

magnetic field, therefore to understand the MFEs more comprehensively. N-TiO2 

and Fe3O4/N-TiO2-2 photocatalysts were firstly measured. Obviously, both 

materials show similar charge carrier lifetimes when an external magnetic field is 

absent; while the charge carrier lifetime of Fe3O4/N-TiO2-2 was substantially 

prolonged when the magnetic field of 180 mT was applied, and that of the pure N-

TiO2 remain unchanged. Such difference of the response to the external magnetic 

field coincides well with what was observed in the POWS activity tests. Therefore, 
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the enhanced POWS activities are attributed to the facilitated charge carrier 

separation.  

 
Figure 5.12 (a) TRPL spectra of Fe3O4@N-TiO2-2 with an external magnetic field 
of different strengths. (b) TRPL spectra of Fe3O4/N-TiO2 photocatalysts with an 
external magnetic field of 180 mT. (c) TRPL spectra of Fe3O4/N-TiO2 
photocatalysts without the external magnetic field. The Fe3O4NPs content was set 
to be 10%, 20%, 30% and 40 wt% for Fe3O4/N-TiO2-1, Fe3O4/N-TiO2-2, Fe3O4/N-
TiO2-3 and Fe3O4/N-TiO2-4, respectively. 
 
As mentioned earlier in this chapter, charge carriers can be influenced by the 

Lorentz force when moving in a magnetic field, and the electrons and holes 

experience the Lorentz forces to different directions when they are moving 

together, according to the left-hand rule. Additionally, magnetisation curves 

showed that the Fe3O4/N-TiO2-2 photocatalyst can be readily magnetised which 

means a strong local magnetic flux can be induced near the Fe3O4 NPs. Apparently, 

the Lorentz force from the strong local magnetic flux density can greatly facilitate 

the separation of charge carriers, which results in the prolonged charge carrier 

lifetime, as indicated by the TRPL results (Figure 5.12). Subsequently, further 

TRPL experiments were carried out on Fe3O4/N-TiO2-2 photocatalyst under 

magnetic fields with different field strengths. Not surprisingly, the charge carrier 

lifetime increased with the magnetic field strength, confirming that the changes of 

the charge carrier lifetime are due to the applied magnetic field, and also 

suggesting that the charge recombination process is supressed more significantly 
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under a stronger induced magnetic field (Figure 5.12a).  

Photocatalysts with different Fe3O4 NPs contents were then tested, and all the 

samples show similar TRPL spectra without external magnetic field (Figure 5.12c). 

When measured with an external magnetic field of 180 mT, TRPL results show that 

the charge carrier lifetime was prolonged more substantially as the content of 

Fe3O4 increasing (Figure 5.12b), which is in accordance with the previous 

magnetisation experiments and the POWS activity tests. Our previous reports 

showed that elevated temperatures solely would not obviously influence the 

charge carrier lifetime in our system.3,5 The above observations indicate that the 

charge separation in the Fe3O4/N-TiO2 photocatalysts is dominated by the local 

magnetic flux induced by the external magnetic field, therefore the N-TiO2 showed 

no significant response to the magnetic field because of the weak local magnetic 

flux it could generate. In addition, the MFEs become more efficient when the 

external magnetic field is stronger, since stronger external field will induce stronger 

local magnetic flux according to the magnetisation curves (Figure 5.9). This could 

also explain the reason why the samples contain more Fe3O4 NPs show higher 

response to the external field even under a fixed external field. 

5.3.2.3 Electron holography of Fe3O4/N-TiO2 materials 

Combined correlative off-axis electron holography in TEM and energy dispersive 

X-ray spectroscopy spectrum imaging in STEM has been studied. It has been 

known that the off-axis electron holography allows to recover the electron optical 

phase shift of electrons that interact with the in-plane components of the 

electromagnetic field present within and around the sample.29 The EDX chemical 

measurements were to map the Fe3O4 within the agglomerates and correlate to 

the phase measurements of the N-TiO2. Agglomerated areas of the Fe3O4/N-TiO2-
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2 and Fe3O4/N-TiO2-4 samples were briefly examined using both off-axis electron 

holography and EDX imaging, as shown in Figure 5.13.  

 
Figure 5.13 Energy dispersive X-ray spectroscopy (EDS) and the correlative off-
axis electron holography studies of the (a) Fe3O4/N-TiO2-4 and (b) Fe3O4/N-TiO2-
2 photocatalysts. The Fe3O4NPs content was 20% and 40 wt.% for Fe3O4/N-TiO2 
and Fe3O4/N-TiO2-4, respectively.  
 
The electrostatic (𝜑E) and magnetic phase shifts (𝜑M) was carefully separated by 

turning the sample over inside the electron microscope and taking the difference 
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of two experiments.29 These preliminary electron holography studies indicated the 

superparamagnetic nature of the photocatalysts (Figure 5.13). It is noteworthy that 

in both POWS activity tests and TRPL measurements, the photocatalysts have 

shown similar responses to the external magnetic field, therefore it is not hard to 

realise that the magnetic field influences the photocatalytic process by inducing a 

strong local magnetic field near the Fe3O4 NPs, which facilitates the charge 

separation and prolongs the charge carrier lifetime, resulting in a greatly enhanced 

POWS performance. 

5.3.2.4 Correlation of MFEs and POWS performance 

As mentioned before, it is known that charged bodies in motion can be affected by 

the Lorentz force produced by a magnetic field, and the photo-generated electrons 

and holes in the Fe3O4/N-TiO2 experience Lorentz forces to opposite directions 

according to the left-hand rule when they are moving together, accounting for the 

prolonged charge carrier lifetime. Therefore, the correlation between the 

enhancement of POWS performance and the local induced magnetic flux density 

Blocal was further investigated to study the Lorentz force effect (Figure 5.14). The 

Blocal of the Fe3O4/N-TiO2 samples can be derived from the M-H curves. The 

Lorentz force is given by F = q (v x B), where the F changes linearly with B. For 

the N-TiO2 sample, the external magnetic field alone shows no obvious effect on 

the POWS performance, when the induced local magnetic field is absent. 

Therefore, only the local magnetic flux generated by the Fe3O4 NPs is considered 

in the correlation. The photocatalytic activity was plotted against the local magnetic 

flux density (Blocal) of the Fe3O4 NPs. Surprisingly, the H2 evolution rate, although 

showing positive correlation with the local magnetic induction Blocal, did not change 

linearly. Also, Fe3O4/N-TiO2 with a higher Fe3O4 content always gives higher 
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POWS performance even the local magnetic flux density is similar (Figure 5.14a). 

It is noticed that the average distance (r) from the core of Fe3O4 NPs to the catalyst 

surface (where the chemical reactions take place) decreases as the concentration 

of Fe3O4 NPs increases and the corresponding magnetic field strength is inversely 

proportional to r2. The distances were measured from the TEM images and then 

the POWS performance was plotted against Blocal/r2 (Bearing in mind that the local 

magnetic flux density decays rapidly with the change of distance, only those Fe3O4 

NPs near the surface were considered. See Figure 5.14d). Interestingly, upon 

calibration of the local magnetic flux density using these distances, all the samples 

appeared to show a similar response to Blocal/r2, exhibiting an overall positive 

correlation. Further scrutiny indicates that the POWS performance increases 

linearly until Blocal/r2= ~0.7, after which point it increases much more sharply, 

deviating from a linear relationship (Figure 5.14b). The linear influence originated 

from the Lorentz force effect could be described as follows: 

 
H/	evolution	rate	 = 	7042.22

𝐁𝐥𝐨𝐜𝐚𝐥
𝐫𝟐 + 6988.42	 

(𝐑𝟐 = 0.9818) 

Equation 5.1 

where 	𝐁𝐥𝐨𝐜𝐚𝐥  is the local induced magnetic flux density and 𝐫  is the average 

distance from the core of Fe3O4 NPs to the catalyst surface. 

Additionally, 40 wt.% Fe3O4/N-TiO2 with different N-doping concentrations were 

also prepared by controlling the temperature of the NH3 treatment during N-

doping,3 and the POWS performance was then tested with and without the external 

magnetic field (180 mT). The POWS reaction was carried out at 270 oC with the 

irradiation of a 300-W Xe lamp which included UV and visible light, considering the 

extremely low absorption of pure TiO2 in the visible light regime. The magnetic field 
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effect (MFE) enhancement of each catalyst was defined as: 

 𝑀𝐹𝐸	𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 =
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦cIMd	\e − 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦f\e

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦f\e
 Equation 5.2 

Clearly, the enhancement introduced by the MFE also shows a linear relationship 

with the N concentration at low doping level but increases sharply when the N 

concentration is higher (Figure 5.14c). Consequently, the above results imply that 

the MFE does not originate solely from the Lorentz force effect, especially when 

the local magnetic field is higher than the critical point of Blocal/r2= ~0.7 and the N-

doping content is increased. Such observations lead us to further investigation of 

the materials using DFT calculations to identify other factors contributing to the 

MFE. 
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Figure 5.14 (a) the relationship between the POWS performance of Fe3O4/N-TiO2 
photocatalysts with different Fe3O4 concentration and the local magnetic induction 
Blocal. (b) The relationship between the POWS performance and Blocal/r2. All error 
bars indicate the standard deviation. (c) The POWS performances of the Fe3O4/N-
TiO2 photocatalysts with different N-doping levels in the N-TiO2, of which the Fe3O4 
concentrations were all maintained as 40 wt.%, tested with an external magnetic 
field of 180 mT. (d) A typical HRTEM image of Fe3O4/N-TiO2-4, from which the 
average distance from Fe3O4 core to the catalyst surface (r) was estimated. The 
distance distribution is shown as inserted. (e) Summary of the average distance r 
(with errors) of each sample. The error bar indicates the standard deviation. 
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5.3.3 Evaluation of the spin-polarisation effect by DFT 

 
Figure 5.15 (a) M-H curve of N-TiO2 photocatalyst after subtraction of the 
diamagnetic signal; (b) The constructed Ti16O28N4 supercell for DFT 
calculation (O: red; Ti: blue; N: purple). (c) Calculated total DOS of Ti16O28N4 
supercell (N-TiO2) and Ti16O32 supercell (pure TiO2) with the local magnetic 
field alignment. (d) Calculated total DOS of the Ti16O28N4 supercell without 
and with the external magnetic field (NMF=no magnetic field; MF=magnetic 
field). 
 
Apart from the electromagnetic properties, the quantum mechanical 

properties of the electron, such as angular momentum (spin) has long been 

neglected in photocatalytic studies. It is noted that magnetic moments exist 

in the N-TiO2 (Figure 5.15a), implying that the cooperative alignment of such 

moments under a magnetic field may influence the POWS performance 

together with the above-discussed Lorentz force effect. It has been reported 
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that N-substitution of O atoms in N-TiO2 of low N content could generate 

defective holes, and the hole-mediated double exchange through the strong 

p-p interaction between N and O can give spins correlation to this material30. 

Considering the XPS spectra showed the doped N were dominantly in the 

substitutional sites, a Ti16O28N4 supercell based on the structure of anatase 

TiO2 with ca. 4.4 wt.% substitutional N-doping derived from our recent study 

(ref. 31) was constructed and studied by the first-principles DFT calculations, 

as shown in Figure 5.15b. 

 
Figure 5.16 (a) 3D spatial distributions of spin polarisation of N-doped Ti16O28N4 
model in defect band with the local magnetic field and (b) that without any external 
magnetic field. Yellow surfaces represent the charge density of spin-up electrons 
and blue surfaces represent the charge density of spin-down electrons. The value 
of the iso-surface is set to be 0.001eV/Å. (c) Calculated partial charge density of 
CBM with the magnetic field. The value of iso-surface is set to be 0.001eV/Å. The 
yellow surfaces represent the distribution of the total electron densities in the CBM 
near each atom. 
 
The calculated total density of states (DOS) of N-TiO2 clearly showed that 

the defect states were created within the band gap near the Fermi level, 

which originated from the N-doping, while such an additional band was 

absent in the pure TiO2 model (Figure 5.15c). These defect states are not 

localised in contrast to the previous literature of the low N content, but form 

a wide band extended to the valence band (VB) instead, due to the strong 

interaction between the N atoms at our high N-doping concentration, which 
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also accounts for the enhanced visible light absorption32. The defect states 

can be distributed on two spin channels (spin-up and spin-down), but only 

one spin channel occurs in the band gap region of N-TiO2 under a magnetic 

field (Figure 5.15d), indicative that the magnetic moments can be well-

aligned in the material.  

 
Figure 5.17 Schematic illustration of the magnetic field promoted POWS 
system, where the charge separation is facilitated by the local magnetic 
induction. 
 
The calculated spatial spin distribution also indicated a strong spatial spin 

polarisation: only the blue surface that represented the spin-down channel 

was observed, whist the spin-up channel was absent (Figure 5.16a). On the 

other hand, as shown in Figure 5.15d, the total DOS clearly indicates that 

the defect band is not polarised, and the magnetic moments are distributed 

on the two spin channels when a magnetic field is absent. The presence of 

both yellow and blue surfaces in Figure 5.16b also suggests the existence 

of both spin channels in the defect band without the influence of a magnetic 

field. Meanwhile, the magnetic field has little effect on the conduction band 

(CB): the calculated partial charge density of the CBM is almost the same 

no matter whether a magnetic field is present or not (Figure 5.16c). Clearly, 
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in the presence of an induced local magnetic field from Fe3O4 NPs, the 

cooperative magnetic moments in N-TiO2 align in parallel in the high spatial 

spin polarised environment. When an electron is excited to the CB, it is likely 

to undergo spin relaxation during the transfer, losing its original spin 

characteristics and changing to the other state (spin-up), due to spin-orbit 

coupling, etc.33 The spin-orbit coupling is a relativistic interaction of an 

electron’s spin with its motion inside a potential. It can be thought of as a 

Zeeman effect product of two relativistic effects: the apparent magnetic field 

seen from the electron’s perspective and the magnetic moment of the 

electron associated with its intrinsic spin. Therefore, electrons can change 

their spin due to this spin-orbit interaction. Subsequently, upon 

recombination, the lack of a spin-up channel makes it more difficult for the 

spin-up electrons to come back to the VB. Overall, both the slow spin flips 

and the opposing Lorentz forces result in a prolonged charge carrier lifetime, 

as observed from TRPL measurements. The above proposed mechanism is 

illustrated in Figure 5.17. Considering the photocatalyst particles are highly 

dispersed in the suspension during the reaction, the interaction of local 

magnetic fields between different particles would be negligible. The 

prolonged lifetimes of the photo-generated charge carriers greatly reduce 

the chance of recombination, therefore enhance the diffusion to the surface 

to facilitate the H+ reduction and OH- oxidation reactions from water. Such 

observation can also explain the relationship seen in Figure 5.14c: as the N 

concentration increases, the magnetic moments in the defect band (which 

consists of N orbitals) also increase, forming an extended energy band, 

which accounts for the dramatic spin-polarisation effect. While at low doping 
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levels, the defect band is too narrow and localised to show any spin-

polarisation effect in an external magnetic field. Therefore, the spin-

polarisation effect dominates at high N-doping concentration under high 

magnetic flux. Since the Lorentz force effect can be described by Equation 

5.1, the contribution of the spin-polarisation effect can be evaluated 

quantitatively. Analyses of the results shows that at Blocal/r2=0.71, the spin-

polarisation accounted for only 8.9% of the MFEs, while the contribution 

increased to 22.6% at a stronger local magnetic flux (Blocal/r2=1.31). These 

observations imply the opportunity of rational design of photocatalysts by 

modifying different aspects of the MFEs (i.e., charge and spin features) in 

order to control the charge separation and charge carrier lifetime, which 

presumably have profound meanings to both academic study and practical 

application of photocatalytic technologies. 

5.3.4 Evaluation of practicality 

 
Figure 5.18 QE of N-TiO2 (a) and Fe3O4/N-TiO2-4 (b) photocatalysts with 
and without external magnetic field (NMF=no magnetic field; MF=magnetic 
field of 180 mT). Error bars indicate the standard deviations; (c) Repeatable 
tests of Fe3O4/N-TiO2-4 photocatalyst at 270 oC and 180 mT followed by 
cooling to room temperature in each cycle, respectively. 
 
The application potential of this POWS system was further evaluated by QE 

and STH conversion efficiency, both of which are widely recognised as key 
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parameters for solar conversion systems.34 

Figure 5.18a clearly shows that the internal QEs of N-TiO2 were not 

influenced by an external magnetic field, while Figure 5.18b shows that 

Fe3O4/N-TiO2-4 displays a sensitive response to the magnetic field, giving 

impressive QEs of 96.2 % at 385 nm and 88.7 % at 437 nm. The 

measurement of the internal QE in the near infrared (NIR) regime has also 

been attempted by using a bandpass filter which allows a wavelength range 

of 800-1200 nm to pass through. Excitingly, it gives an enhanced internal 

QE of 10.8 % even in this NIR regime on the Fe3O4/N-TiO2-4 photocatalyst 

under a magnetic field of 180 mT. The theoretical efficiency limit of a solar 

conversion system was carefully analysed by Shockley and Queisser 

(known as Shockley-Queisser limit or detailed-balance limit).35 Such limit 

was then further considered for photochemical systems by Ross and 

Hsiao.36 It has been demonstrated that there is always a part of the photon 

energy that cannot do useful work, thus, for a given reaction, the threshold 

energy that is capable of driving the reaction must exceed the minimum 

thermodynamic requirement (free energy) of the reaction by 0.2-0.3 eV.35–38 

Such energy difference could be minimised by different approaches, such 

as engaging light trapping techniques, concentrated light irradiation, high-

purity light absorbers, etc.56 Detailed evaluation and discussions of this 

threshold wavelength are given in Appendix Note A1. Moreover, the STH 

conversion efficiency has been evaluated for our POWS system. As 

demonstrated by Domen et al. recently, it is quite common that the POWS 

reaction is carried out under various non-standard conditions including 

reduced pressure, cooling, or heating, etc., thus the changes of the free 
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energy must be considered by default.39 Also should be noted is that in our 

batch process, the partial pressures of the evolved H2 and O2 change as the 

reaction proceeding. Additionally, in our system, the reaction is performed at 

a constant volume, thus, the Helmholtz free energy is used instead of the 

Gibbs free energy. Therefore, the free energy has been corrected for the 

operating temperature and the partial pressures in the system (Appendix 

Note A3). As a result, a time-averaged STH efficiency of 11.9±0.5% has 

been achieved from this local magnetic field promoted POWS system under 

a magnetic field of 180 mT (Appendix Note A3). Recyclability of the Fe3O4/N-

TiO2-4 photocatalyst was evaluated by recycling the catalysts for 5 times, 

showing no obvious change in photocatalytic activity (Figure 5.18c), and it 

is presumably that Fe3O4 NPs are protected by the N-TiO2 coating from 

oxidation. It is also noteworthy that our POWS reaction could still proceed 

even in the presence of considerable pressures of H2 and O2 that make the 

reaction less favourable thermodynamically, and drive the reverse reaction 

more considerably. Subsequently, an overall energy conversion efficiency of 

1.16±0.05% has been demonstrated when the energy input for heating is 

considered (details can be found in Appendix Note A3). Although this overall 

energy efficiency of 1.16% appears to be low, it should be emphasised this 

is not the situation that is anticipated in the future design. It is apparent that 

solar light could also provide heat by irradiation, photothermal effect, etc. 

Thus, in an ideal future design, the energy for heating is not provided by 

external source but from concentrated solar light, therefore, the energy 

consumption for heating the water and reactor could be excluded in that 

scenario, and a higher overall energy efficiency could be expected. In 
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addition, the superheated water carries quite large thermal energy, which 

may subsequently be used for additional energy generation, i.e., H2 by 

steam turbine-electrolyser. Thus, by considering the availability of solar 

heating and additional H2 generation, the actual overall energy efficiency 

could be much higher upon further optimisation. Nevertheless, the current 

value is still superior to the recently reported values in literature in the related 

fields.40,41 

5.4 Conclusion 

In conclusion, superparamagnetic Fe3O4 NPs and a series of Fe3O4/N-TiO2 

photocatalysts have been successfully synthesised, showing exceptional 

POWS performance under visible light irradiation with an external magnetic 

field. The structural, absorption and magnetic properties of the materials 

have been carefully investigated. A remarkable H2 evolution rate of 21,230 

µmol g-1 h-1 and QE of 88.7 % at 437 nm are obtained at 270 oC over 40 wt.% 

Fe3O4/N-TiO2 under an external magnetic field of 180 mT due to the greatly 

prolonged charge carrier lifetimes over this photocatalyst. An outstanding 

STH efficiency of 11.9±0.5% can be demonstrated by our simple set-up 

particulate POWS system with anticipated low capex cost. In addition to the 

Lorentz force effect, spin-polarisation is for the first time demonstrated 

systematically in this N-doped TiO2 structure under an external magnetic 

field: the Lorentz effect contributes dominantly when the field strength is 

weak, but when the field strength is strong enough (Blocal/r2>0.7), the spin-

polarisation effect can be triggered to further improve the photocatalytic 

activity, accounting for 22.6% contribution at Blocal/r2=1.31. Both effects lead 

to prolonged charge carrier lifetime and facilitate photocatalysis over the N-
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TiO2 based material. As such this work provides insights on the use of the 

two fundamental features of electrons including charge and spin in the 

magnetic field promoted photocatalysis. To unlock the full potential of MFEs, 

not only can various photocatalytic systems be designed with tuned charge 

and/or spin characteristics, but also the strength of the local magnetic field 

can be tuned by engineering related photocatalysts in the proximity of 

stronger superparamagnetic alloy shells or under a stronger external field, 

further contributing to novel responsive solar energy conversion 

technologies and the rational design of various photocatalytic systems with 

high efficiency. 
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Chapter 6 Photocatalytic Seawater Splitting System 

6.1 Introduction 

It has been demonstrated in Chapters 3-5 that the local polarisation plays a 

tremendously important role in improving the POWS performance at elevated 

temperatures, which facilitates the separation of the photo-generated charge 

carriers. Many recent studies have also reported similar conclusions.1–5 Different 

strategies have been developed and demonstrated in Chapters 3-5, such as using 

polar-faceted materials to provide local electric field (LEF), or using the magnetic 

field effects (MFEs), etc., which has encouraged me to think deeper about this 

high-temperature POWS system and inspired me of further improvement to push 

this system closer to the practical applications. Although extensive efforts are 

dedicated to the POWS studies in pure water, actually, more than 90% of the water 

resource on the earth surface is stored in seas and oceans, which are salty;6–11 

not to mention that the desalination and purification (e.g., reverse osmosis, 

distillation, ion exchange, etc.) largely adds up to the overall capital costs of this 

technology.12–14 Obviously, H2 evolution via splitting of the seawater or brackish 

water is more desirable for large-scale applications and able to mitigate the fresh 

water resource shortage, however, systematic study and in-depth understanding 

of the photocatalytic seawater splitting are still limited. Contradictory views 

regarding the effect of seawater on the POWS performance emerge in recent 

literature, for example, Tian et al. presented that a supported black phosphor 

nanosheets catalyst could split seawater with a much lower H2 evolution rate than 

that in pure water;8 while it was reported that photocatalytic H2 evolution could be 

enhanced for WO3 nano-arrays and GaN-based catalysts in seawater because of 

higher charge mobility.7,15 Meanwhile, the cations in seawater were reported able 
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to polarise the carboxyl groups on the surface of a carbon dots (CDs) photocatalyst, 

leading to stronger electron-trapping and resulting in an enhanced H2O2 

photoproduction.9 Opinions contradict in the field of seawater electrolysis as 

well.10,16–18 Clearly, unlike pure water, the ionic species in seawater exert various 

effects on catalytic reactions; and a common concern is that the anions like Cl- can 

be photocatalytically oxidised, forming Cl2 or ClO- (see Equations 6.1 and 6.2), 

which are corrosive to many materials.15 Thus, it is challenging to develop an 

efficient and stable catalytic system for such a salty environment. Also noteworthy 

is that the ionic species in seawater carry charges that generate LEF in their vicinity, 

and such LEF could facilitate the separation of the photo-generated charge 

carriers, as demonstrated in the previous chapters.  

 

Oxidation: 2𝐶𝑙? + 2ℎ> ==	𝐶𝑙/ 

Reduction: 2𝐻/𝑂 + 2𝑒? ==	𝐻/ + 2𝑂𝐻? Equation 6.1 

 

Oxidation: 2𝑂𝐻? + 𝐶𝑙? + 2ℎ> == 	𝐶𝑙𝑂? + 𝐻/𝑂 

Reduction: 2𝐻/𝑂 + 2𝑒? ==	𝐻/ + 2𝑂𝐻? Equation 6.2 

6.2 Objectives 

As mentioned before, the POWS reaction using particulate suspension has been 

recognised as a promising approach for harnessing solar energy. Thus, if such 

system could be operated using natural seawater, it could be more desirable. 

However, the majority of the POWS studies have been focusing on pure water, 

while more than 90% of water resource on the earth surface is in seas and oceans, 

which are salty water. In this chapter, the facet-engineered N-doped TiO2 (denoted 

as N-TiO2) is taken as an example. I systematically studied the POWS reaction in 

the salty environments, where H2 and O2 were stoichiometrically and stably 
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produced at 270 oC. Artificial seawaters are prepared to simulate the water 

resources at different areas in the world, and a natural seawater sample was 

collected from Bournemouth in the UK. I will focus on the effects of the ionic 

species in this chapter and attempt to explore the mechanism of this system at 

270 oC. Besides, the underlying principles will be investigated with the help of 

various techniques. High angle annular dark field scanning transmission electron 

microscopy (HAADF-STEM) will be used to understand the facet-dependent 

trapping of the charge carriers. Ambient pressure X-ray photoelectron 

spectroscopy (AP-XPS) study is carried out using the trimethylphosphine (TMP) 

as a surface probe to further understand the polarisation effect. With the help of 

density functional theory (DFT) calculations, the surface trappings of the photo-

generated electrons and holes upon photoexcitation will be illustrated. I believe all 

these investigations about the local polarisation will help to understand the effects 

of the ionic species in the seawater. This versatile system will also be applied to 

other important semiconductor photocatalysts, such as perovskite oxynitride 

materials. 

6.3 Results and discussion 

6.3.1 Characterisations of the facet-engineered TiO2 nanocrystals 

Facet-controlled TiO2 nanostructures were prepared using hydrofluoric acid as a 

structure-directing agent (SDA) based on our previous report, followed by NH3 

treatment at high temperature to obtain the N-doped TiO2 (denoted as N-TiO2) and 

remove the surface F-group at the same time.2,19 The as-prepared N-TiO2 material 

has then been comprehensively characterised by various experimental techniques, 

such as transmission electron microscopy (TEM), X-ray powder diffraction (XRD), 

Raman spectroscopy, electron paramagnetic resonance (EPR) spectroscopy, X-
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ray photoelectron spectroscopy (XPS), UV-visible diffuse reflectance spectroscopy 

(UV-Vis DRS), etc., which are discussed in details in the following sub-sections. 

6.3.1.1 XRD patterns of TiO2 and N-TiO2 

 
Figure 6.1 XRD patterns of the as-prepared facet-engineered TiO2 (red) and N-
TiO2 (blue). The N-TiO2 presented here was obtained by treating the facet-
engineered TiO2 with NH3 flow at 600 oC for 8 h. The characteristic peaks of 
anatase TiO2 phase have been labelled. 
 
XRD measurements were performed to investigate the structural information of 

the as prepared facet-engineered TiO2 and N-TiO2, and the XRD patterns are 

shown in Figure 6.1. As can be seen, both the pristine TiO2 and N-TiO2 exhibit the 

anatase TiO2 phase. The characteristic peaks at 2θ of 25.3o, 37.8o and 48.1o can 

be observed in Figure 6.1 for both materials, which are corresponding to the (101), 

(004) and (200) crystal facets of anatase TiO2, respectively. No rutile peak 

emerges after the ammonia treatment as shown in Figure 6.1, indicating the high-

temperature ammonia treatment does not lead to a substantial phase 

transformation from anatase to the more stable rutile phase. However, it should be 

noted that there is a small peak at 2θ of 43.3o emerging after the NH3 treatment, 

which could be attributed to the local oxynitride phase (TiOxNy) that has been 
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discussed in Chapter 3. 

6.3.1.2 Microscopic studies of N-TiO2 

HAADF-STEM was engaged to investigate the morphologies of the TiO2-based 

materials. The HAADF-STEM images show that the N-TiO2 exhibits lattice fringes 

with d-spacings of 0.237 and 0.352 nm, in accordance with the [004] and [101] 

crystallographic planar directions of anatase TiO2, respectively (Figure 6.2), which 

indicates the exposure of the polar (001) and non-polar (101) facets for the N-TiO2 

nanocrystals. The interfacial angle of 68.3o can also be observed in the HAADF-

STEM images shown in Figure 6.2, which further confirms the exposed facets.  

 
Figure 6.2 STEM images of the as prepared facet-engineered N-TiO2. a low-
magnification HAADF-STEM image showing the morphology of N-TiO2; b, c high-
magnification HAADF-STEM images showing the lattice spacings and exposed 
crystal facets. 
 
Then, according to the Wulff construction, the ratio of the exposed (101) and (001) 

facets can be calculated (Figure 6.3). The percentages of exposed (101) and (001) 

facets estimated to be 38 % and 62 %, respectively. 



Chapter 6 Photocatalytic Seawater Splitting System 

194 
 

 
Figure 6.3 Simulated shape of the TiO2 anatase single crystal and the calculation 
process for percentage of (001) facets (θ of 68.3o is the interfacial angle between 
(001) and (101)).20 
 
6.3.1.3 XPS of N-TiO2 materials 

 
Figure 6.4 High resolution N 1s XPS spectra of the as prepared facet-engineered 
TiO2 (red) and N-TiO2 (blue). 
 
The ex situ XPS was used to obtain the elemental information of the as-prepared 

materials, which indicates that the N atoms were successfully doped into the TiO2 

nanocrystals and the surface F-groups were removed (Figure 6.4). A peak can be 
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observed at a binding energy (BE) of 396 eV for the N-TiO2, which originates from 

the N atoms substituting the original O atoms according to literature;21,22 while 

there is obviously no such signal detected for the pristine TiO2. It has been 

demonstrated in the previous chapters that the N-doping would lead to greatly 

enhanced absorption of visible and infrared light. Also, the surface oxygen 

vacancies (VOs) are introduced by the N-doping. More details have been 

discussed in Chapter 3. 

6.3.1.4 EPR of facet-engineered TiO2 based materials 

 
Figure 6.5 EPR spectra of the as-prepared facet-engineered TiO2 (red) and N-
TiO2 (blue). 
 
EPR spectroscopy was engaged to investigate the unpaired electron species in 

the TiO2-based materials. As demonstrated before, the surface VOs can trap the 

unpaired electrons from the semi-conductive oxide, and then form the radicals with 

the O2 from air, which is detectable by EPR. As shown in Figure 6.5, an obvious 

EPR signal is recorded at g=2.003 for the N-TiO2, while the pristine TiO2 is silent 

on EPR measurement. 

6.3.1.5 UV-Vis DRS of facet-engineered TiO2 based materials 

UV-Vis DRS was used to investigate the absorption properties of the materials, 
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and the measured reflectance spectra were transformed to the corresponding 

absorption spectra by applying the Kubelka-Munk function. As shown in Figure 6.6, 

the pristine facet-engineered TiO2 exhibits an absorption edge at about 390 nm, 

while after NH3 treatment at 600 oC for N-doping, the N-TiO2 shows a greatly 

enhanced absorption in both the visible light and near infrared regimes. Such 

observation is in accordance with what was demonstrated for the P25 TiO2 

materials in Chapter 3. This large enhancement in the absorption property also 

results in an obvious colour change from white to navy blue.   

 
Figure 6.6 UV-Vis absorption spectra transformed from UV-Vis DRS by the 
Kubelka-Munk function. 
 
6.3.1.6 Raman spectroscopy of the TiO2-based materials 

Raman spectroscopy was engaged to obtain more structural information of the 

TiO2-based materials. As shown in Figure 6.7, four major peaks that represent the 

Eg, B1g, A1g and Eg Raman-active vibrational modes, are located at 142, 394, 516 

and 636 cm-1, respectively. These results indicate the predominant phase of 

anatase.23,24 Obviously, the peaks of the N-doped sample exhibit a certain degree 

of weakening and broadening, implying the TiO2 lattice is disrupted by the N-
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doping and the formation of VOs after the NH3 treatment.25,26 However, the 

diffraction peaks are still similar to that of pristine P25, which indicates that the 

major anatase structure has not been changed during NH3 treatment, in 

consistence with XRD results. 

 
Figure 6.7 Raman spectra of the as-prepared facet-engineered TiO2 (red) and N-
TiO2 (blue). 
 
6.3.2 Effect of ionic species on the POWS system 

6.3.2.1 Effect of electrolytes on POWS performance 

As demonstrated before, the sluggish surface and sub-surface VO regeneration 

process, which is widely considered as the rate determining step for the POWS 

reaction on TiO2-based materials at ambient conditions, could be greatly 

accelerated at elevated temperatures.2,27 Therefore, other effects such as 

polarisation effect can be better investigated at elevated temperatures.2 

Consequently, in this chapter, the POWS activity tests are carried out at 270 oC 

which has been shown to be the optimal temperature in such POWS system 

(Chapter 3).2  
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Figure 6.8 Optimisation of cocatalyst loading and loading amount. (a) POWS 
activity of the facet-controlled N-TiO2 loaded with 1 wt.% of different metal 
nanoparticles (NPs) as the cocatalyst via a photo-deposition method. (b) POWS 
activity of the facet-controlled N-TiO2 loaded with Pt NPs of different loading 
amounts. The POWS activity was evaluated in a batch reactor at 270 oC with 
simulated solar irradiation (AM 1.5G). 
 
Typically, 1 wt.% of Pt nanoparticles (NPs) were deposited on the N-TiO2 

nanocrystals via a photo-deposition method before catalytic test as a H2 evolution 

cocatalyst. Different metals have also been studied likewise, which shows that Pt 

exhibits the highest enhancement on the photocatalytic performance, followed by 

Au that has been widely studied for the surface plasmon resonance effect.28,29 This 

follows a similar trend as what was discussed in more details in Chapter 5, where 

the promoting effect of the metal NPs was compared against the volcano curve for 

the electrocatalytic H2 evolution reaction. The loading amount is then optimised as 

well, as shown in Figure 6.8. Clearly, the POWS activity levels off when the loading 

amount is increased beyond 1 wt.%; moreover, the activity shows a small drop 

when the loading amount exceeds 3 wt.%, which is presumably due to the 

shielding effect of the NPs, resulting in less photons reaching the N-TiO2 

photocatalyst particles.30 

In order to understand the effects of ionic species in seawater on the photocatalytic 
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performance in this system, I first used the NaCl aqueous solutions with different 

concentrations instead of seawater to avoid the complexity. Bearing in mind that 

the salt concentration of seawater is a function of the location, which varies greatly 

among different areas of the world, I therefore investigated a wide range of NaCl 

concentrations up to 6.0 mol L-1 (Figure 6.9). The POWS performances increase 

proportionally with the concentration of the NaCl solution up to 3.0 mol L-1, showing 

an enhancement from 6428 to 24750 μmol g-1 h-1, while the enhancement 

becomes less significant when the concentration is higher than 3 mol L-1. 

 
Figure 6.9 POWS performance measured in the NaCl aqueous solutions with 
different concentrations at 270 oC. Error bars indicate the standard deviations of 
GC analysis. 
 
A common concern of the photocatalysis in seawater (or solutions containing Cl- 

ions) is that the Cl- oxidation may take place during the photocatalytic splitting of 

seawater, resulting in the production of corrosive Cl2 or ClO-. According to 

Equations 6.1 and 6.2, the Cl- oxidation reaction will inevitably lead to a pH 

increase of the solution. Thus, pH was measured before and after the reaction, 

which showed no obvious change, indicating there was no Cl- oxidation observed 
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in this system, probably due to the high oxidation potential of Cl− ions (= +1.36 V 

vs. NHE compared with = +1.23 V vs. NHE at pH = 0).15 Gas chromatograph (GC) 

analysis of the gaseous product also showed no signal of Cl2 gas.  

Subsequently, other neutral electrolytes were also studied likewise: the POWS 

activities were measured in different electrolyte solutions that share the same 

concentration of 0.2 mol L-1, all of which showed enhanced POWS performance 

at 270 oC compared with that measured in pure water (Figure 6.10). But the 

enhancement varies among different electrolytes, presumably due to the different 

radii and charges of the ions, which will be discussed in detail later. An organic 

compound, sodium dodecyl sulphate, which is the main component of many 

hygiene products and may also exist in seawater due to water pollution, was also 

studied. Even though the H2 evolution rate was enhanced by 55 %, no O2 was 

detected in the gas phase after reaction. Instead, CO2 and CO were observed by 

GC analysis, which suggested that the organic compound could act as a sacrificial 

reagent in this system, leading to the undesired carbon emission. Also noteworthy 

is that the acidic or alkaline compounds, such as HCl or Na2CO3, which largely 

change the pH of the solution, showed no enhancement to the POWS 

performance, but even decelerated the reaction. This is presumably because that 

the acidic/alkaline compounds substantially suppress the water dissociation, 

resulting in much lowered concentration of OH-/H+ ions, which is kinetically 

unfavourable for the corresponding O2/H2 evolution reactions. 
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Figure 6.10 POWS activity of Pt/N-TiO2 tested in different aqueous solutions (the 
concentration is kept at 0.2 mol L-1 for all measurements) at 270 oC. Error bars 
show the standard deviation. Typically, 1 wt.% of Pt NPs were loaded to the N-
TiO2 as the cocatalyst via a photo-deposition method before use. 
 
6.3.2.2 TRPL of N-TiO2 in the presence of electrolyte solution 

TRPL spectroscopy was used to investigate the separation of the photo-generated 

charge carriers in the photocatalyst. The TRPL spectra of N-TiO2 photocatalyst 

were obtained with the sample being soaked in different aqueous electrolyte 

solutions (Figure 6.11). Obviously, as the ionic strength of the NaCl solution 

increases, the decay of the TRPL spectrum becomes slower (Figure 6.11a), which 

is presumably due to the local electric field generated by the ionic species 

adsorbed on the surface of the photocatalyst particles. Moreover, when measured 

in different electrolyte solutions with the same ionic strength, the TRPL decay 

curves appear almost the same (Figure 6.11b). Then, the obtained spectra were 

fitted using a biexponential function and the fitting parameters are given in Table 

6.1.  
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Figure 6.11 (a) TRPL spectra of N-TiO2 nanocrystals measured in NaCl aqueous 
solutions. The concentration of the NaCl solution increases along the arrow and 
the values are 0, 1, 2, 3, 4, 5 and 6 mol L-1, respectively. (b) TRPL spectra of N-
TiO2 nanocrystals measured in different electrolyte aqueous solutions, respectively. 
The concentration is 0.2 mol L-1 for all the three solutions. 
 
Clearly, there are two decay components, of which the fast component can be 

attributed to the intrinsic recombination process of TiO2 in the bulk region, which 

is hardly influenced by the ionic species in the solution. However, a slow 

component was also differentiated which showed a positive correlation with the 

ionic strength of the solution, therefore, it is attributed to the suppressed 

recombination due to the LEF introduced by the ionic species near the surface: 

the photo-generated charge carriers near the surface are obviously more prone to 

the LEF of the ionic species adsorbed on the catalyst surface, compared with those 

in the bulk. In addition, it should be clarified that this LEF only influences the 

dynamics of the charge carriers, without changing the PL spectra, which means 

the LEF could not change the energy levels or the band structure of the 

photocatalysts, at least this was not observed in this thesis. Consequently, the 

average lifetime of the photo-generated charge carriers was greatly prolonged in 

the aqueous solutions. Also, it is found that acidic and alkaline electrolytes, HCl 
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and Na2CO3, substantially prolong the charge carrier lifetime, however, they show 

negative effects on the POWS performance due to the unfavourable kinetics as 

demonstrated in the previous section.   

Table 6.1 Fitting parameters of the TRPL spectra of the N-TiO2 photocatalyst in 
different solutions.a 

Solution f1 (%) 𝝉𝟏 (ns) f2 (%) 𝝉𝟐  (ns) 𝝉𝒂𝒗𝒆𝒓𝒂𝒈𝒆  

Pure water 26.4 0.75 73.6 2.34 1.92±0.02 

1.0 M NaCl (aq.) 9.1 0.70 90.9 4.38 4.05±0.03 

2.0 M NaCl (aq.) 6.0 0.76 94.0 6.13 5.81±0.03 

3.0 M NaCl (aq.) 5.0 0.72 95.0 7.83 7.47±0.04 

4.0 M NaCl (aq.) 5.5 0.69 94.5 8.73 8.29±0.05 

5.0 M NaCl (aq.) 4.5 0.73 95.5 9.53 9.13±0.06 

6.0 M NaCl (aq.) 4.1 0.74 95.9 10.12 9.75±0.06 

0.2 M KCl (aq.) 16.5 0.67 83.5 2.78 2.44±0.03 

0.2 M NaCl (aq.) 18.1 0.69 81.9 2.91 2.51±0.03 

0.2 M CaCl2 (aq.) 11.0 0.71 89.0 3.61 3.29±0.03 

0.2 M MgCl2 (aq.) 13.6 0.70 86.4 3.52 3.14±0.04 

0.2 M Na2SO4 (aq.) 11.9 0.71 88.1 3.98 3.59±0.04 
a The charge carrier lifetime is obtained by fitting the TRPL spectra using a 
biexponential decay function. TRPL measurements are performed on the sample 
powders soaked in different solutions at room temperature. 𝜏A  and 𝜏/  are the 
lifetimes of the fast and the slow decay components; 𝜏FmDnFKD  is the average 
lifetime of the charge carriers; f1 and f2 are the contribution of the fast and the slow 
decay components to the average lifetime of the charge carriers, respectively. 
 
6.3.2.3 Effect of artificial and natural seawater 

So far, it can be clearly seen that the POWS performance of the Pt/N-TiO2 

photocatalyst can be greatly enhanced in aqueous solutions of electrolytes, and 

the charge carrier lifetime can be substantially prolonged presumably due to the 

facilitated local electric field. I then looked into the more complicated cases: 

seawater. Although the global average salt concentration of seawater is 3.5 wt.% 
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(ca. 0.6 mol L-1), extreme case like the Dead Sea has a high salt concentration of 

around 31.5 wt.%.7,31 Obviously, collecting the natural seawater samples all over 

the world in person is unrealistic and unnecessary in this work. Therefore, 

seawater of different water areas of the world were selected and simulated in our 

lab, based on the analysis data reported in literature (Table 6.2).32–35  

 
Figure 6.12 POWS activity of Pt/N-TiO2 tested in different artificial seawater 
samples at 270 oC. Error bars show the standard deviation. 
 
Table 6.2 Compositions of the simulated seawaters using the data from Ref. 32–35 

 NaCl KCl CaCl2 MgCl2 Na2SO4 Ionic strength 
(mol L-1) 

Dead sea 3.5 0.3 0.2 0.7 / 6.50 

Lop Nor 3.54 0.2 / 0.56 / 5.42 

Aral Sea 1 0.06 / 0.5 0.7 4.66 

Great Salt 
Lake 2.4 0.15 / 0.3 0.15 3.90 

Red sea 0.62 / / 0.03 / 0.71 

 
Impressively, enhancement of the POWS performance was observed in the 

artificial seawaters to different extents (Figure 6.12). The pH of the solutions was 
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measured before and after the reactions as well, which showed no observable 

change, indicating the stoichiometric splitting of water and no other side reactions 

taking place. The Dead Sea water that has the highest salt content shows the best 

H2 evolution rate of 34,035 µmol g-1 h-1, followed by the Lop Nor which exhibits a 

rate of 29,968 µmol g-1 h-1. The Red Sea, which has a salt concentration of the 

global average (3.5 wt.%, 0.6 mol L-1), gives a lower H2 evolution rate of 9,972 

µmol g-1 h-1. Natural seawater was also collected from Bournemouth, UK, and 

tested for POWS activity after filtration, which excitingly also showed an enhanced 

activity of 11,048 µmol g-1 h-1 compared with that in pure water (Figure 6.12). It 

should be noted that the activity obtained from natural seawater is very similar to 

that from the artificial Red Sea water, because they share a similar salt 

concentration of the global average (3.5 wt.%, 0.6 mol L-1), confirming that the 

difference of the POWS activity is mainly originated from the different salt 

concentrations of the artificial seawaters. 

6.3.2.4 TRPL study in the presence of artificial seawater 

TRPL studies were carried out similarly, and the TRPL spectra obtained in different 

artificial seawaters are shown in Figure 6.13. Generally, the TRPL signal decays 

more slowly when the total ionic strength of the artificial seawater increases, which 

is in accordance with the previous observations for NaCl solutions.  Then these 

spectra were also fitted using a biexponential decay function and the results are 

given in Table 6.3. Similarly, both the fast and slow decay components can be 

observed in each TRPL spectrum measured in the artificial seawater samples, and 

the results indicate that the average lifetime of the electron/hole pairs is greatly 

prolonged to different extents in the artificial seawaters. Not surprisingly, the 

longest average lifetime of 10.28 ns was observed for Pt/N-TiO2 soaked in the 



Chapter 6 Photocatalytic Seawater Splitting System 

206 
 

Dead Sea water that has the highest ionic strength (Figure 6.13 and Table 6.2).  

 
Figure 6.13 TRPL spectra of N-TiO2 nanocrystals measured in different artificial 
seawaters. The composition of the artificial seawater samples is shown in Table 
6.2. 
 
Table 6.3 Fitting parameters of the TRPL spectra of the N-TiO2 photocatalyst in 
different artificial seawaters.a 

Solution f1 (%) 𝝉𝟏 (ns) f2 (%) 𝝉𝟐  (ns) 𝝉𝒂𝒗𝒆𝒓𝒂𝒈𝒆  

Dead sea 3.7 0.73 96.3 10.65 10.28±0.06 
Lop Nor 4.8 0.73 95.2 9.71 9.28±0.06 
Aral Sea 4.5 0.69 95.5 9.21 8.83±0.05 
Great Salt Lake 5.2 0.70 94.8 8.32 7.92±0.04 
Red sea 12.5 0.67 87.5 3.64 3.27±0.03 

a The charge carrier lifetime is obtained by fitting the TRPL spectra using a 
biexponential decay function. TRPL measurements are performed on the sample 
powders soaked in different solutions at room temperature. 𝜏A  and 𝜏/  are the 
lifetimes of the fast and the slow decay components; 𝜏FmDnFKD  is the average 
charge carrier lifetime; f1 and f2 are the contribution of the fast and the slow decay 
components to the average charge carrier lifetime, respectively. 
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6.3.3 Mechanism investigation of the ionic effect 

 
Figure 6.14 Linear relationships between the charge carrier lifetime and the 
POWS activity. 
 
As can be seen from the section 6.3.2, obviously, the POWS activity shows a 

positive correlation with the ionic strength of the electrolyte solutions and artificial 

seawaters, and so does the lifetime of the photo-generated charge carriers. 

Therefore, the POWS activity (represented by the H2 evolution rate) was then 

plotted against the charge carrier lifetime, as shown in Figure 6.14. Clearly, the 

POWS performance exhibits a linear relationship with the charge carrier lifetime, 

indicating that the ionic species in the aqueous solutions largely prolong the 

charge carrier lifetime in the Pt/N-TiO2 photocatalyst and lead to the substantially 

enhanced photocatalytic performance. In another word, the ionic species influence 

the photocatalytic activity by facilitating the separation of the charge carriers and 

suppressing their recombination. Therefore, the charge carrier separation process 

has been studied more deeply to illustrate the mechanism of the ionic effect, as 

detailed in the following sub-sections. 
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6.3.3.1 Facet-selective photo-deposition 

 
Figure 6.15 HAADF-STEM images and EDS mappings of the facet-controlled N-
TiO2 nanocrystals loaded with (a) Pt NPs and (b) CoOx NPs via the facet-selective 
photo-deposition method, which clearly show that Pt NPs are favourably deposited 
on (101) facets and CoOx are dominantly deposited on (001) facets.  
 
The mechanism of the charge separation process was then investigated by 

HAADF-STEM. Different NPs were separately loaded onto the facet-controlled N-

TiO2 via a facet-selective photo-deposition method.36,37 It has been demonstrated 

that upon light irradiation, the photo-excited electrons/holes migrate to the 

surfaces of semiconductor particles and then reduce/oxidise the chemical species 

in the solution, respectively, forming deposited NPs if the chemical potential is 

appropriate.1 Therefore, these deposited NPs can be considered as indicators of 

the photo-generated electrons and holes on the surface of the catalyst particles. 

In this chapter, Pt NPs and CoOx NPs were fabricated through the photo-reduction 

and photo-oxidation of the Pt(II) and Co(II) precursors, respectively. As previously 

mentioned in Chapter 3, Pt(II) can be readily reduced to Pt(0) by the photo-

generated electrons in the conduction band during the photo-deposition process. 

On the contrary, Co(II) cannot be reduced in such conditions, because the 

electrons in the conduction band do not have a sufficiently negative potential, but 

it can be oxidised by the photo-generated holes in the valence band in the 
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presence of NaIO3 as an electron-scavenger, forming Co(III) oxide (CoOx) NPs. 

As shown in Figure 6.15, Pt NPs were deposited preferentially on the (101) facets, 

while the CoOx NPs were favourably deposited on the (001) facets. These 

observed anisotropic photo-depositions of different NPs indicated a charge 

polarisation effect inside the photocatalyst particle, driven by an internal electric 

field originated from the work function difference between the facets.1 The above 

evidences indicate that the photo-generated electrons favourably migrate to the 

(101) facets of the N-TiO2 upon illumination, leaving the holes on the (001) facets. 

In a chemical sense, this could mean that the Ti-O bonds on the (001) surfaces 

are weaker than those on the (101) surfaces, thus, VOs (holes) are readily 

generated on the (001) surfaces upon illumination, which then act as the active 

centres for O2 evolution, while the electrons migrate to the (101) surfaces 

(accumulate at Ti or metal NPs) for H2 evolution. According to the above 

observations, it can be expected that the cations (e.g., Na+) and the anions (e.g., 

Cl-) ions in the solution would preferentially be adsorbed on the respective facet, 

depending on the charge that the facet carries (similar to the behaviours observed 

for the Pt(II) and Co(II) precursors). This facet-selective adsorption, in turn, 

suppresses the charge carriers’ recombination by introducing a local electric field 

on the surface. 

6.3.3.2 In situ AP-XPS study of the facet-controlled N-TiO2  

AP-XPS was then engaged to investigate the surface electronic features of N-TiO2 

using TMP as a surface probe. As demonstrated in our previous studies, the 

nucleophilic TMP molecule can form stable adducts with the exposed Lewis acid 

(LA) sites (e.g., five-coordinated Ti4+) on the surface.19,38 Such interaction between 

TMP and the surface LA sites is very sensitive to any change of the surface 
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chemical environment and the local electron density, which can be observed as 

the shift of binding energy (BE) on P 2p XPS spectra. Therefore, the surface 

charge separations among different facets are allowed to be differentiated and 

analysed. Facet-controlled N-TiO2 photocatalyst was investigated by this probe-

assisted AP-XPS technique and 0.2 mbar of TMP was directed into the 

experimental chamber during the measurements. XPS spectra were collected with 

and without light irradiation. Generally, when TMP is added to the sample, the Ti 

2p signal shifts to a lower BE since TMP is a Lewis base that can make the surface 

Ti4+ more electron-rich by forming adducts; while the O 1s signal remains the same 

(Figure 6.16a. Upon irradiation, the signal of Ti 2p shifts to further lower BE and 

that of O 1s shifts to higher BE, mainly because the electrons are excited from the 

valence band (VB, consists of O 2p) to the conduction band (CB, consists of Ti 3d). 

Also, the shifts of the signals are recovered when light is off, showing that the BE 

shifts are due to the photo-excitation instead of any sample damage. It should be 

noted that the Ti 2p and O 1s spectra do not only show the surface electronic 

features in this case, since it is widely agreed that the XPS sampling depth is up 

to several nanometres into the bulk region. On the other hand, the surface features 

can be better investigated from the P 2p spectra since the TMP molecules can 

only adsorb on the surface of the photocatalyst particle. As shown in the P 2p 

spectra in Figure 6.16a, doublet signals can be identified in P 2p spectra, which 

are attributed to the P 2p3/2 and P 2p1/2 of the surface adsorbed TMP molecules, 

respectively, when illumination is absent. But upon illumination, two sets of doublet 

peaks can be observed by deconvolution of the spectrum. Clearly, one set of peaks 

shift to a higher BE, while the other to a lower BE (Table 6.4).  
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Figure 6.16 (a) High resolution Ti 2p, O 1s and P 2p AP-XPS spectra of the facet-
engineered N-TiO2 nanocrystals. (b) High resolution Ti 2p, O 1s and P 2p AP-XPS 
spectra of the N-TiO2 powders without facet-engineering. 
 
Such a peak splitting could not be observed on the Ti 2p or O 1s spectra, because, 

as mentioned before, XPS is not strictly a surface analysis technique, but has a 

sampling depth of a few nanometres. Therefore, some subtle surface information 

is averaged by the signals from the sub-surface region. On the contrary, TMP 

molecules can only adsorb on the outmost surface, which makes the P 2p spectra 

extremely sensitive to any change of the surface chemical environments. As 

indicated by the STEM studies, the (001) facets favourably host the photo-

generated holes while the electrons favour the (101) facets, rendering them 

electropositive and electronegative, respectively. Obviously, this conclusion is 

reinforced by the AP-XPS results: (001) become electropositive upon illumination 

due to trapping the holes, thus the P 2p of TMP molecules adsorbed on the 

electron-deficient (001) facets shifts to a higher BE; on the contrary, those 

adsorbed on the electron-rich (101) facets shift to a lower BE. Quantitative analysis 
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suggests that the ratio of the peak areas is around 40:60, which is in accordance 

with the ratio of (101) and (001) facets, confirming the attribution of the signals. 

Control experiments have been performed on the N-TiO2 powders that exhibit 

more than 95% exposure of the (101) facet: the AP-XPS results do not indicate 

any surface polarisation effect (Figure 6.16b). 

 
Table 6.4 BE of the fitted components of the AP-XPS P 2p spectra in Figure 6.16. 
 P 2p3/2 P 2p1/2 
Light off 130.28 eV 131.23 eV 
 P 2p3/2 up P 2p3/2 down  P 2p1/2 up P 2p1/2 down 
Light on 131.78 eV 129.68 eV 132.68 eV 130.73 eV 

 
 
6.3.3.3 DFT studies on the ionic effects 

DFT calculations were then carried out to understand the effect of the ionic species 

in seawater. A N-doped TiO2 supercell was constructed, then the (101) and (001) 

facets were studied separately (Figures 6.17a and 6.17b). According to the STEM 

and AP-XPS studies demonstrated above, the polarisation takes place among 

different surfaces of the particle upon photo-excitation, making the (001) surface 

electropositive and the (101) surface electronegative. Therefore, in the DFT 

studies, anions and cations are placed onto the (001) and (101) surfaces, 

respectively, in order to investigate their adsorption behaviours.  

The adsorption energy (Eads) can be calculated in each case (Table 6.5). 

Holes/electrons are then added to the surface models deliberately to simulate the 

charge polarisation upon excitation. Taking the Cl- ion as an example, when the 

(001) surface is neutral (i.e., before excitation), the Eads is calculated to be -0.55 

eV. When a hole is placed on this surface (i.e., polarisation takes place between 
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different surface after excitation), the Eads is substantially reduced to -0.82 eV. The 

reduction of the Eads indicates the enhanced chemisorption of the ionic species on 

the surface due to the stronger charge interactions. Clearly, the above results 

indicate that the polarisation effect among surfaces enables stronger interaction 

between the ionic species and the surface. Obviously, the intensity of such surface 

polarisation effect can be indicated by the difference between the Eads before and 

after excitation. Likewise, similar calculations have been attempted for other 

cations and anions, as shown in Table 6.5. It can be expected that this effect will 

vary among different ions, depending on the ionic radius and charge, since the 

nature of this effect is the electrostatic interaction between charge carriers. 

 
Figure 6.17 Correlations of the DFT computational results with the POWS 
performance and the charge carrier lifetime. (a) Na+ ion adsorbed on (101) facet 
and (b) Cl- adsorbed on (001) facet. respectively. Correlations between (c) POWS 
activity and (d) lifetime of the slow decay component with the Eads change for 
different electrolyte. Correlations between (e) POWS activity and (f) lifetime of the 
slow decay component with the total Eads change for different artificial seawater. 
Error bars indicate the standard deviations. 
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Table 6.5 The DFT calculation of the adsorption energy of different ions and 
electrolytes. † 

 Chemical 
species 

Eads (neutral 
surface) (eV) 

Eads (charged 
surface) (eV) 

Energy 
difference (eV) 

Ions on (101) 
surface 

K+ 0.05 0 -0.05 

Na+ 0.13 0.05 -0.08 

Mg2+ 1.05 0.89 -0.16 

Ca2+ 0.4 0.23 -0.17 

Ions on (001) 
surface 

Cl- -0.55 -0.82 -0.27 

SO42- -1.16 -2.06 -0.9 

Electrolytes 

KCl -0.5 -0.82 -0.32 

NaCl -0.42 -0.77 -0.35 

CaCl2 -0.7 -1.41 -0.71 

MgCl2 -0.05 -0.75 -0.7 

Na2SO4 -0.9 -1.96 -1.06 
† The Eads change is the difference between the Eads of ion adsorbed on the neutral 
surface and the charged surface, which simulates the interaction between the 
adsorbed ion and the charge carrier that is trapped on the surface after 
photoexcitation. The positive Eads values of the cations in this table (e.g., especially 
1.05 eV for Mg2+) indicate that the adsorption of the cations on the TiO2 surfaces 
is not favourable, but the adsorption can be facilitated to different extents after 
photo-excitation. For the electrolytes, the Eads values could be derived from the 
Eads of each individual ion using the corresponding chemical formula of the 
electrolyte compound. Likewise, the total Eads change for different artificial 
seawaters can be calculated, taking the concentrations of different electrolytes into 
account. 
 
Therefore, to obtain deeper understandings, the relationship between the POWS 

activity, lifetime of the charge carriers, and Eads have been explored. It is noted that 

in the computational models, only one cation or anion is placed on the surface in 

each case, while in practical situations, we cannot solely study the cation or anion, 

since the whole system has to be charge-neutral. Therefore, given that different 

electrolytes are studied in this work (Figure 6.10), the Eads of each electrolyte has 
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been calculated based on the respective chemical formula, and in such cases, the 

concentration can be considered the same for each electrolyte in the DFT 

calculations. Consequently, the POWS performance and the lifetime of the slow 

decay component are evaluated in different electrolyte solutions with the same 

concentration (0.2 mol L-1) and the results are plotted against the Eads (Figures 

6.17c and 6.17d). Clearly, as the polarisation effect becoming stronger (more 

negative Eads change), the charge carrier lifetime is greatly prolonged, resulting in 

enhanced POWS activity, and linear correlations can be observed. Further 

investigations are attempted for the artificial seawaters. As demonstrated before, 

artificial seawaters are made by mixing different electrolytes according to the data 

in literature. So, the total Eads change can be calculated by considering the 

concentration of each electrolyte in the seawater sample (Table 6.5). Excitingly, 

both the POWS activity and the charge carrier lifetime, again, show linear 

correlations with the total Eads change in the artificial seawaters (Figures 6.17e and 

6.17f). Obviously, the strong interaction between the ionic species and the 

polarised surfaces plays an important role in this photocatalytic system, which can 

facilitate the surface trapping of the photo-generated charge carriers, resulting in 

a prolonged lifetime of the photo-generated electron/hole pairs, which is also 

supported by the TRPL results. In our POWS system at elevated temperatures, 

the separation and surface trapping of the photo-generated charge carriers is the 

key step: as shown in Figure 6.14, the POWS activity is positively correlated with 

the charge carrier lifetime. The prolonged lifetime will allow higher chance for the 

charge carriers to encounter the H+ and OH- ions in the solution to facilitate the H2 

and O2 evolution reactions, hence giving higher POWS activity. 

Clearly, the above HAADF-STEM, AP-XPS and DFT results together confirm that 
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the surface polarisation takes place upon photoexcitation, due to the electric field 

introduced by the different surface energies of (001) and (101) facets: photo-

generated electrons are favourably migrating to the (101) surfaces which possess 

lower surface energy, leaving the photo-generated holes on the (001) surfaces, 

which facilitates the adsorption of cations and anions on the respective facet. Such 

facilitated surface adsorption of the ionic species, in turn, attracts the electrons 

and holes by Coulomb force, suppressing the charge recombination and 

prolonging the charge carrier lifetime. In our seawater splitting system, the 

photocatalyst particles are surrounded by plenty of ionic species and the surface 

adsorption can readily take place, thus, the separation of photo-generated charge 

carriers is greatly promoted, resulting in enhanced POWS performance. Besides, 

the N-doping also makes it easier to regenerate the surface VOs by the sub-surface 

O atoms at elevated temperatures, due to enhanced oxygen mobility,27 which also 

facilitates the surface charge polarisation. 

6.3.4 Evaluation of QE and STH efficiency 

QE of Pt/N-TiO2 in different environments was then evaluated, which clearly shows 

the remarkable enhancements due to the polarisation effect (Figure 6.18a). High 

QE of 97.3 % and 85.8 % are obtained at 385 and 440 nm, respectively, in the 

artificial Dead Sea water. While in pure water, the QE drops sharply at longer 

wavelengths, giving a QE less than 10 % at long wavelengths (650 to 850 nm), 

which is in accordance with previous reports.2,39,40  

Such a decrease in QE, especially the sudden drop at 650 nm, can be attributed 

to the wavelength-dependent electron-hole pair generation: as recently reported, 

the absorbed photons with longer wavelengths may not efficiently generate excited 

electron-hole pairs, but excite the local transitions instead, which finally dissipates 
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as heat and does not contribute to photocatalytic reactions.41,42 Besides, it has 

been demonstrated that high excess excitation energy (i.e., short-wavelength 

excitation) leads to better charge separation and stronger electron-phonon 

coupling, which means that these charge carriers are more likely to migrate to the 

surface trapping sites instead of taking the radiative recombination pathway.43–45 

On the contrary, long wavelength excitation results in enhanced local polaron 

formation, which decreases the mobility of the photo-generated charge carriers 

and increases their recombination, resulting in less carriers reaching the catalyst 

surface to participate in chemical reactions.46,47  

 
Figure 6.18 a QE evaluations of 1 wt.% Pt/N-TiO2 in pure water and artificial Dead 
Sea water by using incident wavelengths of 385, 437, 575, 620, 750 and 850 nm, 
respectively, at 270 oC. QE measurements were carried out with a similar 
procedure as that stated before. Error bars indicate the standard deviation. b 5-
cycle stability test of 1 wt.% Pt/N-TiO2 in artificial Dead Sea water. This figure 
shows the total amount of the evolved H2 and O2 after different reaction time. 5 mg 
of the catalyst was used and the reaction was carried out at 270 oC under the 
simulated solar irradiation. 
 
When the artificial seawater is used, it is noted that the QE at short wavelengths 

is hardly influenced by the surrounding environment since the charge carriers have 

high excess energy; while the polarisation effect is more pronounced for the 

carriers with lower excess excitation energy, because the moving directions of the 
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charge carriers are easier to be changed by the LEF when the charge carriers 

have a low kinetic energy/velocity, resulting in a substantial QE enhancement in 

the longer-wavelength regime (575 to 850 nm), and consequently, a high QE of ca. 

50 % is recorded at 850 nm (Figure 6.18a). 

Table 6.6 Device-to-device comparison of the overall water splitting performance 
in this work with the related systems reported in literature. 
System 
type Catalyst H2 evolution (mL 

h-1) / cell voltage ‡ 
STH 
(%) † Ref. 

Particulate 
POWS Pt/N-TiO2 

4.1 (1 Sun) 
9.7 (Concentrated) 

20.3 This 
work 

Electrolyser Porous MoO2(+)//Porous 
MoO2(-) 4.5 / 1.53V 14.5 49 

Electrolyser IrO2-Al2O3(+)//Pt/C(-) 7.5 / 3V 7.4 50 

Electrolyser 
NiFe LDH-
NS@DG(+)//NiFe LDH-
NS@DG(-) 

8.7 / 1.5V 14.3 51 

Electrolyser NiFe LDH(+)//NiO/Ni-
CNT(-) 8.9 / 1.5V 14.8 52 

Electrolyser NiFeOOH(+)//MoNi4(-) 61.9 / 1.464V 15.1 53 
PV-E CH3NH3PbI3-NiFe LDH 4.5 12.3 54 
PV-E Si PV-Fe:Co2Mo3O8 86 15.1 55 

PV-E InGaP/GaAs/GaInNAsSb-
PEM electrolyser 13.5 30 56 

PEC GaInP-GaInAs 7.5 14 57 
PEC InGaP/GaAs 2.2 9 58 
PEC Ba-Ta3N5 0.75 1.5 59 

‡ The H2 evolution rate of various lab-scale devices is compared in in mL h-1 at the 
reported optimal operating conditions. The electrolysers presented in this table are 
all single-cell devices. 
† STH efficiency was evaluated under AM 1.5G simulated solar irradiation. For the 
electrolyser systems, the electrical-to-chemical energy conversion efficiency was 
calculated from the cited papers, and then the STH efficiency was calculated 
assuming the electrolyser was integrated with a silicon-based PV device with a 
solar-to-electrical energy efficiency of 18 %. For PV-E and PEC systems, the STH 
efficiency was obtained from the respective paper directly, without any assumption 
or further mathematic treatments. 
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The STH conversion efficiency of this seawater splitting system is also carefully 

investigated. A STH conversion efficiency of 20.3±0.5% is achieved from this 

particulate POWS system in the artificial Dead Sea water at 270 oC, which even 

exceeds those reported for many PEC and PV-E systems (Table 6.6). Notably, the 

Pt/N-TiO2 photocatalyst shows a stable and stoichiometric evolution of H2 and O2 

without any obvious activity drop over 5 cycles (Figure 6.18b). Besides, it has been 

reported that a proper solar furnace which concentrates natural solar light can 

reach a high temperature of even 1000 oC.48 Thus, a lab-scale light concentrated 

furnace was used to mimic such solar furnace, which shows that the stable and 

efficient POWS activity at 270 oC can be maintained solely by the concentrated 

light without any other electrical heating. An even more exceptional photocatalytic 

activity of 40,237 µmol g-1 h-1 (equivalent to a H2 evolution rate of ca. 10 mL h-1 at 

standard temperature and pressure) is observed over 20 hours, due to the high 

intensity of the concentrated light. This H2 evolution rate is comparable in the order 

of magnitude with those reported for alkaline electrolysers (Table 6.6), but this 

particulate POWS system is a direct single-step light harnessing process with all 

thermal and photon energy inputs from the solar concentrator. 

6.4 Conclusion 

In conclusion, we have systematically studied the effects of ionic species on the 

POWS performances over a Pt-supported facet-controlled N-doped TiO2 

photocatalyst. It was found that the activities increased with the ionic strength of 

the aqueous solutions. With the help of TRPL technique, such enhancement of 

photocatalytic activities was correlated with the charge carrier lifetime of the 

photocatalyst under different conditions, which were greatly prolonged by the ionic 

species. Acidic and alkaline electrolytes were also briefly studied, showing 
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negative effects on this system, while the organic ionic species acted as sacrificial 

reagent and led to unwanted CO and CO2 production. A high H2 evolution rate of 

34,035±711 µmol g-1 h-1 was observed in an artificial Dead Sea water, with a QE 

of 85.8±2.6 % at 440 nm. Excitingly, a STH conversion efficiency of 20.3±0.5 % is 

obtained, which even outperformed the PV-E and PEC systems. The mechanism 

was deeply investigated by STEM and AP-XPS and it was demonstrated that the 

selective adsorption of the ionic species on different facets could facilitate the local 

polarisation of the photo-generated electrons and holes, thus resulting in the 

prolonged lifetime of charge carriers and enhanced POWS performance. We have 

also showed such system has good potential for other semiconductor 

photocatalysts, such as perovskite oxynitride. The obtained steady H2 evolution of 

10 mL h-1 in the lab-scale solar furnace is comparable with the evolution rate of 

electrolysers. A recent life cycle assessment indicates some environmental 

concerns about the water electrolysis for large-scale H2 production.60 This direct 

single-step light harnessing POWS system may provide an alternative option. It is 

also believed this study can provide a novel but pragmatic strategy for harvesting 

solar energy by splitting more abundant water resource in seas and oceans. 
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Chapter 7 Conclusions and outlook 

7.1 Conclusions 

This thesis has systematically demonstrated different strategies for improving the 

efficiency of POWS systems for the production of H2 fuel at elevated temperatures. 

It is agreed in this field that the efficiency of the POWS system is mainly 

determined by three fundamental processes, namely, (i) photon absorption, (ii) 

charge carrier separation and migration and (iii) surface chemical reactions.1,2 

Since the first demonstration of photoelectrochemical water splitting on TiO2 by 

Honda and Fujishima in 1972,3 great progress has been achieved to facilitate the 

above-mentioned step (i) and step (iii); however, the efficient charge carrier 

separation remains difficult to obtain and deeper understanding of this process is 

still required. Therefore, starting from the most widely studied photocatalyst, TiO2, 

this thesis has unravelled some fundamental principles behind the POWS reaction, 

and developed more efficient approaches for enhancing the efficiency of this 

reaction. By involving the elevated reaction temperatures, it is demonstrated that 

the POWS performance can be substantially improved due to the facilitated local 

electric field (LEF).4 Enlightened by this observation, other strategies including the 

use of polar-faceted supports and local magnetic field have been explored to 

further promote the separation of the photo-generated electron/hole pairs and 

suppress their recombination. Building upon all these works, it is shown that 

seawater can be decomposed to H2 and O2 with very promising efficiency, which 

takes this POWS system closer to the practical applications. 

After introducing the research background and describing the experimental 

methods in Chapter 1 and Chapter 2 respectively, Chapter 3 starts to examine the 

use of elevated temperatures in the POWS system over TiO2-based catalysts for 
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efficient H2 evolution.5 Commercial P25 TiO2 is doped with N at different 

concentrations to broaden the visible light absorption range. Unlike most works in 

this field that involve the use of sacrificial reagents, only pure water is used as the 

reactant in this thesis, which avoids the additional capital costs and unwanted 

carbon emission. Detailed investigations of the temperature effect reveal that the 

POWS performance reaches the maximum at 260-270 oC, which coincides with 

the temperature-dependent ionic dissociation of water. Meanwhile, time-resolved 

photoluminescence (TRPL) studies confirm that the increased concentration of H+ 

or OH- ions in water leads to the prolonged lifetime of the photo-generated 

electron/hole pairs. Therefore, at elevated temperatures, the water dissociation is 

greatly promoted, increasing the concentrations of H+ and OH- ions in water and 

on the surface of the catalyst. The adsorbed ions form strong LEF near the surface, 

leading to suppressed charge carrier recombination and the enhanced POWS 

activity. Electron paramagnetic resonance studies show that the surface active 

sites - surface oxygen vacancies - are easily replenished by water and oxygen in 

air; however, they can be regenerated at elevated temperatures, which is further 

confirmed by another work in our group, where systematic synchrotron X-ray 

diffraction studies have been carried out.6 Such facilitated regeneration of the 

surface oxygen vacancies can also contribute to the POWS reaction activity, since 

it is an important step in the O2 evolution reaction.7 Consequently, the use of 

elevated temperatures is proved to be highly effective to improve the POWS 

performance by facilitating the LEF and the regeneration of the oxygen vacancies. 

Chapter 4 moves on to further enhancing the LEF through engaging the polar-

faceted supports.8 Polar surfaces, different from the non-polar counterparts, have 

a diverging electrostatic surface energy due to the presence of a non-zero dipole 
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moment, which makes the polar surfaces quite unique.9 However, such high-

energy surfaces tend to cancel out the surface polarity feature to lower their energy, 

which will be thermodynamically more favourable, and such relaxation processes 

lead to various surface features such as surface defects, making the polar 

surfaces highly active in many chemical reactions.10,11 In Chapter 4, polar-faceted 

MgO(111), ZnO(0001), and CeO2(001) have been fabricated, all of which show 

enhancements to the POWS activity. TRPL studies indicate that after combining 

with the polar-faceted metal oxides, the charge carrier lifetime of the N-doped TiO2 

photocatalyst becomes much longer which means that the recombination of the 

electron/hole pairs is greatly suppressed. On the other hand, the non-polar MgO, 

ZnO and CeO2 do not show such effects, and both the POWS activity and the 

charge carrier lifetime remain the same. Obviously, the strong polarisation of the 

polar-faceted metal oxides leaves a local electric field on the surface,12 which can 

influence the migration of the photo-generated charge carriers and suppress their 

recombination, resulting in enhanced POWS performance.8 It is shown that such 

effects become more remarkable when the average particle size of the 

photocatalyst reduces. Consequently, a two-dimensional (2D) material, MoS2 

monolayer, is studied in this chapter as well, to further explore this LEF effect 

originating from the surface polarisation. The 2D MoS2 shows more significant 

effects after assembling with the polar-faceted metal oxide supports because of 

the flexibility of the monolayer and the resulting improved better interaction 

between the monolayer and the supports. I further extended the study of the LEF 

effects to layered double hydroxide (LDH) materials, which are also polar-faceted 

and shows similar surface polarisation. Subsequently, the LEF strength is defined 

by considering the structure, composition and the electronegativities of all 
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elements in the polar-faceted supports. It is then shown that both the POWS 

activity and the lifetime show linear correlation with the LEF strength. It is very 

clearly shown in Chapter 3 and Chapter 4 that the separation of the photo-

generated charge carriers plays a really important role in improving the 

performance of the POWS system at elevated temperatures and the LEF could 

influence the migration of the charge carriers through the Coulomb force.  

Chapter 5 then moves on to the magnetic field effects (MFEs) on the POWS 

system,13 given that the charge carriers experience the Lorentz force when they 

are moving in a magnetic field, which may also facilitate the charge carrier 

separation processes. Superparamagnetic Fe3O4 nanoparticles are fabricated and 

combined with the N-doped TiO2 photocatalysts, which clearly exhibit substantially 

improved POWS activity in the presence of an external magnetic field. Such 

enhancement shows obvious linear positive correlation with the strength of the 

magnetic field and the concentration of the Fe3O4 NPs in the composite, while the 

use of an external magnetic field to bare N-TiO2 does not lead to any change in 

the photocatalytic activity. With the help of the superconducting quantum 

interference device (SQUID), it is illustrated that a very strong local magnetic flux 

could be induced near the superparamagnetic Fe3O4 NPs when an external 

magnetic field is present. It is then shown that the POWS activity exhibits a linear 

correlation with the local magnetic flux density when the local magnetic flux is 

relatively weak. However, when the local magnetic flux density is higher or the N-

doping concentration is increased, the MFEs become more significant, deviating 

from the original linear correlation. Therefore, further density functional theory 

calculations have been attempted, which suggest a more spin-polarised 

environment in the N-TiO2 photocatalysts at a higher doping level. The spin-
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polarised energy band only allows the electrons with one spin state to occupy, 

hence suppressing the recombination of the electrons with the forbidden spin state, 

which further prolongs the lifetime of the charge carriers.14 

Building upon the results demonstrated in Chapters 3-5, Chapter 6 investigates a 

more practical case - the photocatalytic splitting of seawater. It has been illustrated 

that the local field effects are more significant for the POWS system at elevated 

temperatures since the sluggish regeneration of oxygen vacancies is greatly 

promoted at such conditions. It is also noted that there is a large number of ionic 

species in seawater, which can presumably provide a LEF near the catalyst 

surface, similar to what has been discussed in Chapter 3. Different electrolytes are 

investigated in this chapter, and it is shown that the neutral electrolyte solutions 

could greatly enhance the POWS performance, while the acidic or alkaline 

solutions show negative effects, presumably due to the unfavourable kinetics. 

Systematic catalytic studies and DFT calculations demonstrate that such 

enhancement is highly dependent on the polarisation effect among different facets. 

Likewise, the TRPL confirms the suppression of the charge carrier recombination 

processes in the solutions. Different artificial seawater samples are prepared in 

lab based on the data from literature, all of which exhibit remarkable effects on 

both activity and lifetime. Natural seawater was collected from Bournemouth, UK, 

which is also proved to enhance the POWS activity at elevated temperatures. 

Overall, the thesis has provided some versatile and facile strategies for improving 

the efficiency of the POWS system for solar energy conversion and H2 evolution, 

especially through tuning the separation of the photo-generated charge carriers at 

elevated temperatures. Stable and efficient photocatalysts have been developed 

and fabricated, and the fundamental principles are deeply explored by various 
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characterisation techniques and computational studies, which is believed to 

contribute to the rational design of photocatalysts for the related systems. 

Additionally, it offers a novel non-contact approach which involves the use of 

magnetic fields. The successful demonstration of the photocatalytic seawater 

splitting also brings the POWS system closer to the practical application and will 

presumably provide new research directions in this field. 

7.2 Outlook 

In order to improve the efficiency of the POWS system for H2 evolution at elevated 

temperatures, the recombination of the photo-generated charge carriers must be 

greatly suppressed. This thesis has provided novel approaches for achieving this 

goal, such as using LEF or local magnetic field. Studies have been mainly carried 

out on the most widely investigated photocatalyst, TiO2-based materials. Therefore, 

the next step could be to explore other material systems. For example, perovskite 

materials (cubic structure with a general chemical formula of ABX3) have received 

much attention for solar conversion technologies because of their tuneable 

structural and physicochemical properties.15–17 Some perovskites exhibit distorted 

structures that relate to the ratio of the radii of cation A and B.15 Such structural 

distortion may lead to changes of the physical, electrical, and photocatalytic 

properties. Moreover, new perovskite derivatives have been developed in recent 

years, such as double perovskites15 and layered perovskites16, which all show 

interesting properties. Some perovskite materials have been reported to possess 

a strong internal electric field within the materials, which could also facilitate the 

separation of the electron/hole pairs.18 Moreover, regarding the development of 

the magnetic field effects, other magnetic NPs should be constructed, such as 

FeCo or FePt alloys, which show a higher response to the external magnetic field 
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and generate stronger local magnetic flux.19,20 

Further efforts could also be made to improve the practical aspects of this system. 

It should be noted that simply illuminating the reactor with the natural sunlight 

would not be able to heat up the system to the operating temperature of 270 oC. 

Thus, in this thesis, it has been demonstrated that the reaction temperature of 270 

oC could be maintained by a light-concentrated furnace, and the ultimate goal is to 

use the concentrated solar light. Some prototypes of such solar furnaces have 

been demonstrated in literature, which could reach very high temperatures up to 

thousands of Kelvins using the concentrated solar light.21–23 Further optimisation 

will be needed to match the furnace design with the requirements of the POWS 

system in this thesis, and the reactor should be painted with black coating to 

maximise the light absorption. Furthermore, it is also noted that in a POWS 

reaction, a large portion of the photon energy is actually converted to thermal 

energy by the photocatalyst particles, instead of being effectively stored in the 

chemical fuel. Such heat is transferred to the surrounding environment. Therefore, 

further utilisation of such thermal energy generated during the POWS reaction 

should be attempted. In the conventional POWS systems at room temperature, 

the low-quality heat is very difficult to be collected and used; however, in the high-

temperature POWS system demonstrated in this thesis, the high-quality heat is 

stored in the superheated water and steam; then the steam can be fed into a 

turbine generator, followed by water electrolysis for additional H2 evolution. It is 

strongly believed that further development and optimisation of such integrated 

systems can be accomplished by researchers with engineering expertise. 

Therefore, with the strong international incentives to decarbonise our energy 

sources, the POWS system at elevated temperatures is a very promising 
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technique which will greatly contribute to the solar conversion technologies in the 

foreseeable future. 
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Appendix 

Appendix Note A1 Calculation of QE 

A typical QE calculation is shown below, taking Fe3O4/N-TiO2-4 as an example 

(demonstrated in Chapter 5): 

For the measurement of the QE of the Fe3O4/N-TiO2-4 photocatalyst at 437 nm, 

the H2 amount analysed by GC is 5.25 µmol in the 2-hour experiment, 

corresponding to 3.159×1018 H2 molecules (N = n x NA). During the period of 2 

hours, the energy of the light irradiation: W=P×t. With the bandpass filter of 437 

nm, the light irradiation power was measured to be P = 0.45 mW at the centre of 

the batch reactor (the power of light was measured using a Thorlabs S121C 

standard photodiode power sensor, which had been calibrated by Thorlabs before 

it was delivered, and was used without further calibration), therefore, the energy 

W = 0.00045 × 7200 = 3.24 J, which contains the photon (437 nm) numbers of 

7.123×1018 (𝜀 = ℎ𝜈). Then, the QE can be calculated using Equation 2.15. 

QE (%) = (2×3.159×1018)/ (7.123×1018) ×100% = 88.7 % 

As in the energy evaluation of solar conversion systems by Ross and Bolton, there 

is always an energy difference of 0.2-0.3 eV between the absorbed photon energy 

and the energy that can do useful work. Thus, the threshold wavelength which is 

just capable of driving the reaction can be calculated based on the equation 

(assuming an energy loss of 0.3 eV):  

𝜆M =
ℎ𝑐

∆𝐺o
𝑛 + 𝑈[X@@

 

The result is ca. 970 nm, which means only the photons with a wavelength shorter 

than 970 nm can drive the POWS reaction. Bolton et al. gave an example in their 
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work:  for a reaction with a potential of 1.052 V, the threshold wavelength is 880 

nm. In the case shown here, the reaction potential is 0.979 V for a 2-hour reaction, 

which is smaller than that in the example. Thus, the calculated threshold 

wavelength of 970 nm is reasonable. 
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Appendix Note A2 Calculations of heat balance 

 2H2O === 2H2 + O2  

 N2 + 3H2 === 2NH3 Δ𝐻1 = -91.8 kJ mol-1 

 CO2 + 4H2 === CH4 + 2H2O Δ𝐻2 = -165.0 kJ mol-1 

For ammonia synthesis reaction, assuming 1 kg NH3 is synthesised, then the 

molar number is:  

n (NH3) = E(f*q)	(K)
\(f*q)	(K/EX[)

 = ABBB	K
As.BqA	K/EX[

 = 58.72 mol 

Required amount of H2 to produce 1 kg NH3 is:  

n (H2) = n (NH3) (mol) × 1.5 = 58.72 mol × 1.5 = 88.08 mol 

Required amount of water to provide 88.08 mol of H2 is: 

n (H2O) = n (H2) = 88.08 mol 

m (H2O) = n (H2O) ×M (H2O) = 88.08 mol × 18.015 g/mol = 1586.76 g 

Heat produced during this ammonia synthesis process is: 

Q1= A
/
 n (NH3)× (−Δ𝐻1) = A

/
 ×	58.72 mol × 91.8 kJ/mol × 1000 J/kJ = 2.70 × 106 J 

Heat required to heat up this amount of water from room temperature (25 oC) to 

270 oC (the optimised temperature in our photocatalytic overall water splitting 

system) is:  

Q2= cm	Δ𝑇= 4.18 J∙g-1∙K-1 × 1586.76 g × (270 - 25) K = 1.63 × 106 J 

Apparently, Q1 > Q2 

For CO2 hydrogenation to methane, assuming 1 kg CH4 is synthesised:   

n (CH4) = E(uvw)	(K)
\(uvw)	(K/EX[)

 = ABBB	K
Ax.Bwq	K/EX[

 = 62.33 mol 



Appendix 

237 
 

Required amount of H2 to produce 1 kg CH4 is:  

n (H2) = n (CH4) (mol) × 4 = 62.33 mol × 4 = 249.32 mol 

Required amount of water to provide 249.32 mol of H2 is: 

n (H2O) = n (H2) = 249.32 mol 

m (H2O) = n (H2O) (mol) ×	M (H2O) (g/mol) = 249.32 mol ×  18.015 g/mol = 

4491.50 g 

Heat produced during the CO2 hydrogenation to methane process is: 

Q3 =	n (CH4) ×	(−Δ𝐻2) = 62.33 mol × 165 kJ/mol × 1000 J/kJ = 1.03 × 107 J 

Heat required to heat up this amount of water from room temperature (25 oC) to 

270 oC (the optimised temperature in our photocatalytic overall water splitting 

system):  

Q4 = cm	Δ𝑇= 4.18 J∙g-1∙K-1 × 4491.50 g × (270 - 25) K = 4.60 × 106 J 

Apparently, Q3 > Q4 

 

 

 

 

 

 

 



Appendix 

238 
 

Appendix Note A3 Calculation of energy efficiencies 

(Taking the Fe3O4/N-TiO2-4 in Chapter 5 as an example; reaction is performed at 

270 oC with an external magnetic field of 180 mT) 

a. Calculation of the Gibbs free energy at 298 K and 101.325 kPa 

For the reaction:  

H2O (l) ==H2 (g) + 0.5O2 (g) 

The standard enthalpy of reaction is: 

∆&H#ɵ = 0 + 0.5 × 0 − (−286) = 286	kJ/mol 

The standard entropy change of reaction is: 

∆&S#ɵ = 130.684 + 0.5 × 205.138 − 69.91 = 163.343	J/(mol ∙ K) 

According to the equation of Gibbs free energy: 

∆&G#ɵ = ∆&H#ɵ − T∆&S#ɵ  

The standard Gibbs free energy at 298 K is: 

∆&G#ɵ = 286 − 298 × 163.343 × 10?q = 237	kJ/mol 

b. Calculation of the Gibbs free energy at 543 K and 101.325 kPa 

According to the Van’t Hoff equation: 

d	ln K
d	T = −

∆Hɵ

RT/ 

Therefore,  

ln
K/
KA

= −
∆Hɵ

R (
1
T/
−
1
TA
) 

Also,  
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∆&G#ɵ = −RT lnK 

Then 

−
∆&G#	ɵ (T/)
𝑅T/

+
∆&G#	ɵ (TA)
𝑅TA

= −
∆Hɵ

R (
1
T/
−
1
TA
) 

Thus, the Gibbs free energy at 543 K and 101.325 kPa can be calculated: 

∆&G#ɵ (543K) = 196.73	kJ/mol 

The reactant at 270 oC in our system is still liquid water, which is under the 

saturated vapour pressure of ca. 60 bar at 270 oC. Thus, the phase change from 

liquid water to water vapour is not considered, since this process is not involved in 

the reaction. As the result shows, the Gibbs free energy at 270 oC (543 K) indeed 

decreases by about 40 kJ/mol, but it is still much higher than zero, which means 

the reaction is still not thermodynamically favourable at this temperature. 

c. Correction of the Gibbs free energy for the reaction pressure 

According to the Van’t Hoff isotherm: 

∆&G# = ∆&G#ɵ + RT	 ln Q 

where ∆&G#  is the Gibbs free energy of reaction under non-standard states at 

temperature T; ∆&G#ɵ  is the Gibbs free energy of the reaction at T and 101.325 kPa; 

Q is the thermodynamic reaction quotient. 

For the POWS reaction, Q can be defined as: 

Q =
pv!
pɵ ∙ �

pz!
pɵ �

B.{
 

Also, assuming the gas phase in the batch reactor follows the ideal gas law: 

pv!V = nv!RT 
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Based on the reaction stoichiometry, 

pv! = 2pz! 

It should be emphasised that this POWS system was conducted at constant 

temperature (T=543 K) and volume (V=20 mL), thus, the Helmholtz free energy, 

ΔA, was then used in the subsequent calculation of the efficiencies. Given that:  

A = U − TS 

G = A + PV 

It is also noticed that in our system, the partial pressures of H2 and O2 change over 

the reaction progress, resulting in a changing free energy. Therefore, the free 

energy has been corrected for different partial pressures throughout the whole 

reaction process, and the STH efficiencies can be calculated accordingly. 

Consequently, the average free energy and average STH over the reaction 

progress are calculated: 

𝑇𝑖𝑚𝑒 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒	∆A = 203.3 ± 5.4	kJ	mol?A 

𝑇𝑖𝑚𝑒 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒	η<|v = 11.9 ± 0.5	% 

d. Evaluation of the energy input required for heating 

Additionally, I have estimated the energy required to heat your system to 270 oC. 

Considering a photocatalytic process operated under steady state at 270 oC, 

energy is required to heat the input liquid water from room temperature 25 oC to 

270 oC. The energy for heating the reactor is not considered in this calculation 

since this is not an intrinsic property of the POWS reaction and highly dependent 

on the reactor design; also, when the system is operating under a steady state, 

energy is only required to compensate the heat loss, which can be minimised by 
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covering the reactor with adiabatic materials, then this part of energy could 

presumably be negligible. In our system, 5 mL of water was used as the reactant 

when the energy efficiencies were evaluated. 

When water is heated to 270 oC, the saturated vapour pressure is established, 

which can be calculated according to the Clausius–Clapeyron relation: 

d	P
d	T =

PL
T/R 

where P is the pressure, R is the specific gas constant, L is the specific latent heat 

of the substance, and T is the temperature.  

Assuming L is independent to the temperature, then the relation can be integrated, 

giving: 

ln
P/
PA
= −

L
R (

1
T/
−
1
TA
) 

For water, L=40.68 kJ/mol, thus, the saturated vapour pressure at 270 oC is: 

P(543	K) = 60.36	bar 

Assuming it follows the ideal gas law, the amount of H2O in the gas phase is: 

n784("& =
pV
RT =

60.36 × 101.325	kPa × 0.015	L
8.314 × 543	K = 0.02	mol 

m784("& = 0.02	mol × 18
g
mol = 0.36	g 

Clearly, only a small portion of water transfers to vapour. Thus, the energy for 

heating the 5 mL of H2O from room temperature to 270 oC is calculated as follows, 

assuming the heat capacity does not significantly change with temperature: 

From 25 oC to 100 oC: 
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QA = mU83%&C4,U83%&∆T = 5	g × 4.184
J

g ∙ K × 75	K = 1569	J 

At 100 oC: 

Q/ = nL = 0.02	mol × 40680
J

mol = 813.6 

From 100 oC to 270 oC: 

Qq = mU83%&C4,U83%&∆T +m784("&C4,784("&∆T

= 4.64	g × 4.184
J

g ∙ K × 170	K + 0.36	g × 1.85
J

g ∙ K × 170	K

= 3413.56	J 

Therefore, the total energy required for heating is:  

QU83%& = QA + Q/ + Qq = 5796	J 

The above has shown the energy required to heat water up to 270 oC. Moreover, 

I also evaluated the actual overall energy conversion efficiency, η(7%&8++ , 

experimentally. I tried my best to cover the experimental set-up with a band heater 

and thermally insulating materials such as silica wool, thermal foil, etc., to reduce 

the heat loss, however, a ‘perfect’ insulation layer cannot be achieved and the heat 

loss is inevitable. The heating process was controlled by a Parr 4838 thermo-

controller under the proportional integral derivative (PID) mode and monitored with 

a SpecView-3 software. When the temperature reached 270 oC, the heater started 

to operate at a low output level to compensate the heat loss. Thus, the actual 

energy input could be calculated by integrating the power-time curve and the 

actual overall energy conversion efficiency can be obtained. 

The actually energy consumed for heating up the whole system (reactor + reactant 

+ photocatalyst) from 20 to 270 oC and maintaining the temperature at 270 oC for 
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20 hours is: 

Q8,3"8+ = 53174	J 

The energy input from the solar simulator is: 

E-(+8& = P ∙ π ∙ r/ ∙ t = 5652	J 

Subsequently, the actual overall energy conversion efficiency can be calculated: 

η(7%&8++ =
n5~2&(�%1 × average	free	energy	(543K)

E-(+8& + Q8,3"8+
× 100% = 1.16 ± 0.05% 

By comparing the QU83%& and Q8,3"8+, it is obvious that the majority of the energy 

input is consumed by heating the reactor instead of the reactant, and this part of 

energy could vary greatly between different reactor designs. Also, the system 

could be working for even longer period of time without the need of heating up the 

reactor again, but only a small amount of energy is required to compensate the 

heat loss (given that a perfect thermal insulation is hardly achievable). 


