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Preface 

Abstract 

This work presents the development, characterization, and evaluation of 2D materials and 

Alkaline Metal Aluminates, namely Graphitic Carbon Nitrides (g-C3N4) and Barium or 

Magnesium Aluminates (MAl2O4: M=Ba or Mg) for the purpose of hydrogen generation. 

Graphitic carbon nitrides were synthesized by calcinating nitrogen-rich precursors at 

550 °C whilst the alkaline metal aluminates were prepared by a combustion synthesis and 

were annealed in different gas atmospheres.  

The characterization of these photocatalysts was carried out through techniques such as X-

ray diffraction (XRD), Scanning Electron Microscopy (SEM), Diffuse Reflectance 

Spectroscopy (DRS), Energy Dispersive Spectroscopy (EDS), Raman Spectroscopy (RS), 

Brunauer-Emmett-Teller (BET) surface area analysis, Diffuse Reflectance Spectroscopy 

(DRS), Photoluminescence measurements (PL), and Electrochemical Impedance 

Spectroscopy (EIS).  

The g-C3N4 photocatalysts were evaluated comparatively in Hydrogen Evolution Reactions 

(HERs) using irradiation from either low-cost visible (405 nm or 440 nm) 15 W/m LED 

strips or from a UV (254 nm, 4.4 mW/cm2) pencil lamp. A high hydrogen production rate 

of 1622 mol.g-1.h-1, corresponding  to an AQY of 3.2%, was achieved under UV irradiation 

using g-C3N4 p-n homojunction which was synthesized from Thiourea. The same 

irradiation source rendered a maximum H2 generation rate of 97 µmol.h-1.g-1 using the 

carbon annealed magnesium aluminates. The overall results of these studies reveal the 

potential of these photocatalysts and major photocatalysis enhancement strategies based on 

conductivity modulation and heat treatment. 
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Chapter 1  - Introduction 

1.1 Hydrogen Utility and Generation 

1.1.1 Need for Hydrogen 

Hydrogen can replace fossil fuels, as such, it is referred to as ‘the fuel of the future’1. Due 

to the rapid increase of the world’s population and the expansion of modern technology, 

future energy forecasts confirm that there may exist an energy crisis caused by the 

imbalance between energy demand and its supply2. Hydrogen is regarded as an inexpensive 

source of energy and the key solution to the 21st century energy crisis3.  

Apart from its electrochemical reaction with oxygen, which could generate electricity, heat, 

and water as a by-product4, hydrogen has several other uses. Hydrogen is used, among 

other applications, in metal embrittlement5, petroleum refining6 as well as the making of 

fertilizers, disinfectants, nitric acid, refrigerants7, and preservative agents8,9.  

1.1.2 Hydrogen Production 

Hydrogen is produced by electrolysis, thermolysis (steam reforming), biochemical methods, 

and photocatalysis10. The latter has become an exponentially growing area of research since 

the pioneering work of Honda and Fujishima in 197211. Leading to this discovery, they 

noticed that titanium dioxide absorbed light energy and facilitated the breakdown of water 

into hydrogen and oxygen. Today, energy efficiencies of photocatalytic conversions are 

being enhanced by exploring novel materials and material modification12.  

1.1.3 Light 

Various light sources have been used for photocatalysis experiments, these include the 

sun13, sun simulators14, fluorescent lamps15, gas-discharge lamps16, and LEDs17. Using 

Apparent Quantum Yield (AQY) calculations, these distinct light sources could be 

compared in their efficacy to drive photocatalytic hydrogen generation. The use of LEDs in 

photocatalysis has very fewer reports let alone LED strips. In this work, we use either low 

power-consumption LED strips or a low power UV pencil lamp to provide visible and UV 

light, respectively as shown in Figure 1.1.  
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Figure 1.1 - Light sources used in this work 

1.2 Wastewater Treatment 

1.2.1 Dye Degradation 

The widespread of organic dyes from industrial wastewater to the ecosystem is a dramatic 

source of pollution, eutrophication, and concern for aquatic life18. Some dyes and their 

metabolic intermediates are mutagenic and carcinogenic19 The photocatalytic degradation 

of organic compounds and hydrogen generation are amongst the most important branches 

within the broader subject of photocatalysis. Semiconductor materials are ideal initiators 

and accelerators of the redox chemical reactions behind photocatalysis20. The quest has 

been and still is, to find less expensive, effective, and environmentally friendly 

photocatalytic materials.  

1.3 Objectives and Motivation of this work 

1.3.1 Overall Objective 

To synthesize, characterize and evaluate new materials for photocatalytic hydrogen 

production.  

1.3.1.1 Synthesis 

To prepare graphitic carbon nitride by calcination from urea and thiourea precursors. 

• To prepare barium and magnesium based alkaline earth metal aluminates by 

combustion synthesis and to thermally treat them in either air or carbon 

atmospheres. 
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1.3.1.1 Characterization 

• To study the structural, morphological, optoelectrical and photoluminescence 

properties of graphitic carbon nitrides along with the examination of the effect of 

each precursor.  

• To study the structural, morphological, optoelectrical and photoluminescence 

properties of alkaline earth metal aluminates along with the examination of the 

effect of heat treatment atmosphere. 

1.3.1.1 Evaluation 

• To test graphitic carbon nitrides as photocatalysts of a hydrogen evolution reaction 

under UV and visible light. 

• To test alkaline earth metal aluminates as photocatalysts of a hydrogen evolution 

reaction under UV light irradiation. 

 

1.3.2 Motivation 

Advancement in the research area of photocatalytic hydrogen generation is stimulated by 

the constant production and evaluation of new materials with enhanced photocatalytic 

properties. This novelty is often a result of stoichiometric and synthesis modifications. The 

immediate goal for most researchers is to achieve higher hydrogen evolution quantum 

efficiencies to commercialize the photocatalytic hydrogen generation systems. The 

motivation of this work is to contribute a new report on the study of parallel sets of 

semiconductor photocatalysts with distinct properties and demonstrated photocatalytic 

process enhancements.  
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Chapter 2  -  Background 

2.1 Graphitic Carbon Nitride (g-C3N4)  

2.1.1 Introduction 

Graphitic carbon nitride (g-C3N4) has attracted the interest of many researchers in the past 

decade. Represented in Figure 2.1, g-C3N4 is  a two-dimensional graphite-like layered 

polymer, that is sought for its visible light absorption, mild bandgap, and chemical 

stability21. Graphitic carbon nitride is generally prepared through the thermal condensation 

of nitrogen-rich precursors such as thiourea, dicyandiamide, melamine, and urea22–25.  

Unfortunately, pure g-C3N4 suffers high charge carrier recombination and is therefore 

considered as a poor photocatalyst. As such, in order to, harness its strengths, g-C3N4 has 

been the essential matrix for recent composites of heterojunction, co-catalyst, or 

nanocarbon loading designs26. Amongst the vast efforts of enhancement, conductivity 

modulation of g-C3N4 has fewer reports.  

 

Figure 2.1 -  Structure and Absorption properties of g-C3N4 

2.1.2 Similar Work 

2.1.2.1 Conductivity 

The extreme case of conductivity modulation implies a total switch of behavior from the 

common n-type g-C3N4 to p-type g-C3N4. This is often achieved through the introduction of 

impurity electron donors or acceptors27. Wang et. al. successfully switched the conductivity 

of g-C3N4 from n-type to p-type by doping g-C3N4 with chloride ions so as to form acceptor 

states28.  
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Xu et. al. synthesized p-type g-C3N4 under an ammonia (NH3) self-generated atmosphere 

and co-doping it with K and Fe29. Chen et. al also prepared p-type g-C3N4 by co-doping it 

with K and I30. Such doping interventions have led to improved charge separation and 

transport properties as well as the suppression of charge recombination amongst other 

advantages31.   

The co-existence of n-type and p-type characteristics has also led to highly efficient 

separation and transfer of photogenerated charge carriers. It has been achieved without the 

introduction of impurities. Liu et. al. obtained g-C3N4 based p-n junctions through the 

defect modification of pristine g-C3N4. The latter was mixed with NaBH4 under mild 

heating conditions. By doing so cyano groups (−C≡N) were introduced as electron 

acceptors. As a result, this defective g-C3N4 exhibited both n-type and p-type conductivities 

whilst enhancing photocatalytic hydrogen generation32.  

Cao et. al. also constructed g-C3N4 p-n homojunction by introducing nitrogen vacancies to 

n-type g-C3N4 through calcination in a hydrogen atmosphere33. Nitrogen vacancies lead to 

the formation of unpaired electrons in g-C3N4 that can capture photogenerated electrons and 

increase the number of photogenerated holes thereby increasing the concentration of holes 

over a local area34–36.  

2.1.2.2 Defects 

Similarly carbon vacancies in g-C3N4 can also function as electron traps and consequently 

strengthen the local density of holes37. Wang et. al synthesized g-C3N4 consisting of carbon 

vacancies formed by calcination in an Argon atmosphere38. Luo et. al postulated that these 

vacancies are formed from the reaction between nitrogen linked carbon species of g-C3N4 

and self-generated ammonia (NH3) which produces nitrogen and methane gases39.  

Xu et. al. proved that, during the pyrolysis of thiourea, higher concentrations of self-

generated gases, mainly NH3, are released during calcination at higher heating rates40. It 

can therefore be assumed that direct heat calcination increases the concentration of NH3 

and accelerates its reaction with carbon species. Yang et. al, on  the other hand, suggested 

that the same reaction produced hydrogen and hydrogen cyanide which also led to the 

formation of carbon vacancies41.  

There have been other reports on the modification of g-C3N4s by the formation of carbon 

vacancies which upon evaluation have enhanced the efficiencies of photocatalytic hydrogen 

generation whilst attributing the enhancement to improved charge separation and transport 

efficiency42,43. As far as we know, there has been no report directly linking the presence of 

carbon vacancies to the modification of conductivity in g-C3N4 without the use of dopants.  
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2.1.3 Present Work Summary 

This work presents the achievement of g-C3N4 based p-n homojunction owing to the 

introduction of electron acceptors resulting from both the formation of carbon vacancies 

and cyano groups. 

2.2 Alkaline Metal Aluminates (BaAl2O4, MgAl2O4)  

2.2.1 MgAl2O4 

Owing to its good chemical stability, surface basic sites, mechanical strength and high 

melting temperature, MgAl2O4, a spinel type material, has been identified as an excellent 

catalyst and catalyst support 44. It is used for a great variety of organic reactions, such as 

petroleum processing, fine chemicals production, propane and butane dehydrogenation 44–46.  

The photocatalytic activity of MgAl2O4 product has also been studied by performing the 

decomposition of Reactive Red Me 4BL dye under UV illumination or sunlight irradiation. 

The dye was photo-degraded by 90.0 % and 95.45% under UV and sunlight irradiation, 

respectively, within 5 hours 47. Other similar attempts using other materials have been made, 

in particular, to study the photocatalytic oxidation of methylene blue 48–50.  

2.2.2 BaAl2O4 

BaAl2O4, on the other hand, is also of great interest in catalysis for its reusability and non-

corrosiveness. It has been used in the treatment of air pollutions, preparation of humidity 

sensors and phosphor materials. In recent work 51, BaAl2O4 was prepared by solid state 

synthesis, annealed at 1300 °C for 6 hours and tested for photocatalytic hydrogen 

production. The result was a hydrogen production rate of 3 µmol.g-1 after 2 hours of 

reaction time.  

2.2.3 Similar Work 

2.2.3.1 Spinel oxide photocatalyst 

Other spinel-type oxides such as BaCr2O4 
52, NiFe2O4 

53, CaBi2O4 
54, ZnGa2O4 

55,56, 

ZnFe2O4 
57,58 and CuAl2O4 

59 have been used as semiconductor photocatalysts in the 

degradation of organic compounds and/or the photocatalytic production of hydrogen. 

Various other methods for the preparation of spinels have been reported such as co-

precipitation 60, sol–gel 61, sonochemical 62, microemulsion 63 and solution combustion 64. 

The crystallinity of spinel products has been proven to depend on the annealing temperature 
65,66. The photoluminescence properties of various oxides including  MgAl2O4 and BaAl2O4 
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have also been shown to be dependent on annealing temperature and the amount of oxygen 

vacancies 67–70.  

2.2.3.2 Thermal Treatment  

Most of the produced spinel are obtained and annealed under air atmosphere, annealing in 

air promotes the elimination of impurities, stabilization of the crystalline phase, and reduces 

the amount of oxygen vacancies or oxygen related defects within the crystalline structure. 

On the other hand, for photocatalytic purposes, the use of a reductive atmosphere might 

lead to an oxygen deficiency, and the related defects, in the crystalline lattice; increasing in 

that way the potential photocatalytic sites on the surface of the annealed spinel.  

The most used reductive atmosphere consists of a mixture of H2 and N2 gasses, but its use 

presents some technical complications and security hazards due the use of H2. A simpler 

and more economical option to have a reductive atmosphere in annealing treatments consist 

in the use of Carbon as the source of CO reductive radicals.  

2.2.4 Present Work Summary 

This work presents a unique comparison of the photocatalytic properties of BaAl2O4 and 

MgAl2O4 spinel-type materials annealed under either air or Carbon (gaseous C, CO) 

atmospheres.
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Chapter 3  - Methodology 

3.1 Synthesis Procedures 

3.1.1 Synthesis of g-C3N4 

Urea and thiourea (Karal ≥ 99% purity) were analytical grade and used without further 

treatment. An amount of 25g of either precursor was directly heated within a closed 

alumina crucible (with a lid weighing about 30g) at 550°C for 3 hours in air. It was then left 

to cool down to room temperature at an approximate rate of -4°C min-1. The resultant 

material was ground into a fine powder and denoted as UCN, for the carbon nitride 

prepared from urea, or TCN, for the carbon nitride prepared from thiourea. As shown in 

Figure 3.1 UCN was yellowish with a product yield of 7% whilst TCN was reddish with a 

product yield of 25%.  

 

Figure 3.1 - Synthesis Process and g-C3N4 Products 

3.1.2 Synthesis of BaAl2O4 and MgAl2O4 

Stoichiometric quantities of the reagents were added into a 250 ml Pyrex glass vessel and 

kept under magnetic stirring over a hot plate as presented in Figure 3.2. The reagents and 

precipitation agents included aluminum nitrate nonahydrate [Al(NO3)3.9H2O], barium 

nitrate [Ba(NO3)2] or magnesium nitrate hexahydrate [Mg(NO3)2.6H2O], ammonium nitrate 

[NH4(NO3)] as the oxidant, boric acid [H3BO3] as the flame retardant and urea [CO(NH2)2] 

as the fuel upon which the temperature of the solution drops drastically. The ratio of the 

oxidant to the fuel was 1:43. After 30 minutes of stirring, the solution was then inserted 

into an Oven, previously stabilized at 600°C, for 15 minutes.  The maximum combustion 
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temperature is limited by the thermodynamics of the of the considered system reactions. It 

is in the range of 500K–4000K. 

 

Figure 3.2 - Synthesis Procedure and spinel products 

After cooling, the foamy product was milled in a mortar and one gram of the grinded 

powder was compressed into a pellet. Barium aluminate pellets were annealed in both air or 

carbon atmosphere at 1100°C for 2 hours whilst Magnesium aluminate pellets were 

annealed in either air or carbon atmosphere at 900°C for 1 hour. The products were 

abbreviated BCC, BAC, MCC and MAC where the first letter refers to barium or 

magnesium, CC stand for carbon atmosphere annealing, and AC stands for air atmosphere 

annealing. During air annealing, the pellets were placed in an open crucible whereas during 

carbon annealing the pellets were placed in a closed crucible and submerged into a larger 

closed crucible filled with carbon. 

3.2 Structure and morphology 

3.2.1 X-ray diffraction (XRD) 

In order to identify the crystalline phase and compare the degree of structural order, X-ray 

diffraction (XRD) measurements of the powders were performed on a Bruker D2 phaser 

diffractometer with 1.54184 Å Cu-Kα radiation, with a swipe rate of 0.02°. 

3.2.2 Scanning Electron Microscopy (SEM) 

To study the particle morphology, characterization was performed by means of a JSM-

7800F field emission scanning electron microscope (SEM). To prepare the samples for 

insertion into the SEM chamber, further grounding was done to produce a fine powder. A 

spatula tip of this powder was put into 1.5 ml of absolute ethanol and subjected to an 
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ultrasound bath for 30 minutes. Afterwards a droplet of this solution was put over a silicon 

substrate and left to dry at room temperature within a closed petri dish in the darkness. 

3.2.3 Energy Dispersive Spectroscopy (EDS) 

Energy Dispersive Spectroscopy (EDS) was accomplished inside the JSM-7800F field 

emission Scanning Electron Microscope (SEM). An Oxford Instruments X-Max 80 silicon 

drift detector was used to obtain the spectra.  

3.2.4 Raman Spectroscopy 

The Raman spectra, used to reveal the quality of the structure through the analysis of the 

vibrational modes, were recorded on an In Via Renishaw Raman microscope with an IR 

excitation laser of 785nm.  

3.2.5 Brunauer-Emmett-Teller (BET) Analysis 

Brunauer-Emmett-Teller (BET) surface area measurements were taken on a Quantachrome 

Instruments Autosorb- iQ-MP/XR surface area analyzer. The samples were degassed at 

300°C before the measurement and a multi-point BET method was used with a relative 

pressure range (P/P0) of 0.05-0.3. 

3.2.6 Fourier Transform Infrared (FTIR) Spectroscopy 

FTIR spectra were acquired using a Cary 670 FTIR coupled with a Cary 620 FTIR 

spectrometer from Agilent Technologies. The spectrometer consists of a Michelson 

Interferometer aligned at 60° with a spectral range of 400-4000cm-1 and a resolution of 

0.075cm-1. Samples were introduced in powder form. 

3.3 Photoelectronic Properties 

3.3.1 Absorption Properties 

UV-vis Diffuse Reflectance spectra (DRS) of the samples in powder form were recorded on 

a Cary 5000 UV-Vis-NIR spectrophotometer (Agilent Technologies). These results were 

then transformed to an absorbance scale from which the absorption coefficient could be 

determined. The optical bandgap of the samples was determined via the Tauc method using 

the DRS data. It was estimated following the expression 71,  

(𝛼ℎ𝜈)
1

𝑛 = 𝐴(ℎ𝜈 − 𝐸𝑔)                                                         (1) 

where h is Planck’s constant, ν is the frequency of vibration, α is the absorption coefficient, 

Eg is the bandgap and A is a proportional constant. The exponent describes the nature of the 
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transition for which n = 1/2 gave a better fit and corresponds to direct allowed electron 

transitions.   

3.3.2 Photoluminescence 

Photoluminescence measurements were taken on a modular Acton Research corporation 

fluorimeter equipped with a Xenon lamp and a monochromator which was set to allow the 

excitation wavelengths centered at 254 nm, 400 nm and 440 nm The powder samples were 

kept for more than 24 hours in darkness before measurements were taken.  

3.3.3 Electronic Properties 

The Electrochemical Impedance Spectroscopy (EIS) measurements, based on the Mott–

Schottky (M–S) plot, were conducted on an SP-150 (SN 1044) potentiostat for Graphitic 

Carbon Nitride materials. In another case a VSP (SN 1355) as shown in Figure 3.3 

potentiostat was used to carry out Electrochemical Impedance Spectroscopy (EIS) using the 

Mott Schottky method to determine the band edge potentials of the alkaline metal 

aluminates.  

 

Figure 3.3 - VSP (SN 1355) potentiostat 

The materials were embedded on glass electrodes and then placed into the oven at 300°C 

for 2 hours in order to ensure an efficient deposition of the material over the glass surface. 

A three-electrode configuration was utilized. Sodium Sulfate (Na2SO4) solution (0.5 M) 

was used as the solvent. The prepared glass electrodes served as the working electrodes 

(photo-anode), whilst a saturated Ag/AgCl was used as the reference electrode and a 

platinum coil functioned as the counter electrode. The Mott-Schottky relations for n-type 

and p-type semiconductors  are described as 72, 

1

𝐶𝑠𝑐
2

 =  
2

𝜀𝜀0𝑒𝑁𝐷
(𝐸 −  𝐸𝑓𝑏 −  

𝑘𝐵𝑇

𝑒
) (2) 

1

𝐶𝑠𝑐
2

 =  
−2

𝜀𝜀0𝑒𝑁𝐴
(𝐸 − 𝐸𝑓𝑏 +  

𝑘𝐵𝑇

𝑒
) (3) 
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where Csc is the space charge capacitance, ε is the dielectric constant of the semiconductor, 

ε0 is the permittivity of free space, A is the area of the electrode, e is the elementary electric 

charge, ND is the donor density, NA is the acceptor density, E is the applied potential, Efb is 

the position of the flat band potential, k is the Boltzman constant and T is the temperature.  

All the measurements were carried out at a scanning frequency of 1 kHz to ensure that the 

charge transfer over the interface was small enough for both materials. The flat band 

potential could then be given if 1/Csc
2 is plotted against the applied potential as an 

extrapolated intercept with zero. Considering, that Ag/AgCl reference electrode is shifted 

0.197 eV 73 with respect to the Normal Hydrogen Electrode (NHE), the band edge positions 

can be plotted using the flatband potential and the optical band gap results.  

3.4 Dye Degradation Experiments 

3.4.1 Equipment 

The Newport, Oriel Sol3a solar simulator shown in Figure 3.4, was used as the 

photocatalysis light source. The degree of degradation was quantified by using the Agilent 

Technologies, Cary 60 UV-Vis spectrometer by analyzing the main absorption peak of 

methylene blue MB at 665 nm. 

 

Figure 3.4 - Solar Simulator 

3.4.2 Measures and Procedure 

Aqueous solutions with 15 ppm of methylene blue (MB) were used as starting dye 

solutions to be photo-degraded. The volume value in ml of dye to be degraded was equal to 

the mass value of photocatalyst in mg to be added to it. Upon adding the photocatalyst, the 

mixture was thereafter bathed in ultrasound with the lid of the bath placed over the solution 

in order to minimize the exposure to light.  

The bathing process lasted 20 minutes. Thereafter the solution was covered with aluminum 

foil and kept in the dark for 40 minutes. After the dark time treatment, the solution was 

distributed into 2.5 ml Eppendorf tubes. These tubes were subjected under a solar simulator 

with one tube withdrawn at 15-minute intervals.  
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Figure 3.5 - Eppendorf tubes subjected under the solar simulator 

3.4.3 Degradation Rate 

The results were presented as the degradation rate, C/C0, where ‘C0’ and ‘C’ are the 

absorption intensities of the solution at times ‘t0’ and ‘t’ respectively. On the other hand, 

the degradation percentage (D %) is calculated as follows 74: 

D % = (C0-C)/C0 ×100 (2) 

 

3.5 Hydrogen Generation Experiments 

3.5.1 Equipment 

The photocatalytic activity of UCN and TCN was evaluated in a pyrex glass reactor cell 

connected with a closed gas circulation system driven by a diaphragm pump. The cell was 

coupled to a Shimadzu Gas Chromatograph (GC 2014) with a TCD detector. The setup of 

the equipment is shown in Figure 3.6. During the reaction, it was illuminated by visible or 

UV light placed inside the interior of a quartz tube which was then inserted into the reactor.  

The visible light was acquired from the use of 15 W/m SMD5050 Triple Core LED strips 

with principal wavelengths at 400nm or 442nm, placed in the form of a compressed spiral 

coil around the body of the glass reactor. The UV light was acquired from a mercury Pen-

Ray lamp (UVP90001201, Thermo Fisher Scientific, USA) with a relative intensity of 4400 

µW/cm2 at a distance of 2 cm and a main wavelength centered at 254 nm.  To further 

ensure that water vapor did not reach the chromatograph, a tightly sealed humidity filter 

with color-indicating silica gel was connected between the reactor and chromatograph.    
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Figure 3.6 - Photocatalytic Hydrogen Evolution Experiment Setup 

3.5.2 Measures and Procedure 

The photocatalysts (5 mg) in the case of graphitic carbon nitride and (50 mg) in the case of 

the alkaline metal aluminates, were added into 200 mL of a 0.15 M (10% vol.) 

triethanolamine aqueous solution. The photocatalyst added solution was sonicated for 30 

minutes in darkness before it was transferred into the reactor and maintained under mild 

stirring. The reactor cell was deoxygenated by bubbling-in nitrogen for at least 15 minutes 

before beginning the reaction. Then the HER was initiated by turning the light source on.  

Reference measurement injections were made into the chromatograph during 

deoxygenation to ensure that zero hydrogen was detected before turning the illumination 

source on. Meanwhile the diaphragm pump was kept on, maintaining a steady flow and a 

uniform concentration of the gases throughout the system. Once the illumination was 

turned on, the generated hydrogen was recorded every 5 minutes with the precise support of 

programmable injection actuator in a one-hour experiment period. 

3.5.3 Apparent Quantum Yield 

To quantify and compare the performance of each photocatalyst under varied irradiation 

sources the apparent quantum yield was calculated according to the following equation 75:  

𝐴𝑄𝐸% =  
2 × 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
× 100 (4) 

or 

𝐴𝑄𝐸% =  (
2 × 𝛽 × 𝑁 × 𝑐 × ℎ

𝐼 × 𝑆 × 𝑡 × 𝜆 × 2𝜋
) × 100 (5) 
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where β is the quantity of evolved hydrogen (mol), N is Avogadro’s number, c is the speed 

of light (m.s-1), h is Planck’s constant (Js), I is the irradiance of the source (W/cm2), S is the 

surface area illuminated by the source (cm2), t is the time of the reaction process (s) and λ is 

the wavelength of the illumination source (m).  

3.6 Optimization Experiments 

3.6.1 Optimization Experiment I 

The experimental procedure and setup images are shown in Figure 3.7 to summarize the 

preparation and nature of the experiment. First a 45° angled reflector made from the 

reflective sheets was formed. A reflector was connected over the fiber optic cable 

collimator lens which was then connected over the end of the fiber optic cable. The angle 

was adjusted and evaluated by passing visible light through the fiber optic cable using the 

UV-vis light source. The fiber optic cable with the reflector was inserted into a pyrex glass 

test tube and then introduced into the 3-pin HER glass reactor. 

 

Figure 3.7 - Experimental Procedure and Setup Overview 

Preliminary measurement conditions to study the degree of penetration of the source 

emission included the following: 

• Single LED  

• Empty Reactor (no medium) 

• Water as Medium 

• Water + TEOA 

Thereafter the reactor and fiber optic cable detector were fixed so as to only vary the 

dispersion concentration determined by the amount of g-C3N4 (UCN) powder in the 

dispersion. To prepare a new concentration of the dispersion within the reactor, the desired 

weight of UCN was first measured and then mixed with a specific amount of dispersion 

extracted from the fixed reactor. This was agitated under a magnetic stirrer for 10 seconds, 

and then sonicated for 5 minutes, then stirred magnetically again for 10 seconds and finally 

poured into the reactor through a funnel.  
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The concentration that were prepared were 1mg/200ml, 5mg/200ml, 10mg/200ml, 

25mg/200ml, 50mg/200ml and 100mg/200ml. After each sonication process, the dispersion 

appeared to be milkier as the concentration was increased. The penetration of the source 

emission was measured for each concentration using an Ocean Optics Spectrometer.  

3.6.2 Optimization Experiment II 

This experiment was based on the hypothesis that the type of dispersion and agitation state 

can affect the degree of charge separation when the material interacts with light. As shown 

in Figure 3.8, they are three types of dispersions: solution, colloid and suspension 

dispersions. 

 

Figure 3.8 - Types of dispersions 

For the experiment, only the colloid and suspension types of dispersions with the same 

material concentration were evaluated. The colloid was achieved after a 7-day non-stop 

stirring period. The suspensions were further divided into 3 groups based on the agitation 

state they were under during the photocatalytic process. These groups were named Stir, 

NoStir and Sonicate. Their names referred to the states of agitation that they were subjected 

to.  
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Chapter 4  - Results and Discussion 

4.1 Material Characterization Results 

4.1.1 Graphitic Carbon Nitride (g-C3N4) 

4.1.1.1 Structure and Morphology 

4.1.1.1.1 X-ray Diffraction 

The phase structure of the samples is represented by the XRD diffraction patterns displayed 

in Figure 4.1. In both samples, UCN and TCN, the peak of highest intensity, indexed as 

(002), is observed at 2 = 27.24°. It is attributed to the interlayer stacking of conjugated 

aromatic systems. It corresponds to an interplanar distance of 3.27 Å, obtained using 

Bragg’s law. This strong peak represents a heptazine-based phase of g-C3N4 
76.The other 

pronounced peak indexed as (100) is of lower intensity and is found at 2 = 13.23°.  

It is characteristic of the in-plane structural packing of aromatic systems with an average 

void-to-void distance of 6.69 Å. These peak positions are consistent with those presented in 

the literature for g-C3N4. The crystallite sizes estimated by the Scherrer equation are ~7.8 

and ~5.9 Å for TCN and UCN, respectively. Since smaller crystallite sizes generally make 

smaller particle sizes, UCN is expected to have a higher total surface area which could be 

favorable to photocatalysis 22.  
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Figure 4.1 - X-ray diffraction patterns of UCN and TCN 
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4.1.1.1.2 Raman Spectroscopy 

The molecular vibrations of TCN and UCN were examined by Raman Spectroscopy and 

their corresponding results are illustrated in Figure 4.2. Several characteristic peaks of g-

C3N4 can be observed at 478, 707, 752, 977, and 1233 cm-1. The ratio I752/I707 compares the  

peak intensity of the band at 752 cm-1 to the peak at 707 cm-1 and corresponds to the layer-

layer deformation vibrations induced by layer-layer vibrations 77.  

According to these Raman spectra peaks (see Figure 4.2) I752/I707 (TCN) < I752/I707 (UCN); 

which means that UCN presents more layer-layer deformation vibrations than TCN. This 

difference can be further evaluated from the analysis of morphology. It is known to occur 

as a result of the distinct formation mechanisms of the precursors based on their chemical 

structures 78,79. The bands between 800 cm-1 and 1000 cm-1 are assigned to the breathing 

modes of triazine rings 80,81  while the band at 1233 cm-1 is attributed to stretching vibration 

modes of C=N and C-N heterocycles 82. 
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Figure 4.2 - Raman Spectra of TCN and UCN 

4.1.1.1.3 FTIR Spectroscopy 

The FTIR spectra of TCN and UCN are shown in Figure 3. The band at 810 cm-1 is 

attributed to the bending of triazine units. The multiple bands from 1236 to 1639 cm-1 are 

characteristic of stretching vibrations of C-N heterocycles. The peak observed at 2177 cm-1 

corresponds to asymmetric stretching vibrations of cyano groups (−C≡N). The bands in the 

range 3200 to 3400 cm-1 are owed to terminal amino groups (−NH and −NH2) which is 

characteristic of carbon nitrides that achieve higher degrees of condensation during 

synthesis 34,83,84. Therefore, the intensity of the latter band suggests that TCN reached a 

higher degree of condensation than UCN. This is congruent with the yield percentages 

(25 % for TCN and 7 % for UCN) calculated after the synthesis processes for each material.  
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During synthesis, material decomposition and condensation are competitive processes 

dependent on the number of impurities present during pyrolysis 85,86. The higher yield 

percentage from the preparation of TCN suggests that it had fewer impurities and therefore 

achieved a higher degree of condensation.  
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Figure 4.3 - FTIR Spectra of TCN and UCN 

4.1.1.1.4 BET analysis 

Brunauer–Emmett–Teller (BET) specific surface area results show that UCN has a surface 

area of 60.1 m2/g and TCN has a surface area of 7.7 m2/g. This suggests that TCN may 

consist of larger particles than those of UCN as shown in literature. The surface area of a 

gram of UCN is about 7 times larger than that of TCN. These results are also congruent 

with the crystallite sizes obtained from the Scherrer equation.  

The higher total surface area can be attributed to an increase of porosity in UCN 24. The 

benefit of having photocatalysts with large specific surface areas is their increased 

adsorption capacity. During a hydrogen evolution reaction (HER) these catalysts adsorb 

many water molecules. This increases the photocatalytic interactions and hence the 

efficiency of water splitting at the surface of the photocatalyst.  

4.1.1.1.5 Electron Dispersive Spectroscopy 

The Energy Dispersive Spectroscopy (EDS) results TCN are shown in Figure 4.4 and 

Figure 4.5 whilst those for UCN are shown in Figure 4.6 and Figure 4.7. The percentage 

content of the carbon and nitrogen elements as well as their distribution are estimated from 

the EDS spectra and mappings in the sites shown. A silicon substrate was used during the 

experiments. hence its corresponding peak is also observed. With silicon being the substrate, 

the background in silicon mappings should be bright unless different material is on the 

silicon substrate; and depending on the density of the deposited material on silicon, the 
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background silicon signal might be reduced or even eliminated when the material on silicon 

is too dense or thick.  

The mapping of silicon under TCN is darker than the mapping of silicon under UCN. This 

suggests that there may be a very dense packing of particles, possibly due to stronger 

agglomeration in TCN than in UCN. Furthermore, the average atomic fractional ratios C/N 

in TCN and UCN were found to be 0.54 and 0.55, respectively as summarized in Table 4.1. 

Compared to the stoichiometric fractional ratio C/N in C3N4 of 0.64, these ratios indicate 

that both TCN and UCN have carbon deficiencies owing to C/N steam reforming reactions:  

CN+NH3>HCN+H2 and C+HN3>N2+CH4 
39,83. These deficiencies form carbon vacancies. 

The presence of carbon vacancies may induce acceptor states that lead to the establishment 

of p-type behavior. 

 

 

Figure 4.4 - EDS with  SEM image and EDS mappings of TCN (site 1/2) 

 

Figure 4.5 - EDS with  SEM image and EDS mappings of TCN (site 2/2) 
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Figure 4.6 - EDS with  SEM image and EDS mappings of UCN (site 1/2) 

 

Figure 4.7 - EDS with  SEM image and EDS mappings of UCN (site 2/2) 

Table 4.1 - Summary of atomic proportions in TCN and UCN 

EDS samples C N C/N average 
Stoichiometric 

C/N in g-C3N4 

TCN1 36.5 63.5 0.57 
0.54 

0.64 
TCN2 33.9 66.1 0.51 

UCN1 32.7 67.3 0.49 
0.55 

UCN2 37.9 62.1 0.61 

4.1.1.1.6 Scanning Electron Microscopy 

The morphologies of UCN and TCN were observed by Scanning Electron Microscopy 

(SEM). In the Figure 3(a), TCN is comprised of aggregated microstructure sheets. A 

predominant laminar morphology which is congruent with TCN’s higher crystallinity can 

be observed. Along the boundaries of the sheets, the surfaces are rough with fracture 

domains that reveal facets and contour lines.  
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The SEM image of UCN is shown in Figure 3(b). Its representation is similar to wrinkled 

sheets with a very high overall porosity87,88.  The sheets have edges of approximately 20 nm 

and spread over grains with an average size of 10µm. The wrinkle morphology type of 

UCN is congruent with, and is a result of, its higher degree of layer to layer deformation 

vibrations. The porosity of the particles and thinness of their layers is an advantage to the 

photocatalytic efficiency because it implies that they have a larger surface area which 

increases the number of active facets 89. 

 

 

Figure 4.8 - Scanning Electron Microscope Images of a) TCN and b) UCN 

4.1.1.2 Photoluminescence and Electronic Properties 

4.1.1.2.1 Absorption Properties  

The UV-vis absorption spectra for TCN and UCN are shown in Figure 4.9. The absorption 

range of TCN is very broad with an absorption edge of about 593 nm, whereas UCN has its 

absorption edge at 450 nm. This suggests that TCN has an improved light harnessing 

capacity for a wider range of visible light than UCN and this is favorable for visible-light-

driven photocatalytic processes.  

The extension of the bandgap edge in g-C3N4 has been owed to the introduction of 

structural defects such as cyano group (−C≡N) and is characteristic of g-C3N4 with high 

degrees of condensation90. This could also be a consequence of the higher rate of 

dissociation of Sulfur-Hydrogen (S−H) bonds during the calcination of thiourea since 

Sulfur induces an acceleration to the polymerization chemical process22. The S−H 

dissociation is both kinetically and thermodynamically favorable over Oxygen-Hydrogen 

( O−H) dissociation91. 
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According to the Tauc plot slope fitting and is shown in the inset of Figure 4.9, TCN has a 

bandgap of 2.7 eV and UCN has a bandgap of 2.9 eV. TCN has a smaller bandgap than 

UCN as expected from their absorption properties. These values correspond to the 

minimum energies necessary for direct allowed transitions of electrons from the valence 

band to the conduction band when excited by a photon. The smaller bandgap of TCN 

compared to that of UCN has been reported as characteristic of carbon nitrides that achieve 

high degrees of condensation92,93. The advantage of a small bandgap is the reduction in the 

H2 evolution activation barrier which leads to improved visible light energy harvesting. 
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Figure 4.9 - Absorption spectra and Tauc plot (inset) of TCN and UCN 

4.1.1.2.2 Electronic Properties 

Apart from the band gap size, the band gap position is critical to the performance of 

semiconductor photocatalysts. Mott Schottky plots of TCN and UCN and their estimated 

flatband potentials are shown in Figure 5. It was revealed that both TCN and UCN have 

both n-type and p-type semiconductor conductivity behavior hence form p-n homojunctions. 

The p-type behavior is attributed to the presence or carbon vacancies which increase the 

acceptor concentration94. Upon extrapolating the regions of linearity, their estimated 

flatband potentials were 2.71 V and 1.51 V for TCN and UCN, respectively. With these 

values it was possible to calculate the electrochemical potential of the valence bands. 
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Figure 4.10 - Mott Schottky plots of TCN and UCN 

Furthermore, the charge carrier density can be calculated from the slope of the plot since 

the carrier density of the electrode material is inversely proportional to the slope of the plot 

according to the equation 95: 

𝑁𝑄 =  
2

𝜀𝜀0𝑒
[
𝑑 (

1
𝐶2)

𝑑𝑉
]

−1

 (6) 

where ε denotes the dielectric constant of the material, ε0 is the permittivity of the vacuum 

(8.854 × 10−12 Fm−1), the factor e is the electronic charge unit, i.e. 1.602 × 10−19 C, and V is 

the potential applied at the electrode. According to equation 6, both the positive and 

negative slopes of UCN are smaller than the slopes of TCN which means that the donor and 

acceptor densities of UCN are higher than those of TCN. This is congruent with the higher 

quantity of amino groups in TCN which function as recombination centers. This is because 

the quantity of recombination sites is inversely proportional to the charge density84.  

The arc radius of an EIS Nyquist plot indicates the effectiveness of the separation of photo-

generated electron–hole pairs and the rate of the interfacial charge transfer process 96. The 

Nyquist plot of TCN and UCN obtained under visible light is represented in Figure 4.11. It 

can be observed that the arc radius in the plot of UCN is smaller. This implies that UCN 

has a higher charge carrier separation and transfer efficiency than TCN. This property is 

attributed to the presence of a higher electric field and to band gap alignment in UCN 96. 
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Figure 4.11 - Nyquist plots of TCN and UCN 

The bandgap positions for TCN and UCN are illustrated in Figure 4.12 with reference to 

the Normal Hydrogen Electrode (NHE) scale. The position defines the strength of the 

materials to carry out redox reactions. Normally, materials with high reduction strengths 

work best as photocatalyst for hydrogen generation whilst those with high oxidation 

strengths work best as photocatalysts in the degradation of chemical compounds 97. Figure 

4.12 presents band edge positions of the synthesized materials. It shows that TCN and UCN 

have different band gap positions.  

UCN has its conduction band positioned higher than that of TCN with respect to the water 

splitting reduction limit (H+/H2) of the NHE scale. This means that UCN has a greater 

reduction power than TCN. On the other hand, TCN has its valence band positioned lower 

than that of UCN with respect to the water splitting oxidation limit (O2/H2O) of the NHE 

scale. This means that UCN has a greater oxidation power than TCN. Both materials have 

their bandgap edges overlapping the water splitting limits which affirms them as candidate 

photocatalysts for hydrogen evolution.  
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Figure 4.12 - Band gap Positions of TCN and UCN 

4.1.1.2.3 Photoluminiscence  

Figure 4.13 shows the PL emission spectra of TCN and UCN when excited at wavelengths: 

254 nm (UV), 405 nm (violet-blue) and 440 nm (blue). When excited by UV light both 

photocatalysts showed the lowest overall emission intensities with their main peaks at 360 

nm. Upon excitation by visible light, their emission intensities were dependent on the 

wavelength of the source (either 405 nm or 440nm). First, when excited with violet-blue 

light at 405 nm, TCN has a lower emission intensity than UCN with their main emission 

peaks centered around 467 nm.  

A similar emission range has been reported for various types of g-C3N4 under the excitation 

of UVA irradiation (380 nm) wherein decreased fluorescence emission in this range is 

attributed to defect structures which introduce localized energy levels inside the band gap 

hence forming recombination centers84,98. On the other hand, when excited with blue light 

their main emission peaks are centered at 500 nm. TCN has a higher emission intensity than 

UCN. Therefore, the fluorescence properties of TCN and UCN are strongly dependent on 

the wavelengths of excitation. 
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Figure 4.13 - Emission Spectra of TCN and UCN under UV and visible light excitation 

 

4.1.2 Alkaline Metal Aluminates (BaAl2O4 and MgAl2O4) 

4.1.2.1 Structure and Morphology 

4.1.2.1.1 X-ray Diffraction 

Figure 4.14 shows the X-ray diffraction patterns of the carbon or air annealed barium 

aluminates conforming to the standard BaAl2O4 pattern (ICDD 01-73-0202). The 

diffraction peaks can be readily indexed as hexagonal BaAl2O4. The ratios of the main peak 

intensities to that of their adjacent peaks (δ = Imain/Iadj) leads to the comparison of the 

degree of crystallization between the materials 99. The superiority of this ratio for the BAC 

pattern compared to that of the BCC pattern is an indication of a higher crystallinity for 

BAC. This difference is a consequence of the thermal treatment atmosphere.  

It is supposed that thermal treatment with carbon powders presents a reductive atmosphere 

that may lead to a deficiency of oxygen atoms from the unit cells of BaAl2O4  
100,101. It is 

suggested that the increase in the density of this defect type may result in the destabilization 

of the overall structural order of the crystal lattices hence the low crystallinity in BCC. The 

average crystallite sizes were approximated using the Scherrer equation from which the 

average crystallite size of BCC was 96 nm while that of BAC was 113 nm.  

Figure 4.15 shows a similar comparison between the X-ray diffraction patterns of carbon or 

air annealed magnesium aluminates. The patterns conform to the standard MgAl2O4 pattern 

(ICDD 01-73-6383) and their peaks can be indexed as cubic MgAl2O4. By comparing the 

ratio of the intensities of the main peaks to their adjacent peaks, it is observed that δMCC is 
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superior to δMAC. This implies improved crystallization in MCC and suggests that carbon 

annealing can enhance the crystallinity of magnesium aluminate. This advantage can be 

owed to the higher surface-to-volume ratio of the magnesium aluminate crystals that favors 

their maneuverability and phase equalization amidst induced oxygen vacancy defects 102,103. 

The average crystallite sizes were approximated as 80 nm for MCC and 60 nm for MAC.   
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Figure 4.14 - X-ray diffraction patterns of barium aluminates 
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Figure 4.15 - X-ray diffraction patterns of magnesium aluminates 

4.1.2.1.2 Scanning Electron Microscopy 

SEM micrographs of the materials are shown in Figure 4.16. The microstructures of the 

BaAl2O4  as shown in Figure 4.16 a) and Figure 4.16 b) crystallized to form agglomerated 

irregular clusters of about 0.5 μm. Long and sharp ends can also be identified. These may 
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have been formed from the growth of twinned hexagonal-phase crystal edges. The 

application of a specific thermal treatment atmosphere does not seem to carry any 

significant modification to the morphology of the BaAl2O4.  

On the other hand, smaller pebble-like particles are observed in the images of the MgAl2O4 

materials Figure 4.16 c) and Figure 4.16 d). These particles exhibit a high packing density 

and a nucleated distribution. Flat surfaces can be identified and may be attributed to the 

growth of twinned cubic-phase crystal surfaces. Single particle sizes observed from the 

SEM images are within the order of the approximated crystallite sizes and range between 

0.05 μm to 0.15 μm. Smaller particles with the least agglomeration are favorable to 

photocatalytic processes as they favor increased interactions of their surfaces with photons, 

molecules and various ionic species. 

 

Figure 4.16 - Scanning electron microscopy of alkaline metal aluminates 

4.1.2.2 Photoluminescence and Electronic Properties 

4.1.2.2.1 Absorption Properties  

Absorption spectra of the samples are presented in Figure 4.17. The BAC sample uniquely 

portrays the highest absorption property followed by BCC, MAC and finally MCC, in the 

UV spectral region. In either aluminate type, carbon annealed samples have inferior 

absorption bands. In general, it is expected that reductive heat treatment atmospheres will 

lead to the generation of surface oxygen vacancies that act as electron trap sites which in 

turn might result in stronger absorption bands. However, prolonged reduction may form 

bulk oxygen vacancies which consequently lower the charge separation efficiency because 

they act as charge carrier recombination sites.  
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The inferiority of the absorption bands of the reduced aluminates presented in this work 

may be due to the formation of more bulk oxygen vacancies than surface oxygen vacancies 
104,105. Tauc plots of each material are shown in the inset in Figure 4.17. Assuming all 

samples as direct electronic transition semiconductors the band gaps of the materials were 

approximated. The BaAl2O4s had slightly narrower band gaps of 3.74 eV and 3.88 eV for 

BCC and BAC, respectively. The MgAl2O4s had the widest bandgaps of 4.18 eV and 4.09 

eV for MCC and MAC, respectively. The reduction in the band gap value is in agreement 

with the increase of the average crystallite size, as estimated by Scherrer equation,  of the 

nanomaterials 106.   
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Figure 4.17 - Absorption spectra of alkaline metal composites 

4.1.2.2.2 Electronic Properties 

To better understand redox behavior of the materials for photocatalytic processes, their 

electrochemical potentials with respect to the Normal Hydrogen Electrode (NHE) were 

determined and are shown in Figure 4.18. The conduction bands of all the samples have 

almost the same negative electrochemical potential which means that photogenerated 

electrons in these bands may possess comparable reducing power. The valence bands of the 

Magnesium Aluminates have the highest positive electrochemical potential of all the 

synthesized materials. This means that photogenerated holes in these bands are most likely 

to have greater oxidizing power than the Barium Aluminates.  

As a correlation to these measurements, the obtained Mott Schottky plots clearly 

characterize the BaAl2O4 samples as a n-type material and the MgAl2O4 samples as p-type 

materials. All the MgAl2O4 samples have their band edges completely enveloping the water 

stability limits (0 eV and 1.23 eV). This suggests them as candidate photocatalysts for 

water splitting applications. The BaAl2O4 samples on the other hand have their valence 
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band edge potentials only a little below the water oxidation limit of 1.23 eV. This therefore 

does not undermine their power to perform oxidation reactions as well.  
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Figure 4.18 - Electrochemical potentials of alkaline metal aluminates 

4.1.2.2.3 Photoluminescence 

The emission spectra, shown in Figure 4.19, correspond to UVC wavelength excitation 

with broad principal visible emissions centered at 423 nm for MgAl2O4 samples and at 533 

nm for BaAl2O4 samples. Oxygen vacancies and F-centers form shallow-trap and deep-trap 

states from which the observed broad band emissions originate 107. Upon UVC excitation, 

the F-centers undergo photoconversion. This process promotes the electrons to the 

conduction band and the trap sites. The electrons in the conduction band can fall into the 

trap sites. The relaxation of the excited electrons from the shallow-trap sites results in rapid 

and narrower emissions.  

On the other hand, the relaxation of the excited electrons from the deep-trap sites results 

broad and persistent emissions 108. By integrating the emission spectra within the presented 

limits (400 nm and 640 nm) it was found that BAC represents an emission density 

reduction of 78% with respect to BCC whilst MCC represents an emission density 

reduction of 8 % with respect to MAC. Interestingly the most crystalline samples of each 

material type present the lowest emission density. Since the emission density is 

proportional to the charge (electron-hole pair) recombination density, BAC and MCC each 

have the lowest charge recombination densities. To have good photocatalytic activity there 

must be high population inversion and low charge recombination 109. 
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Figure 4.19 - Emission properties of alkaline metal aluminates 

4.2 Experimental Results 

4.2.1 Photocatalytic hydrogen generation using g-C3N4 p-n 

homojunction under UV and visible light 

4.2.1.1 Optimization Experiment I 

4.2.1.1.1 Analysis of Light Transmission through within Reactor 

Figure 4.20 shows different transmission intensities of light from a 405 nm LED strip 

source illuminating through dispersions with varying densities. The mass of graphitic 

carbon nitride prepared from urea (UCN) is the variable on which the dispersion density 

depends. A high transmission intensity corresponds to a higher light penetration efficiency 

whereas a low transmission intensity suggests a lower penetration efficiency. The 

transmission intensities are inversely proportional to the mass of photocatalyst constituting 

each dispersion.  

The results suggest that the highest light penetration efficiency occurs when only 1 mg of 

UCN is added to the aqueous solution. Any amount beyond 100 mg is prone to very low 

light penetration if any at all. Between these extremes, half the maximum (50 %) observed 

intensity corresponds to adding only 5 mg of photocatalyst. These results are an indication 

of the degree of interaction between photocatalyst particles and photons. A 50 % 

transmission intensity with respect to the observed intensity extremes may mean that 5 mg 

of this photocatalyst is ideal for the photocatalysis experiment. This is because it indicates 

that the dispersion density is not so high that it limits light exposure only to the particles 
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that are nearest to the source. The dispersion density is neither too low that it renders most 

of the generated photons as wasted.  

 

Figure 4.20 - Measured transmission Spectra through reactor 

 

4.2.1.2 Hydrogen Evolution 

The rates of hydrogen production using TCN and UCN as photocatalysts under UV (254 

nm) and visible light (405 nm and 440 nm), are presented in Figure 4.21. On the overall, 

TCN performs best under UV light whilst UCN performs best under visible light. 
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Figure 4.21 – Hydrogen Evolution Rates of TCN and UCN under UV and visible light 
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4.2.1.3 Efficiency 

To quantify and compare the performance of each photocatalyst under varied irradiation 

sources the apparent quantum yield was calculated according to the following equation 75:  

𝐴𝑄𝐸% =  
2 × 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
× 100 (4) 

or 

𝐴𝑄𝐸% =  (
2 × 𝛽 × 𝑁 × 𝑐 × ℎ

𝐼 × 𝑆 × 𝑡 × 𝜆 × 2𝜋
) × 100 (5) 

 

where β is the quantity of evolved hydrogen (mol), N is Avogadro’s number, c is the speed 

of light (m.s-1), h is Planck’s constant (Js), I is the irradiance of the source (W/cm2), S is the 

surface area illuminated by the source (cm2), t is the time of the reaction process (s) and λ is 

the wavelength of the illumination source (m).  

Table 4.2 summarizes the hydrogen generation rates and efficiencies (calculated according 

to equations 4 and 5) achieved under the varied sources. The highest hydrogen evolution 

rate of 1622 µmol.g−1.h−1 corresponding to an AQY of 3.2% was obtained using TCN. 

Table 4.2 – Hydrogen Generation Rates and Efficiencies with various sources 

Sample 

254 nm 

Irradiation wavelength 

405 nm 

Irradiation wavelength 

440 nm 

Irradiation wavelength 

Evolved H2  

(µmol.g−1.h−1) 

AQY 

(%) 

Evolved H2 

(µmol.g−1.h−1) 

AQY 

(%) 

Evolved H2 

(µmol.g−1.h−1) 

AQY 

(%) 

TCN 1622 3.2 28 1.5 14 0.1 

UCN 1378 2.8 31 1.6 16 0.1 

Upon analysis with reference to Figure 8, it is proposed that excitation with UVC 

irradiation (254 nm) causes the emission of violet UVA irradiation (at 360 nm by radiative 

decay) which re-excites the photocatalyst. Such a re-excitation process favors the 

photocatalytic performance of TCN over UCN because the carrier charge recombination in 

TCN is suppressed under violet-blue excitation.  

Following the latter proposal, it is also expected that an excitation with violet-blue UVA 

irradiation (405 nm) emits blue light (at 467 nm by radiative decay) which re-excites the 

photocatalyst. This process favors the photocatalytic performance of UCN over TCN 

because the carrier charge recombination in UCN is suppressed under blue light excitation.  

Finally, when the materials are under the direct excitation of blue light (at 440 nm) UCN 

still performs better than TCN similarly due to a higher suppression of carrier charge 
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recombination. Considering the band gap size, the radiative emission near green light (500 

nm) caused by blue light excitation represents very low energy for the re-excitation 

phenomenon to be repeated.  

 

4.2.2 MAl2O4 (M= Ba, Mg) photocatalytic activity 

dependence on annealing atmosphere 

4.2.2.1 Optimization Experiment II 

4.2.2.1.1 Variation of light-photocatalyst interaction conditions for hydrogen 

generation by MgAl2O4 

The hydrogen generation rates obtained with MgAl2O4 in four different dispersion 

presentations are shown in Figure 4.22. Each dispersion represents a unique light 

photocatalyst interaction condition. According to the results, the No-Stir-Colloid is the best 

condition for the generation of the highest quantities of hydrogen using MgAl2O4 It is 

closely followed by the Sonicate condition, then the Stir condition and finally the No-Stir- 

condition. This means that it is better to stir a dispersion continuously during a 

photocatalysis reaction than not to stir it at all.  

Furthermore, it is better to constantly sonicate the dispersion whilst carrying out a 

photocatalysis reaction than to stir it. Finally, it is best to prepare a colloidal dispersion for 

photocatalysis reaction than to use a non-colloidal dispersion. This condition proves so 

effective that no stirring is required to achieve enhanced results.   

 

Figure 4.22 - Hydrogen generation rates at varied interaction conditions using MgAl2O4 
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4.2.2.2 Dye Degradation 

Each of the material’s dye degradation experiment results follows a unique degradation rate 

path as shown in Figure 4.23. The reference sample, MB solution without any catalyst, 

underwent degradation by photolysis and achieved a degradation percentage of only 36 %, 

while BAC achieved complete degradation after 90 minutes. The BaAl2O4 samples perform 

as better photocatalysts for MB dye degradation which is an oxidation dependent reaction. 

This could owe to their smaller bandgap which allowed the material to respond effectively 

to the broad irradiation spectrum of solar simulated light energy.  

The other advantage of BaAl2O4 samples over the MgAl2O4 samples is their higher 

absorption capacities which lead to a higher population inversion density. Based on the 

emission properties it is as expected for BAC to perform better than BCC. In the case of the 

Magnesium Aluminates, the MAC sample performs better than MCC sample. On the 

overall, it appears that the air annealed samples of each material type work more effectively 

as photocatalysts for the MB dye degradation experiments. 

 

0 10 20 30 40 50 60 70 80 90

0.1

1

Time (minutes)

C
/C

0
 

C
/C

0

 Reference
36%

 BCC
85%

 BAC
97%

 MCC
59%

 MAC
69%

 

 

 

Figure 4.23 – Dye degradation profiles of Alkaline Spinel Aluminates  

4.2.2.3 Hydrogen Generation 

The hydrogen generation rate results, using each photocatalyst sample, are presented in 

Figure 4.24. It is interesting to note that between the BaAl2O4 sample materials, BCC 

performs better than BAC; which is contrary to the outcome from the dye degradation 

experiments. A rate of 86 µmol.h-1.g-1 is achieved with BCC whereas 75 µmol.h-1.g-1 is 

achieved by using BAC.  
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Similarly, between the MgAl2O4 samples, MCC performs better than MAC which is also 

contrary to the outcome from the dye degradation experiments. MCC achieves the highest 

rate of 97 µmol.h-1.g-1 while MAC achieves a 64 µmol.h-1.g-1rate. Thus, on the overall, 

Carbon annealing appears to enhance the performance of either material for photocatalytic 

hydrogen generation, which is majorly a reduction dependent reaction. This is a promising 

result for material design.  

The highest H2 evolution rate is attributed to surface oxygen vacancies that function as 

electron trap sites and allow electrons to quickly interact with hydrogen cations in 

producing hydrogen. In addition, the wideband gap of MCC across the water stability limits 

theoretically renders it enough redox power to split the water molecule whilst reducing 

hydrogen cations. 
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Figure 4.24 – Hydrogen Evolution Rates using Alkaline Metal Aluminates 
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Chapter 5  -  Conclusions 

5.1 Two-dimensional Materials  

Graphitic carbon nitride p-n homojunctions were successfully obtained from a 3-hour direct 

heat calcination synthesis process of urea or thiourea at 550°C.  The photocatalysts 

achieved the same phase structures but distinct morphology, optical and electronic 

properties. UCN was composed of wrinkled and porous nanosheets while TCN was made 

up of straight and stacked nanosheets. The formation of the p-n homojunction resulted in 

stronger internal electric fields which were responsible for the enhancement of the charge 

separation and transport efficiency especially in UCN.  

The estimated band gaps were 2.7eV for TCN and 2.9 eV for UCN. Their band edges 

overlap the water splitting energy limits. The beneficial photocatalytic attributes of UCN 

include its smaller particle size, higher total surface area, higher reduction capacity, higher 

charge density and more efficient charge separation and transfer. On the other hand, TCN 

achieved a higher oxidation strength, higher absorption capacity, smaller band gap and 

wide absorption band edge.  

The photocatalytic performance of the photocatalysts is strongly dependent on the 

wavelength of illumination. Under UV light, both materials produced hydrogen at rates that 

were two orders of magnitude higher than the rates of hydrogen evolution under visible 

light. TCN was a slightly superior photocatalyst to UCN under UV light but inferior under 

visible light. The overall inferiority of the hydrogen production rates under visible as 

compared to UV light is mainly attributed to poor photocatalyst activation due to 

insufficient charge concentration which is a consequence of structural defects.  

In addition, re-excitation by radiative decay emissions is suggested to play a key role in 

determining the final amount of available charge carriers available for the HER process. 

This work not only demonstrates conductivity modulation, but also contributes to the study 

of a unique combination of factors that affect the performance of g-C3N4 p-n 

homojunctions in hydrogen evolution reactions.  

5.2 Alkaline metal aluminates 

The crystallinity of barium aluminate is on the overall diminished by the carbon heat 

treatment atmosphere whilst that of magnesium aluminates is enhanced. The heat treatment 

atmosphere does not have a significant effect on the morphology nor crystallite size. It has 

been suggested that the absorption property of the samples is directly correlated to the ratio 

of the surface oxygen vacancies to the bulk oxygen vacancies.  

It was observed that the absorption of either material type is diminished by carbon 

annealing. With reference to direct electronic transitions, the MgAl2O4 samples had the 

widest bandgaps with electrochemical potentials that favor water splitting whilst the 
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BaAl2O4 samples had narrower band gaps. Broad visible emissions under UVC excitation 

were observed from all the samples. The carbon annealed BaAl2O4 sample showed higher 

charge recombination whilst the carbon annealed MgAl2O4 sample showed lower charger 

recombination. The broad band visible emission spectra were ascribed to the presence of 

oxygen vacancies and F centers in the form of shallow and deep-trap sites.  

Sample BAC was noted as the best photocatalyst for dye degradation after achieving 

complete photo-degradation of MB after only 90 minutes under solar simulated irradiation. 

This is assumed as a consequence of its high absorption capability, low electron-hole pair 

recombination and high valence band potential. In general, the air annealed samples favor 

oxidation dependent reactions such as dye degradation.  

The hydrogen generation experiments revealed the MCC sample as the best photocatalyst, 

achieving the highest H2 generation rate of 97 µmol.h-1.g-1. The advantages of MCC 

include its small particle size, which suggest a higher surface area for photocatalytic 

interactions. MCC also had the lowest density of emissions under UVC excitation owing to 

the generation of surface oxygen vacancies that inhibit electron-hole pair recombination.  

Finally, the electrochemical potentials of the band edges of MCC are positioned around 

water stability limits. The overall performance of the carbon annealed photocatalysts was 

superior to those of the air annealed photocatalyst for the hydrogen evolution experiments, 

thereby suggesting that carbon annealing can enhance the photocatalytic performance of 

materials to be used for reduction dependent reactions. 
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Chapter 6  -  Future Prospects 

6.1 CO2 Reduction Experiments 

Photocatalytic CO2 reduction is a mechanism in which CO2 is converted into products such 

as methane, methanol, formaldehyde, formic acid and carbon monoxide in the presence of 

water, a photocatalyst and light irradiation. Recently, photocatalysts like zeolites, zirconium 

oxide, magnesium oxide, zinc oxide, zinc sulfide and graphitic carbon nitride have been 

evaluated for this purpose. Most of these photocatalysts are limited by factors such as UV 

light response exclusivity, high photogenerated charge recombination rates and low total 

surface areas. As such there exists a need to carry out new experiments using new or 

modified photocatalysts110.   

To carry out CO2 reduction experiments, water, a photocatalyst and a light source are the 

principal requirements. In addition, a glass reactor, a mechanical pump, high pure-CO2 and 

a gas chromatograph are required. The water should be deionized and in very small 

amounts to achieve water vapor (100% humidity) upon increase of pressure. The 

photocatalyst amount in mg may be approximately equal to or less than the amount of 

deionized water in µL. The light source should preferably be a 300W Xe lamp as this type 

is commonly used in reported work.  

The results may be easier to compare with using this light irradiation source. The glass 

reactor should be made out of quartz in order to transmit high energy UV light frequencies. 

The mechanical pump should be complimented by a manometer in order to monitor the 

pressure generated within the reactor and secure that its regulation is within the allowed 

range as according to the operation specifications of the reactor. The CO2 source should 

have very little impurities and must have a known molarity to be considered upon 

calibration over the gas chromatograph whose column must be designed for the analysis of 

hydrocarbons111.  

6.2 Waveguide Photocatalysis Reactor 

A waveguide photocatalysis reactor (WPR) is a reactor that possesses the shape of a light 

waveguide. In our case, as shown in Figure 6.1, a straight tubular quartz tube was used as 

the wave guide. The light source was placed at parallel with the tube at the closed end of 

the tube so that the emitted light could travel along its length.  

The advantages of the WPR is include its effectiveness in reducing the amount of stray 

light or lost light. Almost all the light that leaves the source has a better chance of entering 

the reactor. Given that the reactor is a waveguide, the light is neither lost but contained 

within the walls of the waveguide structure. As according to the laws of reflection and 

refraction, the light is contained because the incident angle with which the light hits the 
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quartz wall (of higher refractive index) is always greater that the refractive angle with 

which the light rays could leave the tube towards the outside (of lower refractive index). 

This is the principle of total internal reflection. The other advantage of the WPR is its 

miniature size compared to the conventional reactor. WPRs generally have small diameters 

but can have greater heights to ensure that total internal reflection occurs. The miniature 

size allows us to use lower photocatalyst masses and therefore save on material. As such we 

can also use lesser quantities of aqueous media. The additional benefit because of the 

mentioned advantages is improved photocatalysis efficiency.  

 

Figure 6.1 - A waveguide photocatalysis reactor 

The efficiency of the photocatalytic process is improved because less light is lost due to the 

waveguide setup and lower irradiances are required to achieve results because less 

dispersion content is used in the smaller sized reactor. On the other hand, because of the 

smaller size and quantities of dispersion used WPR are however limited in the amount of 

hydrogen they can generate over long periods of time. For experimental purposes WPRs are 

ideal. However, for commercial purposes, multiple WPRs would have to the installed in 

order to harness greater amounts of hydrogen especially over long periods of reaction times.  

To the best of our knowledge WPRs have not been reported as alternatives to the 

conventional reactor setup in which the light source is often placed from the side or around 

the reactor. This means that there is an opportunity of expansion when it comes to the use 

and optimization of WPR setups. To improve the WPR setup that was established in this 

work, the light sources, which were LEDs in this case could be fitted with converging 

lenses so as to reduce the amount of scattered light leaving the light source aperture. 

Further studies that can be conducted under this setup include the use of laser illumination 

directed toward the longitudinal end of the reactor.  
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6.3 Production of Diethanolamine 

Diethanolamine is a member of the class of ethanolamines that is ethanolamine having a N-

hydroxyethyl substitute. Diethanolamine is used in a number of consumer products, such as 

shampoos, cosmetics and pharmaceuticals112. Diethanolamine is produced by reacting 

ethylene oxide with ammonia. In most production facilities, ethylene oxide and ammonia 

are reacted in a batch process that yields a crude mixture of ethanolamine, diethanolamine 

and triethanolamine. The mixture is then distilled to separate and purify the individual 

compounds113.  

In this work we discovered that in the presence of Alkaline Aluminate photocatalysts such 

as MgAl2O4 or BaAl2O4, a substance with the characteristics of diethanolamine as shown in 

Figure 6.2, could be produced during the process of photocatalysis under UV light 

irradiation. This is work that is yet to be further studied. Based on our current 

understanding of the process of photocatalysis, it is most likely that triethanolamine, the 

sacrificial agent, was oxidized by the photogenerated holes whilst the photogenerated 

electrons reduced the hydrogen cations in the formation of hydrogen gas.  

 

Figure 6.2 - Acquired final product of the possible diethanolamine 

One way of characterizing diethanolamine is by analyzing its bond structures. This can be 

carried out using Raman Spectroscopy, FTIR spectroscopy or NMR spectroscopy. The 

advantage of using photocatalysis to produce this chemical substance is fundamentally the 

cost of production. There exists an opportunity to further this research and possibly the 

acquisition of a patent to a new method of diethanolamine manufacture. 
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