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Abstract 

The production of chemical fuels by solar energy conversion is regarded as one of the major 

strategies to address the aggravating energy and environmental problems. Particularly, 

photocatalytic water splitting has attracted tremendous attention since it represents a clean, cost-

effective and environmental-benign technique for solar hydrogen (H2) production. The core 

challenge of this promising technology lies in the development of low-cost and environmentally-

friendly photocatalyst/co-catalyst systems with high activity and stability. However, to date most of 

the photocatalysts and co-catalysts are based on transitional metals and noble metals (e.g. Pt), 

respectively, which are neither economic nor environmental-benign. Therefore, the development of 

metal-free photocatalysts and noble-metal-free co-catalysts are highly desirable. This thesis aims to 

design and fabricate different highly-active and stable metal-free photocatalyst and noble-metal-free 

co-catalyst to achieve high-efficient solar H2 production.      

The first part of this thesis focuses on developing high-performance and low-priced metal-free 

graphitic carbon nitride (g-C3N4) photocatalysts as an alternative to current metal-based 

photocatalysts. Porous P-doped g-C3N4 nanosheets (PCN-S) were firstly synthesized by combining 

P doping and thermal exfoliation strategies. The P-doped conjugated system and novel macroporous 

nanosheet morphology synergistically contribute to the outstanding photocatalytic H2-production 

activity of PCN-S under visible-light irradiation. Furthermore, the P doping was found to create 

empty midgap states in PCN-S, which greatly extend the light-responsive region; whilst the novel 

macroporous structure benefits the mass-transfer process and enhances light harvesting. This work 

not only demonstrates an easy, eco-friendly and scalable strategy to synthesize highly efficient 

porous g-C3N4 nanosheet photocatalysts, but also paves a new avenue for the rational design and 

synthesis of advanced photocatalysts by harnessing the strong synergistic effects through 

simultaneously tuning and optimizing the electronic, crystallographic, surface and textural structures.    

The second part of this thesis is to design and synthesize a series of earth-abundant co-catalysts 

for replacing rare and expensive Pt. Ni-based co-catalysts, e.g. NiS, metallic Ni and Ni(OH)2, were 

deposited on ZnxCd1-xS nano-particles (NPs) to greatly enhance their visible-light photocatalytic H2-

production activity. Particularly, Ni(OH)2 loaded ZnxCd1-xS shows superior photocatalytic 

performance to Pt-loaded ZnxCd1-xS under the identical conditions. This outstanding performance 

originates from the notable synergetic effect between Ni(OH)2 and metallic Ni formed in situ during 

the photocatalytic reaction. We also for the first time designed and fabricated a novel MXene 

material, Ti3C2 NPs, as a highly-efficient co-catalysts. Ti3C2 NPs were rationally incorporated with 
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CdS by a hydrothermal technique to achieve a super high visible-light photocatalytic H2-production 

performance. This remarkable performance results from the optimized Fermi level, efficient 

hydrogen evolution capacity and novel active sites on Ti3C2 NPs. Our work demonstrates the huge 

potential of earth-abundant MXene family materials to fabricate numerous high-performance and 

low-cost photocatalysts/photoelectrodes.  

The third part of this thesis aims to reveal the superior electron extracting capacity of Ti3C2 NPs 

on ZnxCd1-xS towards visible-light induced H2 production. Through combining the experimental 

techniques and theoretical computations, we have explored the critical role of Ti3C2 NPs loaded on 

the surface of ZnxCd1-xS, which greatly promotes the vectorial electron transfer from ZnxCd1-xS to 

Ti3C2 NPs. The as-synthesized Ti3C2 modified ZnxCd1-xS composite exhibits the highest 

photocatalytic H2-production activity of 7196 mol h-1 g-1 at the optimal loading content of 4 wt%. 

This work demonstrates the possibility of using Ti3C2 to replace expensive Pt in photocatalytic H2 

production.   
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Chapter 1: Introduction 

1.1 Significance of the project  

Semiconductor photocatalysis has attracted tremendous attention as a potential solution to the global 

energy shortage and for counteracting environmental degradation.1-3 The production of H2 via 

photocatalytic water splitting is even considered as the “holy grail” in modern science.4 In the past 

40 years, numerous transitional-metal based photocatalysts (e.g. oxides, (oxy)sulphides and 

(oxy)nitrides) and noble-metal co-catalysts (e.g. Pt, Ru and Pd) have been developed for 

photocatalytic H2 production.3,5,6 Unfortunately, none of these photocatalysts/co-catalyst systems 

can achieve H2 production with sufficiently high activity and stability; whilst most of these systems 

are expensive and harmful to the environment. For these reasons, it is significant but challenging to 

develop high-efficiency and robust photocatalysts and co-catalysts, based on meta-free and noble-

metal-free elements, respectively.   

1.2 Research objectives 

The major goals of this thesis are to gain insights into the reaction mechanism of the 

photocatalyst/co-catalyst systems towards H2 production from water splitting, and thus synthesize 

inexpensive, efficient and durable metal-free photocatalysts and noble-metal-free co-catalysts. 

Specifically, the targets of this thesis are:  

 Exploring the heteroatom-doping effect of g-C3N4 on photocatalytic H2-production performance, 

and developing simple and effective strategy to fabricate heteroatom-doped g-C3N4 with 

homogeneous dopant distribution.  

 Revealing the mechanism of photocatalytic H2 production enhanced by simultaneously tuning 

and optimizing the electronic, crystallographic, surface and textural structures of g-C3N4, 

through combining P doping and thermal exfoliation strategies.   

 Understanding the species dependence of H2 production activity over Ni-based co-catalysts 

loaded photocatalyst systems, and thus selecting the most efficient Ni-based co-catalyst for a 

specific photocatalyst system.  

 Developing a brand new family of highly-active and inexpensive MXene co-catalysts towards 

improving the photocatalytic activity on a series of metal sulphides photocatalysts, guided by 

density function theory (DFT) calculations.  
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 Combining advanced characterization techniques and modern calculations tools to gain 

underlying mechanism of novel Ti3C2 MXene co-catalysts loaded on CdS sub-microspheres 

towards solar H2 production.   

 Investigating the strong electronic coupling between Ti3C2 MXene and ZnxCd1-xS to explain the 

pronounced performance enhancement over Ti3C2 MXene loaded ZnxCd1-xS.      

1.3 Thesis outline  

This thesis is the outcomes of my PhD research presented in the form of journal publications. The 

chapters in this thesis are presented in the following sequence: 

 Chapter 1 introduces the significance of the thesis and outlines the objectives and key 

contributions to the area of research. 

 Chapter 2 reviews the literatures covering all the developed earth-abundant co-catalyst applied 

in photocatalytic water splitting to date.  

 Chapter 3 develops metal-free porous P-doped graphitic C3N4 nanosheets for high-efficiency 

and long-term photocatalytic H2 production under visible-light illumination. 

 Chapter 4 investigates the insightful photocatalytic mechanism of ZnxCd1-xS loaded with 

different Ni-based co-catalysts.    

 Chapter 5 designs and synthesizes a novel MXene material, Ti3C2 NPs, as a highly-efficient 

earth-abundant co-catalyst to tremendously boost the photocatalytic performance of metal 

sulphides photo-absorbers. 

 Chapter 6 devotes to revealing the superior electron-extracting capacity of Ti3C2 NPs on ZnxCd1-

xS for highly-active photocatalytic H2 production.   

 Chapter 7 presents conclusion and perspectives for future work on preparation of metal-free 

photocatalysts and earth-abundant co-catalysts, their applications and mechanism of 

photocatalytic H2 production.  

1.4 References 

1 H. Tong, S. Ouyang, Y. Bi, N. Umezawa, M. Oshikiri, J. Ye, Adv. Mater. 2012, 24, 229-251.  

2 X. Li, J. Yu, M. Jaroniec, Chem. Soc. Rev. 2016, 45, 2603-2636.  

3 X. Chen, S. Shen, L. Guo, S. S. Mao, Chem. Rev. 2010, 110, 6503-6570. 

4 M. Bowker, Green Chem. 2011, 13, 2235-2246.  

5 J. Ran, J. Zhang, J. Yu, M. Jaroniec, S. Z. Qiao, Chem. Soc. Rev. 2014, 43, 7787-7812.     

6 A. Kudo, Y. Misekia, Chem. Soc. Rev. 2009, 38, 253-278.     
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Chapter 2: Literature review 

2.1 Introduction  

This chapter gives a comprehensive appraisal of all the co-catalysts based on earth-abundant 

elements towards photocatalytic H2/O2 production and overall photocatalytic water splitting. 

Particularly, the detailed photocatalytic mechanism of co-catalyst/semiconductor photocatalyst is 

summarized. Furthermore, this chapter also provides remarks on some challenges and perspectives 

in this emerging area of research.      

2.2 Earth-abundant Cocatalysts for Semiconductor-based Photocatalytic Water Splitting  

This section is included as it appears as a journal paper published by Jingrun Ran, Jun Zhang, 

Jiaguo Yu, Mietek Jaroniec and Shi Zhang Qiao, Earth-abundant Cocatalysts for Semiconductor-

based Photocatalytic Water Splitting, Chemical Society Reviews, 2014, 43, 7787-7812.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

8 
 

 

 



 

9 
 



 
 
 
 
Ran, J., Zhang, J., Yu, J., Jaroniec, M. & Qiao, S.Z. (2014). Earth-abundant 
cocatalysts for semiconductor-based photocatalytic water splitting,  
Chemical Society Reviews, 43(22), 7787-7812. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
NOTE:   

This publication is included on pages 10 - 35 in the print 
copy of the thesis held in the University of Adelaide Library. 

 
It is also available online to authorised users at: 

 
http://dx.doi.org/10.1039/c3cs60425j 

 



 

36 
 

Chapter 3: Porous P-doped Graphitic Carbon Nitride Nanosheets for 

Synergistically Enhanced Visible-Light Photocatalytic H2 Production 

3.1 Introduction and Significance 

The production of clean and carbon-free hydrogen energy from inexhaustible solar energy through 

photocatalytic water splitting is a ‘dream technology’ to address the worldwide energy shortage, 

environmental contamination and the greenhouse effect. The core challenge of this advanced 

technology lies in the development of low-cost and environmentally benign photocatalysts with 

sufficiently high activity and stability to produce hydrogen at a cost comparable to the conventional 

fossil fuels. In this chapter, we have synthesized a novel porous P-doped graphitic carbon nitride (g-

C3N4) nanosheets (PCN-S) photocatalyst by a combination of P doping and thermal exfoliation 

strategy. The P doping and macroporous nansheets morphology synergistically contribute to the 

visible-light photocatalytic H2-production activity. The highlights of this work include: 

 The PCN-S photocatalyst was for the first time fabricated by a novel P doping and thermal 

exfoliation strategy, which is a facile, eco-friendly and scalable method for acquiring porous and 

ultrathin nanosheets structures, without using any templates or organic/acid chemicals.  

 We firstly reports a unique macroporous nanosheets architecture of PCN-S, different from the 

previously reported bulk P-doped g-C3N4 or non-porous g-C3N4 nanosheets. A uniform and 

substantial dispersion of P element in g-C3N4 nanosheets was firstly achieved by using a new P 

precurosr, 2-aminoethylphosphonic acid, to form a homogeneous and strong coupling with 

melamine.   

 The P-doped g-C3N4 nanosheets exhibit the high visible-light photocatalytic H2-production 

activity of 1596 mol h-1 g-1 and apparent quantum efficiency (QE) of 3.56% at 420 nm, 

representing one of the most highly-active g-C3N4 nanosheets photocatalysts.   

 The macroporous nanosheets structure renders PCN-S a large surface area (122.6 m2 g-1), short 

charge-to-surface diffusion distance (5-8 nm), efficient mass transfer and enhanced light 

harvesting.    

 P doping induces the formation of midgap states at -0.16 V vs. SHE, as firstly confirmed by 

density functional theory (DFT) and experimental studies, which extends the light absorption 

region to 557 nm and greatly contributes to photocatalytic H2 production. Besides, the midgaps 

states increase charge mobility and serve as separation centers for photo-generated electron-hole 

pairs.    
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3.2 Porous P-doped Graphitic Carbon Nitride Nanosheets for Synergistically Enhanced 

Visible-Light Photocatalytic H2 Production  

This chapter is included as it appears as a journal paper published by Jingrun Ran, Tian Yi Ma, 

Guoping Gao, Xi-Wen Du and Shi Zhang Qiao, Porous P-doped graphitic carbon nitride nanosheets 

for synergistically enhanced visible-light photocatalytic H2 production, Energy and Environmental 

Science, 2015, 8, 3708-3717. 
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Chapter 4: Enhanced Visible-Light Photocatalytic H2 Production by 

ZnxCd1-xS Modified with Earth-Abundant Nickel-Based Cocatalysts 

4.1 Introduction and Significance 

The design and synthesis of highly-active, inexpensive and robust photocatalysts for solar H2 

production is of great importance. In this chapter, we report the fabrication of highly-efficient and 

stable Zn0.8Cd0.2S-based photocatalysts by constructing hetero-junctions between Zn0.8Cd0.2S and 

earth-abundant Ni species. Our work shows that the intrinsic electronic properties of NiS, Ni or NiO, 

which dictates the electron separation and transfer efficiency at the hetero-junction interface, 

determines their photocatalytic activity; while the highest photocatalytic activity of Ni(OH)2 loaded 

Zn0.8Cd0.2S results from the positive synergetic effect of the in situ formed Ni/Ni(OH)2 composite. 

The highlights of this work include: 

 We for the first time investigated the loading of various Ni species (NiS, Ni, or Ni(OH)2) on the 

surface of Zn0.8Cd0.2S to form hetero-junctions for photocatalytic H2 production, which can act 

as a substitute for noble-metal Pt cocatalysts. 

 Both high activity and stability could be achieved by loading Ni, NiS or Ni(OH)2 cocatalyst on 

Zn0.8Cd0.2S, in which Ni(OH)2 leads to a remarkable photocatalytic H2-production rate of 7160 

mol h-1 g-1, with a quantum efficiency of 29.5% at 420 nm, representing one of the most active 

metal sulfides photocatalyts reported to date.  

 We found that the charge separation and transfer efficiency at the hetero-junction interface 

between Zn0.8Cd0.2S and NiS, Ni or NiO, which is greatly influenced by the intrinsic electronic 

properties of loaded Ni species, plays the key role in determining the photocatalytic activity. 

 The outstanding photocatalytic activity of Ni(OH)2 loaded Zn0.8Cd0.2S is induced by the strong 

synergetic effect between Ni(OH)2 and in situ formed metallic Ni during the photocatalytic 

reaction. Ni(OH)2 could promote the dissociation of H2O molecules and the production of 

protons, which are adsorbed on metallic Ni and reduced to form H2 molecules.    

4.2 Enhanced Visible-Light Photocatalytic H2 Production by ZnxCd1-xS Modified with Earth-

Abundant Nickel-Based Cocatalysts  

This chapter is included as it appears as a journal paper published by Jingrun Ran, Jun Zhang, 

Jiaguo Yu and Shi Zhang Qiao, Enhanced Visible-Light Photocatalytic H2 Production by ZnxCd1-xS 

Modified with Earth-Abundant Nickel-Based Cocatalysts, ChemSusChem, 2014, 7, 3426-3434. 
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Chapter 5: Ti3C2 MXene Co-catalyst on Metal Sulfide Photo-

Absorbers for Enhanced Visible-Light Photocatalytic Hydrogen 

Production 

5.1 Introduction and Significance 

Currently, the large-scale solar hydrogen production via photocatalytic water splitting demands 

highly-efficient, robust and low-cost co-catalysts as a substitute for expensive and scarce noble-

metal Pt. In this chapter, we have developed a brand-new area of applying MXene materials (over 

60 members) as co-catalysts with high-efficiency and low-cost to replace rare and expensive Pt in 

photocatalysis. The highlights in this work include:  

 We for the first time employed DFT calculations to explore the possibility of an emerging 

MXene material, Ti3C2, as a highly-efficient co-catalyst. The comprehensive evaluation of Gibbs 

free energy for hydrogen adsorption, electronic band structure and Fermi level position indicates 

that Ti3C2 with -O terminations is a highly-promising co-catalyst promoting photocatalytic H2 

production.      

 Guided by theoretical prediction, we utilized ultra-sonication cutting and hydrothermal 

integration strategies to acquire Ti3C2 NPs decorated with abundant -O terminations and couple 

them with CdS to synthesize a novel CdS/Ti3C2 cauliflower-structured sub-microspheres (SMS). 

The highly-fused CdS/Ti3C2 architecture ensures the efficient interfacial charge transfer between 

photocatalyst CdS and co-catalyst Ti3C2.     

 The CdS/Ti3C2 cauliflower-structured SMS exhibits a super high visible-light photocatalytic H2-

production activity of 14342 mol h-1 g-1 and a remarkable apparent quantum efficiency (QE) of 

40.1% at 420 nm, representing one of the most highly-active noble-metal-free metal sulphides 

photocatalysts to date. Besides, the photocatalytic activity can be further enhanced to 18560 

mol h-1 g-1 by co-loading Ti3C2 and NiS on CdS, suggesting the huge potential of this novel 

Ti3C2 co-catalyst.   

 Both experimental observations and theoretical calculations reveal that the outstanding 

photocatalytic activity is aroused by the distinguished properties of Ti3C2 NPs with massive -O 

terminations: i) very positive Fermi level (EF = 1.88 V vs. SHE at pH = 0); ii) excellent metallic 

conductivity; iii) near-zero Gibbs free energy for hydrogen adsorption (GH* = -0.00283 eV). 

Hence, Ti3C2 NPs can efficiently extract the photo-induced electrons from CdS, shuttle them to 
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the surface active sites, and catalyse hydrogen evolution. Therefore, a synergistically enhanced 

photocatalytic activity is achieved in CdS/Ti3C2 system.    

 The newly-developed Ti3C2 NPs are proven to be a versatile and efficient co-catalyst on other 

photocatalysts, e.g. ZnxCd1-xS and ZnS. These results imply the enormous potential developing 

the large family of MXene materials to fabricate numerous highly-active, low-cost and stable 

photocatalysts/photoelectrodes for solar fuel production.     

5.2 Ti3C2 MXene Co-catalyst on Metal Sulfide Photo-Absorbers for Enhanced Visible-Light 

Photocatalytic Hydrogen Production 

This chapter is included in this thesis as it appears as a journal paper authored by Jingrun Ran, 

Guoping Gao, Fa-Tang Li, Tian-Yi Ma, Aijun Du, and Shi-Zhang Qiao, Ti3C2 MXene Co-catalyst 

on Metal Sulfide Photo-Absorbers for Enhanced Visible-Light Photocatalytic Hydrogen Production, 

and accepted by Nature Communications on 11 November 2016.  
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Chapter 6: Superior Electron-Extracting Capacity of Ti3C2 MXene 

on Zn0.5Cd0.5S towards Highly-Efficient Solar H2 Production 

6.1 Introduction and Significance  

Hydrogen evolution from water splitting by photocatalysis, particularly under visible-light 

illumination, has been the focus of extensive research because of its potential applications in green 

and renewable energy. The insightful mechanism of the strong electronic coupling between 

photocatalyst and co-catalyst can instruct the further enhancement of the photocatalytic H2-

production performance. In this chapter, we have revealed the superior electron-extracting 

competence of Ti3C2 MXene on Zn0.5Cd0.5S via state-of-art characterization techniques and 

theoretical computations, which plays a pivotal role in improving the photocatalytic H2-production 

activity. The highlights of this work include: 

 We for the first time fabricated a novel Ti3C2 MXene loaded Zn0.5Cd0.5S sub-microsphere 

composite photocatalyst by a facile hydrothermal approach.  

 The Ti3C2/Zn0.5Cd0.5S composite exhibits the highest visible-light photocatalytic H2-production 

activity of 7196 mol h-1 g-1 at the optimal loading of 4 wt.%, corresponding to a quantum 

efficiency of 25.4% at 420 nm.  

 This extraordinary photocatalytic performance is attributed to the superior electron-accepting 

ability of Ti3C2 MXene, as evidenced by a series of advanced characterization methods and 

density function theory (DFT) calculations.   

6.2 Superior Electron-Extracting Capacity of Ti3C2 MXene on Zn0.5Cd0.5S towards Enhanced 

Visible-Light Photocatalytic H2 Production   

This chapter is included in this thesis as it appears as a research paper submitted by Jingrun Ran 

and Shi-Zhang Qiao, Superior Electron-Extracting Capacity of Ti3C2 MXene on Zn0.5Cd0.5S towards 

Enhanced Visible-Light Photocatalytic H2 Production, to Small.  

 

 

 

 

 

 

 



 

158 
 

 

 

 

 

 



 

159 
 



 

160 
 



 

161 
 



 

162 
 



 

163 
 



 

164 
 



 

165 
 



 

166 
 



 

167 
 



 

168 
 

 



 

169 
 



 

170 
 



 

171 
 



 

172 
 



 

173 
 



 

174 
 



 

175 
 



 

176 
 

 



 

177 
 



 

178 
 



 

179 
 



 

180 
 



 

181 
 



 

182 
 



 

183 
 



 

184 
 

 



 

185 
 

Chapter 7: Conclusion and Perspectives 

7.1 Conclusions 

This thesis is devoted to develop inexpensive, efficient and robust photocatalysts/co-catalysts and 

gain insights into the mechanism and kinetics of photocatalytic H2 production. Based on the research 

in this thesis, the following conclusions can be drawn:  

(1) The photocatalytic H2-production activity of metal-free g-C3N4 can be tremendously enhanced 

via a brand-new strategy combining P doping and thermal exfoliation. P doping not only extends 

the light-responsive region by creating mid-gap states (-0.16 V vs. NHE) in the band gap of g-

C3N4, but also greatly increase the charge density in the P-doped conjugated system to enhance 

charge mobility. Meanwhile, thermal exfoliation not only obviously shorten the charge transfer 

distance from bulk to surface, but also dramatically improve the surface area of g-C3N4 for the 

adsorption/desorption of protons/triethanolamine and the subsequent photocatalytic reactions. 

Hence, through simultaneously tuning and optimizing the electronic, crystallographic, surface 

and textural structures, the photocatalytic activity of g-C3N4 is synergistically improved.  

(2) The photocatalytic H2-production performance of the Zn0.8Cd0.2S (ZCS) system was optimized 

for the first time by choosing a suitable Ni-based co-catalyst from various Ni species, i.e. NiS, 

Ni, and Ni(OH)2. The results show that NiS-ZCS and Ni-ZCS exhibit substantially enhanced 

photocatalytic activity over ZCS because NiS/Ni could facilitate the charge separation and 

transfer at the interface of heterojunctions constructed between NiS/Ni and ZCS, and promote 

the hydrogen evolution reaction on the ZCS surface. Surprisingly, compared with NiS-ZCS and 

Ni-ZCS, Ni(OH)2-ZCS exhibits a much higher photocatalytic H2-production rate of 7160 molh-

1g-1 with a quantum efficiency of 29.5% at 420 nm, which exceeds that of ZCS by a factor of 

25.5. Such a great enhancement of activity is induced by the synergetic effect between Ni(OH)2 

and Ni formed in situ during the photocatalytic reaction. This work shows for the first time that 

Ni(OH)2 is the most suitable Ni-based co-catalyst applied to the ZCS system to achieve the 

highest photocatalytic activity because of its unique synergetic effect and provides a deep insight 

into the relationship between the intrinsic properties of a co-catalyst (e.g., electronic structure 

and catalytic function) and the photocatalytic performance of its applied photocatalyst system. 

(3) Our work demonstrates the great advantage of using a novel MXene material, Ti3C2 NPs, as a 

highly-active co-catalyst. On the basis of theoretical predictions, we rationally employed the 

hydrothermal treatment to replace the -F terminations on Ti3C2 by -O/-OH terminations, and 

coupled the pretreated Ti3C2 with CdS to prepare a highly-fused CdS/Ti3C2 composite 
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photocatalyst. Remarkably, this composite photocatalyst exhibited both super high visible-light 

photocatalytic activity (14342 molh-1g-1) 10 and apparent quantum efficiency (40.1% at 420 

nm), render it as one of the best metal-sulfides photocatalysts without the addition of noble 

metals. We found that this unusual activity can be attributed to the synergetic effect of the highly-

efficient charge separation and migration from CdS to Ti3C2 NPs and the rapid hydrogen 

evolution on numerous -O terminations present on Ti3C2 NPs. Successful application of Ti3C2 

NPs as an efficient co-catalyst on ZnS or ZnxCd1-xS excitingly confirms the versatile nature of 

this newly-developed co-catalyst. Our work not only demonstrates the power of combining DFT 

calculations and experimental techniques to effectively engineer novel MXene family materials 

at the atomic level towards desired photocatalytic reactions, but also opens a new area of utilizing 

this new generation of co-catalytic materials to achieve highly efficient, steady and cost-effective 

solar water splitting based on semiconductor photocatalysts/photoelectrodes. 

(4) Our work for the first time reported the fabrication of a Ti3C2 modified Zn0.5Cd0.5S composite 

photocatalyst by a facile hydrothermal approach. The as-synthesized Ti3C2 modified Zn0.5Cd0.5S 

composite exhibits the highest photocatalytic H2-production activity of 7196 mol h-1 g-1 at the 

optimal loading (4 wt%) of Ti3C2. The enhanced photocatalytic H2-production activity is mainly 

attributed to the excellent electron-accepting ability of Ti3C2 NPs loaded on Zn0.5Cd0.5S. The 

stability of Ti3C2 NPs loaded Zn0.5Cd0.5S has been confirmed by conducting the photocatalytic 

test for 9 hours. Our work not only demonstrates the possibility of using Ti3C2 to replace 

expensive noble-metal co-catalysts in solar H2 production, but also provide a new insight into 

the interfacial charge transfer in the Ti3C2 modified photocatalyst systems.     

7.2 Perspectives   

Although significant progress for photocatalytic H2 production has been achieved in this thesis, there 

are some challenges in this future research: 

(1) Although significant progress has been achieved in metal-free g-C3N4 based photocatalysts, 

their efficiency and stability are far from satisfactory for commercial application. Therefore, the 

further enhancement of their performance should rely on investigation, design and fabrication 

of g-C3N4 based photocatalysts at the atomic level through utilizing the advanced 

characterization techniques, such as X-ray absorption spectroscopy and aberration-corrected 

transmission electron microscopy. Besides, single-atom co-catalyst, e.g. Pt and Ni, can be 

loaded on the surface of g-C3N4 nanosheet to further improve its photocatalytic H2-production 

activity.  
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(2) Moreover, despite that many high-efficiency and low-cost co-catalysts based on earth-abundant 

transitional metals, e.g. Ni and Ti, have been synthesized and proven to be more effective than 

noble-metal Pt, the development of metal-free co-catalysts with comparable activity to Pt is still 

at infancy. Hence, some new two-dimensional (2D) metal-free materials, e.g. phosphorene, 

silicene and germanene, can be tried as metal-free co-catalysts, due to their good conductivity 

and large surface area.  

(3) Furthermore, the investigation of the controllable loading of co-catalyst at the desired position, 

e.g. specific crystal facets and edge of nanosheets, on the nano-structured photocatalysts is still 

missing. Hence, more efforts should be put into this area to maximize the effect of loading co-

catalyst on the photocatalytic performance.  

(4) Lastly, the reaction mechanisms are still inconclusive in many photocatalytic systems due to the 

continuous developments of novel photocatalysts/co-catalysts. Therefore, more investigation 

combining theoretical and experimental explorations is essential to overcome this fundamental 

and significant problem. Moreover, in-situ techniques can be applied to provide insightful 

investigation on the photocatalytic mechanism, and then guide the design and synthesis of high-

performance photocatalysts.  
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