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Abstract 

Semiconductor metal oxide photocatalyst with favourable light absorption and charge 

transport characteristics have been widely used as a photocatalyst in various applications, to 

name a few, energy harvesting and storage, environmental remediation and air pollution. 

Energy harvesting which comprises the full utilisation of the wide solar light (wavelength) 

spectrum has become a central point of research in the field of materials science and 

engineering. Hence, the development of sustainable materials from environmentally 

sustainable techniques which can absorb majority of the solar light spectrum has become a 

huge challenge. For efficient utilisation of solar energy in catalytic applications, it is 

important to create photocatalyst that can absorb the full solar spectrum involving ultraviolet 

(UV), visible (VIS) and near infrared (NIR) wavelengths. More than three decades, TiO2 and 

its composites have been widely researched academically and used industrially as a low-cost 

material for photocatalytic applications. However, the large bandgap of TiO2 limits its 

photocatalytic activity to the UV region which is just 3-5% of sunlight on Earth’s 

atmosphere. TiO2 also suffers from rapid recombination of photogenerated carriers (i.e., holes 

and electrons) thereby affecting its photocatalytic efficiency. Over the years, there has been 

active research in altering the chemistries of TiO2 to overcome these aforementioned 

shortcomings. The most recent advantage is the use of two dimensional (2D) materials 

because of its layered structure One of the unexplored and interesting layered structure is 

MXene. The aim of this thesis is to modify the chemical structure of Ti2C MXene to produce 

TiO2 as an efficient photocatalyst for absorbing solar energy especially in the UV and visible 

regions. As a compound of titanium and carbon, Ti2C MXene could facilitate the creation of 

TiO2 and carbonaceous materials hereby improving the photocatalytic performance. The 

abundance of surface terminal groups on Ti2C MXene allow for ease of surface modification 

and functionalisation. In this thesis, for the first time, the functionalisation of TiO2 from Ti2C 

MXene using a dry and low powered system, atmospheric pressure plasma jet (APPJ) is 

reported.  This process involved using Ti2C nano colloidal ink with highly reactive oxygen 

plasma source which can tune the electronic properties (engineering bandgap) of Ti2C MXene 

in-situ while simultaneously printing on to a substrate. X-ray/Ultraviolet Photoelectron 

spectroscopy showed an additional density of states (DOS) close to valence band edge and 

changes to the Ti, O core level spectra due to the oxygen plasma functionalisation. Density 

functional Theory calculation suggests that the changes in the electron structure might be due 

to the influence of oxygen vacancies and hence the increase in efficiency of catalytic process.  
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Also, time dependent oxygen plasma functionalisation studies reveal the morphology and size 

of the in-situ generated TiO2 nanoparticles varied from 5-8 nm with exceptionally high 

photocatalytic performance.  

The second aim of the thesis is to create a heterostructure of Ti2C MXene with low cost and 

earth abundant graphitic carbon nitride, g-C3N4 (GCN) with visible light properties. For the 

first time, a lower power APPJ method was reported to produce a ternary in-situ 

TiO2/Ti2C/GCN heterostructure.  In this thesis, GCN nanosheets were used as a 

semiconducting photocatalyst that could efficiently harvest the energy from visible light. Ti2C 

MXene nanosheets acted as an excellent electron sink while providing enhanced surface area 

which could facilitate the interfacial charge carriers. Structural studies show the formation of 

heterostructure formation between Ti2C MXene and GCN. Influence of morphology and 

hence changes to the optical properties were discussed. The synthesized ternary in-situ 

TiO2/Ti2C/GCN nanosheets showed enhancement in photocatalytic performance.  

The third aim of my research was to integrate TiO2 onto earth abundant natural cellulose 

fibres. Utilising the power of low power atmospheric pressure plasma (APPJ) to in-situ 

anchor TiO2 onto cellulose fibres to prevent the thermal degradation and chemical instability 

leading to leaching of the oxides from the cellulose fibres. APPJ in the presence of highly 

oxidised species caused an increase in COO- bonds which provided a strong linkage between 

TiO2 and cellulose materials. Also, structural studies revealed polymorphic changes in the 

structure of cellulose materials that improved its crystallinity and surface area for 

photocatalytic applications. APPJ is also able to create oxygen vacancies in the TiO2 which 

further reduced the bandgap of as synthesized TiO2/cellulose nanocomposites that enhanced 

photocatalytic applications. Toxicity studies showed that TiO2 was not cytotoxic. 

This plasma modified surfaces (of all the samples) show exceptional degradation of 

wastewater with ternary in-situ TiO2/Ti2C/GCN showing two times more improvement in 

methylene blue degradation (84% degradation) as compared to in-situ TiO2/Ti2C MXene 

(42% degradation). Also, TiO2/cellulose bionanocomposite showed excellent adsorptive-

photocatalytic performance in degrading industrial waste dye providing a clear route as 

nanocomposites from research into industrialisation. 

 

 

 

 



iii 
 

Acknowledgement 

Give thanks to the Lord for He is good for His mercies endures forever. Psalm 118:1  

 

Words are certainly not enough to express my heartfelt gratitude throughout my entire PhD 

journey (a number of pages might not be enough because it took an entire village to see me 

through). 

My first and foremost thanks is to God Almighty, who has been through thick and thin, heard 

my silent battles and cries and still say ‘Hey, my daughter, you’ve got this’. He that started a 

good work in me has brought it to a successful end. 

I would like to express my heartfelt gratitude to my supervisors, Prof. Satheesh 

Krishnamurthy, my lead supervisor for his amazing guidance and massive support through 

these years of my PhD. The frequent group meeting, one-on-one meeting and lab meeting has 

made me grow significantly as a researcher. Collaborations with leading scientists and the 

opportunity to visit Turkey for the industrial installation of a water treatment plant as part of 

WAH has enhanced my scientific skills enormously. (6 lines, certainly not enough, you 

deserve a whole book) 

Special thanks go to my co-supervisors, Prof. Nicholas Braithwaite and Prof.Vasant 

Kumar for your invaluable time, guidance, support, and constant encouragement during my 

studies. I would never forget the all-day trips to University of Cambridge for supervision 

meeting. Prof Nicholas, you will always remain the best travel company. Heartfelt gratitude 

to Dr. Nicholas Power for your supervision and valuable lab time and discussions during the 

synthesis of MXene and group meetings. 

Special thanks to all past and present lab members, Ezrah Mariam, Dr. Ajay Kumar, 

Seyedeh Sadrieh Emadian, Dr. Irwing Ramirez, Dr. Avishek Dey, Dr. Paheli Ghosh, Dr. 

Gauthaman Chandrabrose for your scientific contribution and amazing support and help. 

We work, laughed, and danced together whiles carrying out our research with enthusiasm. 

Thanks for giving me the opportunity to be me and being the go-to people whenever I needed 

any outlook towards science, experimentation, and analysis. Your immense support 

throughout the research assistantship. 

I would like to extend my immense gratitude to Dr. Igor Kraev, Dr. Radka Gromnicova, 

Dr. Zeeshan Mughal, Dr. Giulia Degli-Alessandrini, Dr. Feargus Abernethy and Dr. 

Matthew Kershaw from your training on SEM, TEM, Raman, XRD and FTIR. Special note 

of appreciation goes to Thomas Webley (Laboratory Manager, School of Physical Sciences), 



iv 
 

Mikki Thomas (Laboratory Manager, School of Engineering), George Bryant and Josh 

Oakley. 

Immense gratitude to Profs. Marianny Montanez and Cristian Blanco for their constant 

supply of cellulose fibres (Nanofique) and immense knowledge shared during our 

collaborative works through the Waste2Fresh. Talking about Waste2Fresh, I would like to 

thank Prof. Serpil Sedebali and Duygu Yanardag during the industrial deployment of 

integrated wastewater treatment plant (I will forever cherish the gift I received). I gratefully 

acknowledge the valuable collaborations with Dr. Mark Isaacs (Harwell XPS- EPSRC, 

National Facility for XPS) in assisting in carrying out the XPS data for chapter 4 of my 

thesis, Prof. Dermot Brabazon (University College Dublin), Dr. Sithara (University 

College Dublin), Prof. Suela Kellici (London Southbank University) and Prof Alexander 

Chroneos for your valuable collaborations in simulating and understanding of the DFT 

calculations. 

A special thanks to the ‘Berkeley buddies for constant encouragement, fun jokes and dances 

during this journey, Daniel Bou-Debes, David Matalon plus most of my team members. To 

my friends turn family, David Tamakloe, Nana Adoma Nkansa-Gyamfi, I’m grateful for all 

your support.  

Finally, my cordial thanks to the most important persons in my life for their constant support, 

unconditional love, prayer, patience through thick and thin. My beloved parents Luke 

Damptse and Winifred Brenya, my sister Eunice Bibian Damptey without them I wouldn’t 

have made through this journey. Miles away and you all managed to make me forge on, 

encouraged, prayed and laughed with me, thank you.  To my lovely husband Tony Tamakloe, 

if there was a way of passing on this PhD degree, I would have handed it over to you. Your 

support has been overwhelming, stuck through all the highs and lows with me, being by my 

side from day 1 with prayers, love, encouragement, and support. Tony, thanks so much. 

Massive appreciation to my supportive in-laws, Raymond Tamakloe, Estella Amusah, 

Prince, and Benedicta Ayerh and my nephew Akyede Ayerh, thank you very much. My 

Godparents Mr. Sekyere and Mrs. Vida Asomani, God sister Gloria Frimpong, friend 

turned sister Ezrah Mariam and my beautiful God daughter Gianina Frimpong. 

I would like to dedicate this thesis to my mother-in-law, Augustina Tekpertey (of blessed 

memory) who was always looked forward to my day of submission and always assumed 

‘thesis was an exam’. I wish you were here to hear this but all the same wherever you are, I 

know deep down that you are excited. I also dedicate this thesis to my aunty who passed on 2 

days to submission of this theses, Ruth Mensah, you would have screamed and promised me 



v 
 

a holiday but unfortunately could not be here to hear this. Thanks for all your support in 

seeing me as a scientist and pushing me know me and give back to society using science. 

(Rest in peace) 

  



vi 
 

 

Table of Contents 
Abstract ...................................................................................................................................... i 

Acknowledgement .................................................................................................................. iii 

Table of Contents .................................................................................................................... vi 

List of figures .......................................................................................................................... vii 

List of tables........................................................................................................................... xiv 

Attributions ........................................................................................................................... xvi 

List of acronyms ................................................................................................................. xviii 

List of publications ................................................................................................................ xix 

Publication associated with this thesis: .............................................................................. xix 

Other publications: ............................................................................................................. xix 

Chapter 1: INTRODUCTION AND MOTIVATION ........................................................... 1 

1.1 Semiconductors as photocatalyst ..................................................................................... 2 

1.2 Principle of photocatalysis ............................................................................................... 3 

1.3 Photocatalytic material ..................................................................................................... 4 

1.3.1 TiO2 as a photocatalytic material ............................................................................... 6 

1.3.2 Formation of heterostructures .................................................................................... 8 

1.3.3 Morphology of heterostructures .............................................................................. 10 

1.4 Influence of cocatalyst with TiO2 nanoparticles to create a heterostructure system ...... 11 

1.5 MXenes as co-catalysts .................................................................................................. 11 

1.6 MXenes as cocatalysts for photocatalytic applications .................................................. 14 

1.7 Graphitic carbon nitride (g-C3N4) as photocatalytic material ........................................ 18 

1.8 Graphitic carbon nitride (g-C3N4)/MXene based photocatalyst. .................................... 21 

1.9 Immobilising photocatalytic systems on support materials ........................................... 24 

1.10 Cellulose as an effective photocatalyst support. .......................................................... 25 

1.11 Surface modification of TiO2 using atmospheric pressure plasma engineering. .......... 27 

1.11.1 Non-thermal plasmas ............................................................................................. 28 

1.11.2 Use of Atmospheric Pressure Plasma Jet (APPJ) .................................................. 29 

1.12 Photocatalytic environmental remediation (wastewater treatment) ............................. 29 

1.12 Project Aims ................................................................................................................ 31 

1.13 Thesis structure .......................................................................................................... 33 

Chapter 2: Experimental methods and Analytical techniques .......................................... 34 

2.1 Materials ....................................................................................................................... 34 



vii 
 

2.2 Synthesis Procedures .................................................................................................... 34 

2.2.1 Synthesis of Ti2C MXene ........................................................................................ 34 

2.2.2 Surface modification of Ti2C to create in-situ TiO2/Ti2C MXene using oxygen 

plasma functionalisation. .................................................................................................. 35 

2.2.3 Synthesis of graphitic carbon nitride (g-C3N4) ........................................................ 36 

2.2.4 Synthesis of ternary in-situ TiO2/Ti2C/GCN heterostructure thin film ................... 36 

2.2.5 Preparation of plasma treated TiO2/cellulose nanocomposites. ............................... 37 

2.2.6 Atmospheric pressure plasma jet (APPJ) for surface functionalisation .................. 39 

2.3 Chacterisation of printed films ................................................................................... 42 

2.3.1 X-Ray diffraction (XRD) ......................................................................................... 42 

2.3.2 Electron Microscopy ................................................................................................ 44 

2.3.3 Spectroscopic Techniques ........................................................................................ 48 

2.3.4 Theoretical calculations (DFT) ................................................................................ 54 

2.4 Photocatalytic Activity Measurement ......................................................................... 55 

2.4.1 Photocatalytic activity of TiO2/cellulose fibres ....................................................... 55 

2.4.2 Photocatalytic activity of oxygen plasma functionalised Ti2C MXene to form in-

situ TiO2/Ti2C MXene ...................................................................................................... 55 

2.4.3 Photocatalytic activity of nanohybrid in-situ TiO2/Ti2C/GCN ternary 

heterostructure .................................................................................................................. 56 

Chapter 3: Plasma engineering and in-situ controlled oxidation of Ti2C MXene using 

atmospheric pressure plasma printing. ................................................................................ 57 

Chapter 3.1 Introduction ................................................................................................... 57 

3.2 Result and Discussion .................................................................................................. 60 

3.2.1 X-Ray Diffraction analysis (XRD) analysis ............................................................ 60 

3.2.2 Raman spectroscopy and Crystal structure .............................................................. 67 

3.2.3 Morphology of Ti2C MXene (before and after etching) .......................................... 69 

3.2.4 X-Ray Photoelectron Spectroscopy (XPS) of Ti2C MXene and oxygen plasma 

functionalized Ti2C MXene .............................................................................................. 80 

3.2.5 X-Ray Photoelectron Spectroscopy – Ultraviolet Photoelectron Spectroscopy, XPS-

UPS (valence band spectra of Ti2C MXene and functionalised Ti2C MXene) ................ 87 

3.2.6 Water contact angle measurement of Ti2C MXene and oxygen plasma 

functionalized Ti2C MXene .............................................................................................. 89 

3.2.7 Zeta potential (surface charge) analysis of Ti2C MXene and oxygen plasma 

functionalized Ti2C MXene .............................................................................................. 92 

3.2.8 UV-VIS analysis of Ti2C MXene and oxygen plasma functionalized Ti2C MXene 92 

3.2.9 Photocatalytic activity ............................................................................................. 93 

3.2.10 DFT calculation ..................................................................................................... 95 



viii 
 

3.3 Conclusion ..................................................................................................................... 98 

Chapter 4: In-situ functionalisation and deposition of ternary TiO2/Ti2C MXene/GCN 

using atmospheric pressure plasma for visible light photocatalytic degradation. ......... 101 

4.1 Introduction ................................................................................................................ 101 

4.2 Results and discussion ................................................................................................ 104 

4.2.1 X-Ray diffraction (XRD) - Structural analysis of Ti2C MXene, GCN and ternary 

in-situ TiO2/Ti2C/GCN heterostructure .......................................................................... 104 

4.2.2 Morphology of Ti2C MXene, GCN and Ti2C/GCN heterostructure films ............ 106 

4.2.3 Surface characterisation analysis using X-Ray Photoelectron Spectroscopy ........ 112 

4.2.4 Photocatalytic pollutants degradation .................................................................... 121 

4.3 Conclusion ................................................................................................................... 124 

Chapter 5: Effect of atmospheric pressure plasma functionalized TiO2 immobilised on 

natural recycled cellulose fibres .......................................................................................... 125 

5.1 Introduction ................................................................................................................ 126 

5.2 Results and Discussion ............................................................................................... 129 

5.2.1 X-Ray Diffraction .................................................................................................. 129 

5.2.2 Raman Spectroscopy ............................................................................................. 134 

5.2.3 Fourier-transform infrared (FTIR) spectroscopy ................................................... 136 

5.2.4 Surface morphology – Scanning Electron Microscopy ......................................... 138 

5.2.5 Surface analysis – X-Ray Photoelectron Spectroscopy ......................................... 140 

5.2.6 Optical study – (Ultraviolet visible Spectroscopy – Diffuse Reflectance 

Spectroscopy UV-VIS DRS) .......................................................................................... 144 

5.2.7. Photocatalytic pollutants degradation ................................................................... 146 

5.3. Cytotoxicity analysis ............................................................................................... 156 

Chapter 6 Conclusion and future work ............................................................................. 165 

6.1 Thesis summary .......................................................................................................... 165 

6.2 Future work ................................................................................................................ 166 

6.2.1 Synthesis using dry etching process. ..................................................................... 166 

6.2.2 Functionalisation of MXene .................................................................................. 167 

6.2.3 APPJ functionalisation ........................................................................................... 167 

Bibliography ......................................................................................................................... 169 



vii 
 

List of figures  

 

Figure 1.1 Schematic illustration of photocatalytic water splitting reaction in a semiconductor 

(photoharvester) loaded with dual co-catalyst33 ........................................................................ 3 

Figure 1.2 Band gap energies of various semiconductor photocatalysts and selected redox 

potential of H2O splitting, CO2 reduction, and pollutant degradation.45 ................................... 5 

Figure 1.3 Schematic conventional cells of (a) anatase (b) rutile and (c) brookite of TiO2. Big 

green spheres represent Ti atoms and small red spheres represent O atoms63 ........................... 7 

Figure 1.4 Full Solar light spectrum64........................................................................................ 8 

Figure 1.5 Different cases of heterostructure composition showing different bandgap 

alignment [SC1 &SC2 – semiconductor 1 & 2, EC1 &EC2 – conduction band-edge 1 & 2, EV1 

&EV2 – valence band edge 1 & 2; EG1 & EG2 – semiconductor bandgap 1 & 2; ∆EC – potential 

discontinuity of conduction band; ∆Ev – potential discontinuity of valence band]. .................. 9 

Figure 1.6 Schematic illustration of the advantages of 2D layered materials in comparison 

with 0D and 1D materials. The 2D layered materials possess large surface areas, more 

surface-active sites and superior electron mobility, and can serve as good electron transfer 

platforms and excellent photocatalyst supports ....................................................................... 10 

Figure 1. 7 (a) MXene composition: M is an early transition metal (green), A = group IIIA or 

IVA elements (purple), X is carbon/nitrogen or both (red). (b) Structure of MAX phases and 

the corresponding MXenes (c) Ti2C MXene after etching. [N.B. Refer to Attributions] ........ 13 

Figure 1.8 (a) Triazine and (b) tri-s-triazine (heptazine) structure of g-C3N4 
118..................... 20 

Figure 1.9 Illustration of photoexcited electron-hole pairs in g-C3N4 with possible decay 

pathways. A and D demote electron acceptor and electron donor respectively130 ................... 21 

Figure 1.10 Simple cellulose structure showing the abundant hydroxyl groups on the 

surface156 .................................................................................................................................. 25 

Figure 1.11 Scope of the thesis in summary ............................................................................ 34 

 

Figure 2.1 Illustration of ettching Ti2AlC MAX phase using HF to produce Ti2C MXene .... 35 

Figure 2.2 Schematic showing the in-situ functionalisation of Ti2C MXene to produce 

TiO2/Ti2C MXene .................................................................................................................... 36 

Figure 2.3 Mechanism of pre-treatment of fibres with polycarboxylic acids i.e., succinic acid 

to aid in crosslinking of fibres with TiO2 ................................................................................. 38 

https://openuniv-my.sharepoint.com/personal/laod6_open_ac_uk/Documents/PhD%20files/THESIS%20WRITEUP%20-%20LOIS/1_Masterr%20file/THESIS%20FINAL_Lois%20Damptey.docx#_Toc153912420
https://openuniv-my.sharepoint.com/personal/laod6_open_ac_uk/Documents/PhD%20files/THESIS%20WRITEUP%20-%20LOIS/1_Masterr%20file/THESIS%20FINAL_Lois%20Damptey.docx#_Toc153912420
https://openuniv-my.sharepoint.com/personal/laod6_open_ac_uk/Documents/PhD%20files/THESIS%20WRITEUP%20-%20LOIS/1_Masterr%20file/THESIS%20FINAL_Lois%20Damptey.docx#_Toc153912420


viii 
 

Figure 2.4 Schematic illustration of plasma spray technique for the fabrication of plasma 

treated-TiO2/cellulose nanocomposite.[N.B. refer to Attributions] ......................................... 39 

Figure 2.5 Schematic of the plasma jet used (a) the experimental setup for the plasma jet 

printing system comprises of: (1) plasma generator (2) mass flow controller (3) x-y motorized 

stage (4) electrodes (5) Pyrex tube (6) nebuliser kit (7) gas inlet (b) APPJ in operation. The 

Ti2C MXene and TiO2 nanoparticles were aerosolised using a commercial nebuliser and 

carried through to the plasma by compressed argon gas to prevent any further oxidation. A 

mixture of He or He + O2 gas was fed through other inlet to ignite the plasma jet. ................ 41 

Figure 2.6 Principle of X-ray diffraction ................................................................................. 42 

Figure 2.7 Schematic of (a) electron beam interaction with the sample surface and (b) 

working principle of the scanning electron microscope.183 ..................................................... 46 

Figure 2.8 Schematic of basic working principle of an AFM 187 ............................................. 48 

Figure 2.9 Jablonski diagram for Rayleigh and Raman scattering .......................................... 49 

Figure 2.10 Diagram showing light pass through a sample where some of the light will be 

absorbed by the sample as proposed by Beer Lambert law ..................................................... 51 

Figure 2.11 XPS instrument at The Open University, Milton Keynes, United Kingdom ........ 53 

 

Figure 3.2 Representative XRD patterns of (a) Ti2AlC MAX phase (b) Ti2C MXene 

synthesised using 5% HF. The (002) peak at 2θ = 8.9° is the primary identification peak to 

determine MXene phase (c) Ti2C MXene synthesised  using 10% HF etching showing (002) 

peak of Ti2C MXene at 2θ = 8.9° at different etching times (d) ratio of reduction of Ti2AlC 

MAX to Ti2C as a function of etching time which shows that 3h has the highest reduction of 

MAX phase with formation of MXene phases (e) Ti2C MXene synthesised using 20% HF 

showing the phases of Ti2C MXene (f) Ti2C MXene synthesised using 10% HF etching with 

period of 3h showing (002) peak of Ti2C MXene at 2θ = 8.9°(presence of new peaks that 

justify the formation of Ti2C MXene peaks)............................................................................ 63 

Figure 3.3 X-ray diffraction patterns of Ti2C MXene produced from 10% HF etching process 

and oxygen plasma functionalised Ti2C MXene at different plasma exposure time: 

pMX01(red), pMX03 (blue), pMX05 (green), and pMX10 (magenta); (b) Bragg diffraction 

angle shift of Ti2C MXene after oxygen plasma functionalisation. ......................................... 66 

Figure 3.4 (a) Raman spectra of Ti2C MXene and oxygen plasma functionalized MXene 

(pMX01, pMX03, pMX05 and pMX10). For all samples, a 521 nm laser was utilised and (b) 

ID/IG ratio values as a function of plasma exposure times. ...................................................... 68 



ix 
 

Figure 3.5 SEM images of: (a) Ti2AlC MAX phase obtained from Nanochemazone; (b) Ti2C 

MXene exhibiting well exfoliated nanosheets using low concentration HF (10%) for 3 h; (c) 

Lower magnification of Ti2C MXene showing well exfoliated sheets in a large surface area. 

HRTEM images of (d) Ti2C MXene; and (e) lattice fringes showing interlayer spacing of 0.24 

nm which corresponds to Ti2C MXene (f) Ti2C MXene showing the indexing of two titanium 

atoms and one carbon atom diagonal to titanium atoms which confirms the successful 

synthesis of MXene. AFM topography image of (g) exfoliated Ti2C MXene (h) AFM height 

profiles showing thickness of Ti2C MXene ............................................................................. 71 

Figure 3.6 SEM images of oxygen plasma functionalized Ti2C MXene (a) pMX01, (b) 

pMX03, (c) pMX05, (d) pMX10 showing in-situ nucleation of TiO2 nanoparticles under the 

influence of excited species in the plasma. .............................................................................. 73 

Figure 3.7 Low magnification TEM images of oxygen plasma functionalised Ti2C MXene (a) 

pMX01 (b) pMX03 (c) pMX05 (d) pMX10 ............................................................................ 75 

Figure 3.8 High resolution TEM images, inverse fast Fourier transform (IFFT) with its 

corresponding SAED patterns of showing TiO2 nanoparticles in-situ grown on the surface and 

within multilayers of Ti2C MXene: (a-c) pMX01, (d-f) pMX03, (g-i) pMX05, (j-l) pMX10. 

IFFT images in middle column (b, e, h and k) were the zoomed section of dark spots 

highlighted in dotted yellow box on TEM images in left column ( a, d, g and j) ..................... 77 

Figure 3.9 High resolution TEM images showing the presence of vacancies in: (a&b) 

pMX01, (c&d) pMX03, (e&f) pMX05, (g&h) pMX10 ........................................................... 80 

Figure 3.10 XPS survey spectra of (a) pristine Ti2C MXene, and oxygen plasma 

functionalized Ti2C MXene (b) pMX01, pMX03, pMX05 and pMX10 nanocomposites. [N.B. 

refer to Attributions] ................................................................................................................ 81 

Figure 3.11 High-resolution XPS spectra of C1s of Ti2C Mxene [N.B. refer to Attributions] 82 

Figure 3.12 High-resolution XPS spectra of C1s of pMX01, pMX03, pMX05, pMX10[N.B. 

refer to Attributions] ................................................................................................................ 83 

Figure 3.13 (a)Schematic illustration of the different adsorption sites of A (FCC) adsorption 

site (on top of Ti atom in the third atomic layer), B (HCP) adsorption site (on top of C atom 

in the second atomic layer), top adsorption site (on top of a Ti atom in the first atomic layer), 

and bridge adsorption site (between topmost Ti and C atoms). (b)High-resolution XPS spectra 

of O1s of Ti2C Mxene [N.B. refer to Attributions] .................................................................. 84 

Figure 3.14 High-resolution XPS spectra of O1s of pMX01, pMX03, pMX05, pMX10 [N.B. 

refer to Attributions] ................................................................................................................ 85 



x 
 

Figure 3.15 High-resolution XPS spectra of Ti2p of Ti2C Mxene [N.B. refer to Attributions]

.................................................................................................................................................. 86 

Figure 3.16 High-resolution XPS spectra of Ti2p of pMX01, pMX03, pMX05, pMX10 [N.B. 

refer to Attributions] ................................................................................................................ 87 

Figure 3.17 (a) Near VB-XPS spectra of Ti2C MXene (black), pMX01(red), pMX03 (blue), 

pMX05 (olive) and pMX10 (magenta) samples. The VBM is estimated by the intersection of 

the valence band edge and the background signal. (b) Secondary electron cutoff as 

determined by UPS .................................................................................................................. 89 

Figure 3.18 Water contact angle (WCA) showing a decline in the WCA value as plasma 

exposure time increases from 1 min to 10 mins (Ti2C MXene > pMX01 > pMX03 > pMX05 

> pMX10 .................................................................................................................................. 91 

Figure 3.19 Absorption band edge of (a) Ti2C MXene and oxygen plasma functionalised Ti2C 

MXene (b)pMX01 (c)pMX03 (d)pMX05 (e) pMX10............................................................. 93 

Figure 3.20 (a) Kinetic curves of photocatalytic degradation of MB over all photocatalysts, 

(b) histogram showing comparative degradation rate (%) of MB under UV light irradiations 

and (c) ln (C/C0) vs time curve for degradation of MB using in-situ TiO2/Ti2C MXene 

nanocomposites (d) rate of reaction for degradation of MB in-situ TiO2/Ti2C MXene 

nanocomposites ........................................................................................................................ 94 

Figure 3.21 The density of states (DOS) graphs for (a) oxygen vacancy (VO):TiO2, (b) 2 

oxygen vacancy (2VO):TiO2, (c) carbon interstitial (Ci):TiO2, (d) oxygen substitional 

(CO):TiO2, and (e) the undoped. [N.B. refer to Attributions] ................................................... 97 

Figure 3.22 The projected density of states (pDOS) graphs for (a) VO: TiO2, (b) 2VO :TiO2, 

(c) Ci :TiO2 and (d) CO:TiO2. [N.B. refer to Attributions] ....................................................... 98 

 

Figure 4.1 XRD patterns of (a)Ti2C MXene produced from etching Ti2AlC MAX phase using 

10% HF for 3h (b) GCN (c) gCMX_01, gCMX_03, gCMX_05 amd gCMX10 (d) (002) 

distinct phase of GCN ............................................................................................................ 105 

Figure 4.2 SEM images of (a) Ti2C MXene nanosheets showing well exfoliated accordion 

like morphology (b) GCN showing bulky lumpy structure (c)gCMX_01 (d)gCMX_03 

(e)gCMX_05 (f)gCMX10. ..................................................................................................... 107 

Figure 4.3 (a) TEM images of exfoliated Ti2C MXene sheet (b) SAED pattern showing 

hexagonal structure of the Ti2C MXene sheet (c)GCN (d)SAED pattern of GCN showing a 

amorphous structure rings (e) Low magnification of gCMX01 (f) High resolution TEM 

(HRTEM) of gCMX01 (g) Magnified HRTEM showing slight increment of lattice spacing of 



xi 
 

Ti2C MXene (h) SAED pattern showing diffraction rings from Ti2C MXene-diffraction rings 

seem to be shadowed by amorphous GCN (i) Low magnification of gCMX03 (j) High 

resolution TEM (HRTEM) of gCMX03 (k) Magnified HRTEM of gCMX03 (l) masked 

SAED pattern of Ti2C due to amorphous GCN (m) Low magnification image of gCMX05 (n) 

High resolution TEM (HRTEM) of gCMX03 showing layers of Ti2C MXene (o) Magnified 

HRTEM of gCMX05 showing vast increment of lattice spacing of Ti2C MXene due to lattice 

straining due to alignment of the interface of Ti2C and GCN (p) SAED pattern of gCMX05 

(q) Low magnification of gCMX10 (r) High resolution TEM (HRTEM) of gCMX10 (s) 

Magnified HRTEM of gCMX10 (t) SAED pattern of gCMX10 ........................................... 110 

Figure 4.4 (a-e) HRTEM of gCMX_10 showing the elongation of Ti2C MXene grown on 

GCN plane. Note: (b, d, and f) are the zoomed images of the corresponding images on the left 

column (a, c, and e)................................................................................................................ 111 

Figure 4.5 Survey spectra of Ti2C MXene, GCN, gCMX_01 gCMX_03, gCMX_05 and 

gCMX_10 .............................................................................................................................. 113 

Figure 4.6 X-ray photoelectron spectra of C1s for (a)Ti2C MXene (b)GCN (c) gCMX_01 (d) 

gCMX_03 (b) (e) gCMX_05 (b) gCMX_10 ......................................................................... 115 

Figure 4.7 X-ray photoloelectron spectra of N1s for (a)Ti2C MXene (b)GCN (c) gCMX_01 

(d) gCMX_03 (b) (e) gCMX_05 (b) gCMX_10 .................................................................... 117 

Figure 4.8 X-ray photoloelectron spectra of Ti2p for (a)Ti2C MXene (b)GCN (c) gCMX_01 

(d) gCMX_03 (b) (e) gCMX_05 (b) gCMX_10 .................................................................... 119 

Figure 4.9 Kinetic curve of methylene blue degradation of all catalyst under solar lamp 

irradiation (b) bar chart presenting the degradation rate (%) of methylene blue (c) rate 

constants for all catalysts under solar lamp irradiation (d) bar chart representing the rate 

constants for all synthesised catalyst (e) comparison of degradation rate between in-situ 

TiO2/Ti2C and in-situ TiO2/Ti2C/GCN heterostructures. ....................................................... 123 

 

Figure 5.1 Simple structure of cellulose showing glucose units with presence of hydroxyl 

groups. .................................................................................................................................... 130 

Figure 5.2 XRD pattern of plasma treated cellulose fibres (a) pC01, pC03, pC05 and pC10 

composites XRD pattern of plasma deposited TiO2 on cellulose fibres (b) XRD pattern of 

plasma treated cellulose fibres (a) pC01, pC03, pC04, pC05, pC06, pC07, pC08, and pC10  

and pC10 composites XRD pattern of plasma deposited TiO2 on cellulose fibres (c) TiO2 

NP’s, cellulose, TpC01, TpC03, TpC05 and TpC10 composites and (d) XRD pattern of TiO2 



xii 
 

NP’s, cellulose, TpC01, TpC03, TpC05 and TpC10 showing peak shift in (101) TiO2 anatase 

phase. ..................................................................................................................................... 133 

Figure 5.3 Raman spectra of (a) cellulose, pC01, pC03, pC05 and pC10 composites and (b, c) 

cellulose, TpC01, TpC03, TpC05 and TpC10 composites. ................................................... 135 

Figure 5.4 . FTIR spectra of (a) pC01, pC03, pC05, pC10 (b) TiO2, cellulose, TpC01, TpC03, 

TpC05 and TpC10 nanocomposites ....................................................................................... 137 

Figure 5.5 (a) SEM images of pristine cellulose (20µm) (b) magnified SEM image of pristine 

cellulose (1µm) (c) EDAX of pristine cellulose showing the atomic weight percentages (%) 

and the presence of C,O (d) SEM images of plasma functionalised TiO2 on cellulose fibres 

(TpC05) (e) magnified SEM image of TpC05 (f) EDAX of TpC05 showing the atomic 

weight percentages (%) and the presence of Ti, C, O and (g - i) elemental mapping of the 

TpC05 nanocomposite ........................................................................................................... 139 

Figure 5.6 XPS spectra of (a) elemental survey for TiO2, cellulose and TpC05 

nanocomposite, (b) core level spectra of Ti 2p of TiO2 (c) core level spectra of Ti 2p of 

TpC05 nanocomposite, (d) core level spectra of C1s of cellulose, (e) core level spectra of C1s 

of TpC05 nanocomposite, (f) core level spectra of O1s of cellulose, (g) core level spectra of 

O 1s of TiO2 and (h) core level spectra of TpC05 nanocomposite. [N.B. refer to Attributions]

................................................................................................................................................ 143 

Figure 5.7 (a)UV VIS DRS spectra of TiO2, TpC01, TpC03, TpC05 and TpC10 (b) Plot of the 

transformed Kubelka Munk function vs the energy of light for TiO2, TpC01, TpC03, TpC05 

and TpC10 (c)XPS valence band spectrum of TiO2, TpC01, TpC03, TpC05 and TpC10 (d) 

schematic illustration of bandgap and band position for TiO2, TpC01, TpC03, TpC05 and 

TpC10 .................................................................................................................................... 145 

Figure 5.8 (a) Adsorption rate of MB over the different samples under UV lamp (13.6% UV-

A & UV-B) (b) variation of concentration curves of MB in the presence of cellulose, TpC01, 

TpC03, TpC05 and TpC10 under spectrum of light (inset: image of fibres after adsorption -

desorption equilibrium and photodegradation) (c) photocatalytic efficiency of methylene blue 

(MB) (%) (d) plot of photocatalytic degradation kinetics under light illuminated condition (e) 

histogram of comparison of degradation rate (%) of MB (f) reusability performance of 

benchmarking photocatalyst sample TpC05 composite in MB dye (25mg L-1) after 3 cycles. 

Note that the light irradiation condition is UV lamp and catalysts loading 25 mg with 50 mL 

dye solution. ........................................................................................................................... 149 

Figure 5.9 (a)UV-VIS absorption spectra representing the absorption of IC (b) UV-VIS 

absorption spectra for representing the photocatalytic degradation of IC using TpC05 (c) plot 



xiii 
 

of photocatalytic degradation kinetics under light illuminated condition (d) reusability 

performance of TpC05 composite towards IC after 3 cycles (e) active species trapping 

experiment of TpC05 using IPA, chloroform, methanol, H2O2 under UV light irradiation .. 152 

Figure 5.10 (a) Photocatalytic degradation of real wastewater using TpC05 using UV light 

irradiation in the presence of H2O2, 2-20 mg Fe leached from Fe3O4 coated on fibres at pH3. 

Catalyst loading was 4.0 g L-1, (b) photographs of pre-treated real wastewater and 

photocatalytic treated wastewater treated for 10 min. ........................................................... 154 

Figure 5.11 Possible mechanism for the photocatalytic removal of IC and MB dye under solar 

simulator using TpC05 nanocomposite.................................................................................. 156 

Figure 5.12 Microscopic images of human lung fibroblasts (MRC-5) after 24h or 72h 

incubation of the TiO2-fiber extract or TiO2 particles. Negative control: cell culture medium 

and High-Density Polyethylene Film; positive control: Hydroxyethylmethacrylat. ............. 160 

Figure 5.13 Relative metabolic activity of human lung fibroblasts (MRC-5) after 24h or 72h 

incubation of the TiO2-fiber extract and TiO2 particles. Reference control: cells cultured in 

96-well plate with Cell culture medium; negative control: High Density Polyethylene Film 

(ISO-confrom reference material); positive control: Hydroxyethylmethacrylat; Data is 

presented as mean ± SD. [N.B. refer to Attributions] ............................................................ 160 

Figure 5.14 Relative proliferation rate of human lung fibroblasts (MRC-5) after 24h or 72h 

incubation of the TiO2-fiber extract or TiO2 particles. Reference control: cells cultured in 96-

well plate with Cell culture medium; negative control: High Density Polyethylene Film (ISO-

confrom reference material); positive control: Hydroxyethylmethacrylat; Data is presented as 

mean ± SD. [N.B. refer to Attributions] ................................................................................. 161 

Figure 5.15 WST-1 assay results showing the viability of cells after exposure to extract after 

1, 2,3,4, and 5 washing cycles.[N.B. refer to Attributions] ................................................... 163 

 

  



xiv 
 

List of tables 

Table 1.1 MXene supported semiconductors: .......................................................................... 15 

Table 1.2 MXene heterostructure based photocatalysts using metal oxide photocatalysts apart 

from TiO2 ................................................................................................................................. 18 

Table 1.3 Summary of various photocatalytic condition and efficiencies of g-C3N4/MXene . 23 

Table 1.4 Application of cellulose-based photocatalyst nanostructure hybrid material in 

photocatalytic degradation of various organic pollutants. ....................................................... 27 

 

Table 2. 1 Operating conditions of the APPJ printing system ................................................. 42 

 

Table 3. 1 Table showing the 2θ angles of the (002) plane of Ti2C MXene and the 

corresponding interlayer spacing (d spacing),  c-lattice parameter, full width at half maxima 

values (FWHM) and the average particle size. ........................................................................ 66 

Table 3.2 Atomic composition of Ti2AlC MAX (before etching) and Ti2C MXene (after 

etching using 10% HF for 3 hours) .......................................................................................... 72 

Table 3.3 Table showing the EDS elemental analysis at showing oxygen plasma 

functionalized Ti2C MXene ..................................................................................................... 74 

Table 3. 4 Table showing calculated average particle size from TEM images using Image J . 75 

Table 3. 5 Water contact angle as plasma exposure time increases ......................................... 91 

Table 3.6 Summary of kinetics data for photocatalytic degradation of MB using all prepared 

photocatalysts under UV light. ................................................................................................ 95 

 

Table 4.1 SEM-EDS showing the weight percentages of elements presented in the gCMX 

samples ................................................................................................................................... 107 

Table 4.2 Table showing respective C1s species, binding energies, FWHM of Ti2C MXene, 

GCN, gCMX_01, gCMX_03, gCMX_05 and gCMX_10 ..................................................... 115 

Table 4.3 Table showing the deconvoluted respective N1s species , binding energies, FWHM 

of Ti2C MXene, GCN, gCMX_01, gCMX_03, gCMX_05 and gCMX_10 .......................... 118 

Table 4.4 Table showing the deconvoluted respective Ti2p species , binding energies, FWHM 

of Ti2C MXene, GCN, gCMX_01, gCMX_03, gCMX_05 and gCMX_10 .......................... 120 

Table 4.5 The summary of the reaction rate constant and relative coefficient (R2) ............... 123 

 



xv 
 

Table 5.1 Summary of change in FWHM and crystallite size of (101) TiO2 anatase phase 

deposited over cellulose fibers using APPJ techniques. ........................................................ 134 

Table 5.2 Calculated ratio and estimated crystallinity of untreated and plasma treated 

cellulose fibres (pC01, pC03, pC05 and pC10 nanocomposite) samples using 380-Raman 

method.................................................................................................................................... 135 

Table 5.3 Calculated ratio and estimated crystallinity of untreated and plasma functionalized 

TiO2 on cellulose samples (TpC01, TpC03,T pC05 and TpC10 nanocomposite)  using 380-

Raman method ....................................................................................................................... 136 

Table 5.4 SEM-EDS  showing C, O and Ti at different plasma functionalisation time ........ 140 

Table 5.5 Table of diameter of fibre obtained from SEM Image J ........................................ 140 

Table 5.6 XPS elemental analysis obtained from survey spectrum showing the elemental 

concentration in atomic weight percentages (at%) and the ratio of O/C which validates 

surface oxidation. ................................................................................................................... 142 

Table 5.7 Table showing decreased bandgap with increased plasma functionalised exposure 

time ........................................................................................................................................ 146 

Table 5.8 The pseudo first order rate constant (k) and liner regression coefficient (R2) for all 

catalyst under UV light irradiation......................................................................................... 150 

Table 5.9 Literature reporting the use of TiO2/cellulose bionanaocmposites for wastewater 

dye degradation. ..................................................................................................................... 153 

Table 5.10 Table showing relative metabolic activity of human lung fibroblasts (MRC-5) after 

24h incubation of the TiO2-fiber extract and TiO2 particles. [N.B. refer to Attributions] ..... 161 

Table 5.11 Relative metabolic activity of human lung fibroblasts (MRC-5) after 72h 

incubation of the TiO2-fiber extract and TiO2 particles. [N.B. refer to Attributions] ............ 161 

Table 5.12 Relative proliferation rate of human lung fibroblasts (MRC-5) after 24h 

incubation of the TiO2-fiber extract or TiO2 particles. [N.B. refer to Attributions] ............... 162 

Table 5.13 Relative proliferation rate of human lung fibroblasts (MRC-5) after 72h 

incubation of the TiO2-fiber extract or TiO2 particles. [N.B. refer to Attributions] ............... 162 

 

 

  



xvi 
 

Attributions 

Figure Attribution 

Figure 1.7 Image drawn by Dr. Camila Silva Ribeiro 

Figure 2.4 Image drawn by Dr. Ajay Kumar 

Figure 3.10 Samples provided by Lois Damptey, experiments performed by Dr. Mark Isaacs, 

Department of Chemistry, University College London, and Harwell XPS 

Figure 3.11 Samples provided by Lois Damptey, experiments performed by Dr. Mark Isaacs, 

Department of Chemistry, University College London, and Harwell XPS 

Figure 3.12 

(a – d)  

Samples provided by Lois Damptey, experiments performed by Dr. Mark Isaacs, 

Department of Chemistry, University College London, and Harwell XPS 

Figure 3.13 

(a & b) 

Samples provided by Lois Damptey, experiments performed by Dr. Mark Isaacs, 

Department of Chemistry, University College London, and Harwell XPS 

Figure 3.14 

(a – d) 

Samples provided by Lois Damptey, experiments performed by Dr. Mark Isaacs, 

Department of Chemistry, University College London, and Harwell XPS 

Figure 3.15 Samples provided by Lois Damptey, experiments performed by Dr. Mark Isaacs, 

Department of Chemistry, University College London, and Harwell XPS 

Figure 3.16 

(a – d) 

Samples provided by Lois Damptey, experiments performed by Dr. Mark Isaacs, 

Department of Chemistry, University College London, and Harwell XPS 

Figure 3.21 

(a – d) 

DFT calculation and analysis done by Dr. Petros-Panagis Filippatos supervised by 

Prof. Alexander Chroneos of Imperial College London 

Figure 3.22 DFT calculation and analysis done by Dr. Petros-Panagis Filippatos supervised by 

Prof. Alexander Chroneos of Imperial College London 

Figure 5.6 

(a – d) 

Samples provided by Lois Damptey, experiments performed by Dr. Mark Isaacs, 

Department of Chemistry, University College London, and Harwell XPS 

Figure 5.11 Image drawn by Dr. Ajay Kumar 

Figure 5.12 Samples provided by Lois Damptey, experiments and analysis performed by Dr. 

Yvonne Kohl of Fraunhofer Institute for Biomedical Engineering IBMT, 

Sulzbach, Germany 



xvii 
 

Figure 5.13 

(a & b) 

Samples provided by Lois Damptey, experiments and analysis performed by Dr. 

Yvonne Kohl of Fraunhofer Institute for Biomedical Engineering IBMT, 

Sulzbach, Germany 

Table 5.10 Samples provided by Lois Damptey, experiments and analysis performed by Dr. 

Yvonne Kohl of Fraunhofer Institute for Biomedical Engineering IBMT, 

Sulzbach, Germany 

Table 5.11 Samples provided by Lois Damptey, experiments and analysis performed by Dr. 

Yvonne Kohl of Fraunhofer Institute for Biomedical Engineering IBMT, 

Sulzbach, Germany 

Figure 5.14 

(a & b) 

Samples provided by Lois Damptey, experiments and analysis performed by Dr. 

Yvonne Kohl of Fraunhofer Institute for Biomedical Engineering IBMT, 

Sulzbach, Germany 

Figure 5.15 Samples provided by Lois Damptey, experiments and analysis performed by Dr. 

Yvonne Kohl of Fraunhofer Institute for Biomedical Engineering IBMT, 

Sulzbach, Germany 

  



xviii 
 

 

List of acronyms 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPJ -     Atmospheric Pressure Plasma Jet 

 

DBD -   Dielectric Barrier Discharge 

 

FWHM –    Full Width at Half Maxima 

 

TiO2 -   Titanium dioxide 

 

SEM -   Scanning Electron Microscopy 

 

EDS -   Energy Dispersive Spectroscopy 

 

DRS – Diffuse Reflectance Spectroscopy 

 

SAED -   Selected Area Electron Diffraction 

 

HRTEM-High Resolution Transmission Electron 

Microscopy 

 

IC -   Indigo Carmine 

 

XPS -   X-Ray Photoelectron Spectroscopy 

 

XRD -   X-Ray Diffraction 

 

MB -   Methylene Blue 

 

UV-VIS – Ultraviolet -Visible Spectroscopy 

 

UPS -   Ultraviolet Photoelectron 

Spectroscopy 

 

DOS -   Density of States 

 

AFM -   Atomic Force Microscopy 

 

GCN – Graphitic Carbon Nitride 

 

FTIR -   Fourier Transform Infrared 

Spectroscopy 

 

NIR -   Near Infrared  



xix 
 

List of publications 

Publication associated with this thesis: 

Damptey L., Jaato, B. N., Ribeiro, C. S., Varagnolo, S., Power, N. P., Selvaraj, V., ... & 

Krishnamurthy, S. (2022). Surface Functionalized MXenes for Wastewater Treatment—A 

Comprehensive Review. Global Challenges, 6(6), 2100120. 

Damptey L. Plasma functionalized TiO2 immobilised on naturally recycled cellulose fibres 

for enhanced photocatalytic performance (manuscript in preparation) 

Damptey L., Mariam E., Kumar A., Power, N. P., & Krishnamurthy, S. (2022). Controlled in-

situ oxidation of Ti2C MXene using atmospheric pressure plasma for real wastewater 

treatment (manuscript in preparation) 

Dey Avishek; Silvia Varagnolo; Nicholas P Power; Naresh Vangapally; Yuval Elias; Damptey 

L., Bright N.Jaato; Saianand Gopolan; Zahra Golrokhi; Prashant Sonar; Vimalnath Selvaraj; 

Doron Aurbach . Doped MXenes—a new paradigm in 2D systems: synthesis, properties and 

applications (Progress in Materials Science, in review)  

 

Other publications: 

Dey, A., Ghosh, P., Chandrabose, G., Damptey, L.A., Kuganathan, N., Sainio, S., ... & 

Krishnamurthy, S. (2022). Ultrafast epitaxial growth of CuO nanowires using atmospheric 

pressure plasma with enhanced electrocatalytic and photocatalytic activities. Nano 

Select, 3(3), 627-642. 

Dey, A., Chandrabose, G., Ghosh, P., Damptey, L.A., Clark, A. H., Selvaraj, V., ... & 

Krishnamurthy, S. (2021). Atmospheric pressure plasma engineered superhydrophilic CuO 

surfaces with enhanced catalytic activities. Applied Surface Science, 564, 150413. 

Cherif, Y., Azzi, H., Sridharan, K., Ji, S., Choi, H., Allan, M.G., Benaissa, S., Saidi-

Bendahou, K., Damptey L., Ribeiro, C.S. and Krishnamurthy, S., 2023. Facile Synthesis of 

Gram-Scale Mesoporous Ag/TiO2 Photocatalysts for Pharmaceutical Water Pollutant 

Removal and Green Hydrogen Generation. ACS omega.

 



1 
 

Chapter 1: INTRODUCTION AND MOTIVATION 

Water is the lifeline of ecosystems, vital to human health and well-being and a requisite for 

economic prosperity.1 However, indiscriminate disposal of wastewater into global waterways 

is the cause of health, environmental and climate-associated hazards.2 3 4 The UN has 

estimated about 1500 km3 of wastewater annually, almost six times more water than that 

exists collectively in all the rivers of the world.5 The consequences of wastewater disposal are 

alarming with 4 billion cases of death annually, among which 2 million of the deaths are 

children under the age five.6 There has also been a significant decline in biological species in 

inland waters where 24% of mammals and 12% of birds connected to non-coastal waters are 

considered endangered.7 The mean nitrate contaminant levels have risen ~36% in global 

waterways since 1990 with the most drastic growth observed in the Eastern Mediterranean 

and Africa.8 Furthermore, some newer wastewater treatments have been identified to 

contribute remarkably to greenhouse gas (GHG) emissions.9 In addition to these challenges, 

over 80% of wastewater worldwide, especially in developing countries, is released untreated 

into the environment.10 To address these issues, conventional techniques like chemical 

precipitation, membrane filtration, solvent extraction, ion exchange, electrochemical removal 

and coagulation have been utilised and continue to be used as water treatment techniques.11 12 

13 The challenges associated with these methods are incomplete removal of impurities, high 

energy inefficiency, production of toxic sludge, inefficient and sensitive operating methods.14 

Among these techniques, solar driven heterogenous photocatalysis is gaining significant 

attention as a new approach to water treatment.15 16 This process involves the use of readily 

available sunlight as a rich source of energy to activate a photocatalytic system. This 

produces active species that attacks adsorbed pollutant molecules on the surface of the 

photocatalyst, which further mineralise and desorb from the surface of the photocatalyst. 

Significant advancements have been made in various important areas such as photocatalyst 

materials and synthesis, comprehension of their fundamental properties, and diversifying 

their utilisation in energy, environment, and artificial photosynthesis. Based on this, the 

combination of solar energy and heterogenous photocatalysis can aid in fulfilling a goal of 

sustainable development and foster transition towards circular economy in wastewater 

treatment. There is a lot of both fundamental and applied materials related to this scientific 

challenge that needs to be addressed, and hence the motivation behind this exciting research. 

Novel materials developed to have certain unique functionalities and characteristics as 

compared to traditional materials are often referred to as advanced functional materials. 
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These upcoming materials have the potential to significantly contribute in technological 

advancements. Nanomaterials are the most popular advanced materials, and their tailored 

surface engineering and conjugation could enable them with extraordinary properties. In this 

thesis, various advanced functional materials such as two dimensional (2D) materials and 

surface engineered composites are studied for their properties and ability to solve water 

pollution challenges.17 

1.1 Semiconductors as photocatalyst 

The urgent demand for the use of semiconductors for various applications such as 

photocatalysis, electrocatalysis18 19 20 21  among others has grown rapidly over the years as the 

world of materials technology continues to expand. Semiconductors are materials that have 

their electrical conductivity between conductor (e.g., metals) and insulators (e.g., ceramics). 

This distinctive property of semiconductors is characterised by their valence band (VB) and 

conduction band (CB). The VB of a semiconductor is formed by the interaction of the highest 

occupied molecular orbital (HOMO) while the CB is formed due to the interaction of the 

lowest unoccupied molecular orbital (LUMO). HOMO and LUMO are specifically for 

organic semiconductors. Inorganic semiconductors, on the other hand, have maximum 

valence band and conduction band minimum. No electron state exists between the VB and 

CB. The energy range between the VB and CB is often known as the bandgap, the bandgap 

region is also known as the forbidden bandgap Eg. The band structure which includes the 

bandgap, position of the VB and CB is a significant property of semiconductor photocatalyst. 

This property determines the light absorption property as well as the redox potential of the 

semiconductor.  

Since Honda-Fujishima’s discovery, in the early years of 1970s, which showed the 

photochemical splitting of water into hydrogen and oxygen in the presence of TiO2
22 by 

bandgap excitation, heterogenous photocatalysis using semiconductor materials have been 

extensively researched with great attention to both energy and environmental challenges. 

Considerable progress has been achieved in areas such as photocatalyst synthesis, 

understanding the optical, electronic and structural properties of photocatalyst material in its 

application in energy, environmental and molecular transformation.23 24 Hence, combining the 

use of solar energy and heterogenous photocatalysis can effectively achieve the objective of 

sustainability and assist in transition towards circular economy. Photocatalysis is inspired by 

natural photosynthesis and can be defined as a photochemical process, which involves the use 

of light to activate a semiconductor/photocatalyst via the generation of charge carriers due to 
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electronic excitation.25 The photogenerated charge carriers (electrons and holes) possess the 

ability to initiate chemical reactions, enhance the rate of chemical reactions and increase 

selectivity.26 27 When photons of a particular frequency is irradiated onto a photocatalytic 

material, the energy of the photon is transferred to the electrons causing electrons to get 

excited to the CB leaving holes in the valence band (VB). The photogenerated excited 

electrons can be effectively employed for diverse range of applications such as 

photovoltaics28, degradation of organic pollutants (including textile dyes, pharmaceutical 

waste, and volatile organic carbons)29 30, hydrogen (H2) production31, CO2 reduction32 and 

various others. 

 

1.2 Principle of photocatalysis 

The basic principle of photocatalysis (Figure 1.1) is described as an accelerated photoinduced 

process that involves the presence of a semiconductor catalyst in which photons with energy 

(ℎv) greater than or equal to the bandgap energy (Eg) are absorbed to excite an electron (e-) 

from the valence band to the conduction band leaving a hole (h+) in the valence band (Figure 

1.1, Step 1 & 2). The photogenerated charge carriers (e-/h+ pairs) produced are able to migrate 

to the surface of the semiconductor and participate in redox reactions at the surface active 

sites which are the basis for photodegradation of organic pollutants and photocatalytic water 

splitting  to produce H2 (Figure 1.1, Step 3)33 

 

Figure 1.1 Schematic illustration of photocatalytic water splitting reaction in a semiconductor 

(photoharvester) loaded with dual co-catalyst33 
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In summary, photocatalytic reactions involve three basic steps 1) photoexcitation of charge 

carriers; 2) charge carrier separation; and 3) oxidation and reduction reaction on the catalyst 

surface. During step 2, recombination of charge carriers can take place through different 

mechanisms. The widely reported mechanism is the relaxation of the electrons back into the 

VB. After photoexcitation as well, electrons can be trapped in the electron traps both at and 

below the surface of the semiconductor which further causes recombination. Holes can also 

be trapped in the interband (midgap) or surface sites of the semiconductor. The surface and 

interband states are usually connected to defects in the grain boundaries and crystal structure.  

For these photogenerated processes to work efficiently, a good semiconductor photocatalyst 

will be required for this application. The semiconductor photocatalyst material must be: 

(i) photoactive, i.e., suitable bandgap. 

(ii) wide light absorption spectrum i.e., able to utilise visible and/or near UV light. 

(iii) biologically and chemically inert. 

(iv) photostable (i.e., not liable to photoanodic corrosion for example). 

(v) inexpensive.  

The main challenge for fabricating a high efficiency and low-cost device is designing a 

semiconductor material with an optimised optical bandgap for maximum light absorption in 

full solar spectrum and proper kinetics for valence/conduction band alignment suitable for 

H2/O2 redox potential. In addition to the above semiconductor properties, the photoactive 

material should satisfy chemical requirement of high surface catalytic properties and chemical 

stability in liquid electrolyte.  

1.3 Photocatalytic material  

A promising photocatalyst material should mainly be, i) a semiconductor material that is able 

to generate electron-hole pairs upon illumination with sunlight, ii) good chemical stability in 

its medium, low cost, abundance, and nontoxic nature. Metal oxides34 30 and functionalised 

metal organic frameworks (MOFs)35 have been widely used as photocatalyst materials as 

research progresses by academics and industries. Among these, metal oxide semiconductors 

are commonly used for photocatalytic films, composites, coatings and so on. Metal oxides are 

formed from metal ions forming coordination bonds with oxides in a closed packed 

structure.36 Metal oxide semiconductors can be classified into p and n type; p type 

semiconductors have majority charged carriers as positively charged holes while n type have 

majority charged carriers as electrons.37 Some widely used metal oxide semiconductors 
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include n-type semiconductors such as; TiO2
38, ZnO39, WO3

40, Fe2O3
41 and so on. and p-type 

semiconductors such as CuO and Cu2O
42. These metal oxide semiconductors can absorb 

either or/and the UV/visible light for their photocatalytic activity in solar energy conversion, 

optoelectronic devices, and others. UV light constitutes 5% of the solar spectrum while 

visible light comprises 43% of solar energy. Metal oxide semiconductors at present 

demonstrate two major challenges: (1) inability of absorbance of the visible light region for 

maximum photocatalytic activity due to their wide bandgap (2) faster electron-hole 

recombination. Titanium dioxide (TiO2) is by far the most widely used semiconductor metal 

oxide for photocatalytic application.43 Figure 1.2 shows different semiconducting materials 

and their respective bandgaps. The left-hand axes show the potential E (V) vs. normal 

hydrogen electrode (NHE) which represents the electrochemical potential of the 

semiconductor material. The electrochemical potential is the measure of energy required to 

move an electron from the highest occupied state (typically in the valence band) to a vacant 

state (typically in the conduction band).44 The right-hand axes represent the different redox 

reactions that can occur the respective bandgaps of the semiconductor materials. 

 

 

 

Figure 1.2 Band gap energies of various semiconductor photocatalysts and selected redox 

potential of H2O splitting, CO2 reduction, and pollutant degradation.45 
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1.3.1 TiO2 as a photocatalytic material 

Titanium dioxide, TiO2, is one of the most investigated photocatalytic materials for wide 

environmental and energy application because of its non-toxicity, cost effectiveness and 

strong oxidising power. However, TiO2 has been shown to only absorb the UV range of the 

solar spectrum due to its wide bandgap. The photocatalytic activity of TiO2 is highly 

dependent on many factors such as phase structure, crystallite size, specific surface area, and 

pore structure.46 47 The crystalline phase of TiO2 also plays a critical factor in 

photocatalysis.48 49 TiO2 has three polymorphs, namely anatase, rutile, and brookite as shown 

in  

Figure 1.3.43 All the 3 crystal structures of TiO2 consists of 𝑇ⅈ𝑂6
2−

  octahedra which share 

corners and edges in different arrangement making the overall stoichiometry as TiO2. 
50 As 

shown in  

Figure 1.3(a), the rutile phase, two opposite edges of each octahedra are shared to form a 

linear chain along the (001) direction. The chains are linked to each other by sharing corner 

oxygen atoms.51 Anatase on the other hand has no corner sharing oxygen atoms but rather has 

its four edges being shared per octahedron. This makes the anatase structure to be seen as a 

zigzag chain of octahedra linked to each other through shared edges. The interstitials spaces 

between the octahedra of anatase phase are larger as compared to the rutile hence makes it 

less dense than the rutile (density of rutile is 4.26 and that of anatase is 3.84 g cm-3).52 

Brookite phase, generally, does not contribute to photocatalysis hence discussion on it will 

not be spoken about in this thesis. Rutile is known to be the most stable phase while anatase  

is the metastable phase of TiO2.
53 Generally, the photocatalytic activity of the anatase phase is 

superior to that of rutile. Despite anatase having a lower absorbance ability towards solar 

light than rutile due to the larger bandgap (3.2eV) than that (3.0eV) of rutile, the 

photocatalytic activity of anatase is superior to that of rutile.54 55 56 This superior activity of 

anatase is due to the higher surface adsorption capacity from hydroxyl groups and the lower 

charge carrier recombination rate than rutile.57 58 The rutile phase on the other hand has larger 

grain size59 60, lower specific surface areas and lower adsorption capacity. 61 62 Furthermore, 

the lifetime of photogenerated electrons and holes in anatase is an order of magnitude higher 

compared to that of rutile, hence enhancing the possibility of photoexcited electrons and 

holes in anatase to take part in surface chemical reactions.54 Under light irradiation, electron 

and holes are formed in the conduction (ECB) and valence band (EVB) of TiO2 as shown in 

equation. The holes can either react directly with organic molecules (equation (1.5)) or form 

hydroxyl radicals (equation (1.3)) that subsequently oxidise organic molecules (equation 
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(1.6)). The electrons can also react with organic compounds to provide reduction products 

(equation (1.1), (1.12), (1.3), (1.4), (1.5), (1.6), (1.7)).  

 

𝑇ⅈ𝑂2 + ℎ𝑣 = 𝑒𝑐𝑏
− + ℎ𝑣𝑣𝑏

+     (1.1)        

ℎ𝑣𝑣𝑏
+ + 0𝐻𝑠𝑢𝑟𝑓𝑎𝑐𝑒

−  = OH    (1.2) 

ℎ𝑣𝑣𝑏
+ + 𝐻2𝑂𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 =  𝑂𝐻 + 𝐻+   (1.3) 

𝑒𝑐𝑏
−  + Oadsorbed = O2     (1.4) 

ℎ𝑣𝑣𝑏
+

 + organic = oxidation products   (1.5) 

OH+ organic = degradation products   (1.6) 

𝑒𝑐𝑏
−

   + organic = reduction products    (1.7) 

 

Figure 1.3 Schematic conventional cells of (a) anatase (b) rutile and (c) brookite of TiO2. Big 

green spheres represent Ti atoms and small red spheres represent O atoms63 

 

As shown in Figure 1.4, the solar spectrum comprises of the UV (3%), VIS (43%) and NIR 

regions (52%). In TiO2 photocatalysis, the UV region is mostly utilised representing 3% of 

sunlight implying that approximately 97% of the portion of sunlight is underutilised.64 It is 

evident that optimisation and enhancement of photocatalytic efficiency of TiO2 based 

photocatalysts towards visible and NIR region are necessary to maximise solar energy usage.  

A huge number of literature and methodologies have been published on ways of overcoming 
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the drawbacks of TiO2 and improving the photocatalytic response to visible light range. 

Methods such surface modification using plasma treatment, bandgap engineering, doping 

with cocatalyst (e.g. Pt)65, formation of composites and heterostructure with cocatalyst have 

been employed to enhance the photocatalytic activity of TiO2.  Among these methods, the 

formation of composites with cocatalysts deserves special attention and it is the focus of the 

thesis. 

 

 

Figure 1.4 Full Solar light spectrum64 

 

1.3.2 Formation of heterostructures 

To mitigate the limitation of TiO2 nanoparticles, heterojunction materials have been used and 

developed as alternatives to prolong the rate of recombination and oxidation and visible light 

photocatalytic efficiency.66 67 The loading of cocatalysts or secondary semiconductors acts as 

either electron or hole acceptors for improved charge separation leading to the adaption of a 

junction architecture.68 A heterostructure/heterojunction is the interface between two 

semiconductor materials having unequal bandgaps with different band edge positions. 

Depending on the bandgaps and electron affinity of semiconductors, heterostructures can be 

divided into three different cases: Type I, Type II and Type III band alignments.69 
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Figure 1.5 Different cases of heterostructure composition showing different bandgap 

alignment [SC1 &SC2 – semiconductor 1 & 2, EC1 &EC2 – conduction band-edge 1 & 2, EV1 

&EV2 – valence band edge 1 & 2; EG1 & EG2 – semiconductor bandgap 1 & 2; ∆EC – potential 

discontinuity of conduction band; ∆Ev – potential discontinuity of valence band]. 

Among these heterostructures listed above, Type II heterostructure is the most favourable 

band position for photocatalysis applications.69 In the Type II heterostructure, both the 

conduction band edge and valence band edge of the semiconductor 2 is lower than the 

corresponding band edges of the semiconductor 1. The chemical potential difference between 

the semiconductor 1 and 2 causes band bending at the interface of the junction. This band 

bending induces a built-in field, which drives the photogenerated electrons and holes to move 

in opposite directions (i.e. the electrons to get confined in one material and holes in the other 

material).69 This charge segregation process helps in the reduction of charge recombination 

rate and induces effective surface redox reactions. 

Heterojunction photocatalysts can broaden the light absorption edge to the visible region and 

have high transfer efficiency of photogenerated charges. Thus, the combination of wide 

absorption band and effective electron/hole separation will enable heterojunction 

photocatalysts to exhibit excellent visible-light photocatalytic activity. 

The conditions required to create a type II heterostructure include. 

1. The outer shell material should have a strong visible light absorption (photosensitizer) 
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2. The band alignment at the interface between the outer shell material and the inner 

core should satisfy the conditions of type II heterostructures.69  

1.3.3 Morphology of heterostructures 

Nanostructured materials are classified as zero-dimension, one dimension, two-dimension as 

shown in Figure 1.5.70 This classification is highly dependent on the electron movement 

along the dimensions in the nanomaterials. For examples, electrons in 0D NMs are entrapped 

in a dimensionless space whereas as 1D NMs have electrons that can move along the x-axis, 

which is less than 100nm. Likewise, 2D have electron movement along the x-y axis. 

 

Figure 1.6 Schematic illustration of the advantages of 2D layered materials in comparison 

with 0D and 1D materials. The 2D layered materials possess large surface areas, more 

surface-active sites and superior electron mobility, and can serve as good electron transfer 

platforms and excellent photocatalyst supports 

 

Formation of heterostructures with 2D nanostructured materials has been popular now due to 

factors shown in Figure 1.6. For photocatalysis, a large surface area is required. Many 2D 

heterostructures have been successfully prepared using the hydrothermal process, a wet 

chemical technique among others. Several 2D materials have been explored and discovered 

such as C3N4, graphene, and MoS2. However, scientists are working hard on the search for 

more 2D materials with highly advantageous characteristics, unique structures, and properties 

than pre-existing ones. 
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1.4 Influence of cocatalyst with TiO2 nanoparticles to create a heterostructure system 

In photocatalysis, cocatalysts play a crucial role in enhancing the efficiency, activity, 

selectivity, and stability of the photocatalytic process. Cocatalysts play different kind of roles 

in enhancing the efficiency of the photocatalytic process and this include; (i) ability to 

promote the separation and migration of photogenerated charged particles at the interface of 

TiO2 to suppress recombination of electrons and holes in the photocatalytic system (ii) 

improve the selectivity of TiO2 towards specific molecules (iii) reduce the activation energy 

on the semiconductor surface during photocatalytic reaction71   (iv) provide more reactive  

sites for increasing surface reaction by probing the morphology, size which tends to increase 

the surface area of the catalyst and hence its transport properties. Until now, various catalysts 

such as noble metals (e.g. Pt, Au, Rh, Ag)72 73 have been reported as efficient cocatalysts with 

TiO2 for improving photocatalytic performance. However, the above noble metals are too 

scarce and expensive to be used for large-scale photocatalytic applications.  

Two (2) dimensional (2D) materials have aroused immense interest as co-catalysts due to 

their promising physical and chemical properties and many potential practical applications. In 

general, 2D materials have great structural advantages in the field of photocatalysis because 

of their high electrochemical nature on both basal planes and edges of 2D materials in energy 

conversion (e.g., TMDs), well-balanced hydrogen binding Gibbs free energy on the basal 

sites (e.g., 1T′ MoS2). Alongside graphene, different 2D materials such as MoS2, h-BN, SiC, 

Si2BN and phosphorene transition metal dichalcogenides with a general formula of MX2 and 

an X-M-X sandwiched structure where M=Mo, Ta, W and X = S, Se, Te have been explored. 

Layered metal oxides (MoO3, WO3, Ga2O3, V2O5) and the ultrathin group-IV allotropes 

silicene (Si), germanene (Ge) and stanene (Sn) are other extensively researched 2D systems.  

It is well known that 2D metal ternary carbides, nitrides and carbonitrides nicknamed 

‘MXenes’ have shown great value as heterostructure materials. MXene materials have been 

found to act as a good catalyst to enhance the photocatalytic activity and stability of Cu2O.   

1.5 MXenes as co-catalysts 

MXenes are among the recent additions to this variety of two-dimensional materials. They 

comprise transition metal carbides, nitrides and carbonitrides and have been at the forefront 

of scientific research and innovation since their discovery in 2011.74 The name MXene stems 

from their general formula Mn+1XnTx (n =1, 2 or 3), where M, X and Tx represent an early d-

block transition metal (e.g., Sc, Ti, Zr, Hf, V, Nb, Ta, Cr or Mo), carbon and/or nitrogen, and 

surface termination group (fluorine, hydroxyl and/or oxygen) respectively.75 76 77 MXenes  
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are derived from etching the A phase of the precursor MAX phase (Mn+1 AXn), where the 

integer n is 1, 2, or 3; M is an early transition metal; X is either carbon, nitrogen, or both; A 

represents a group IIIA or IVA element; and T represents surface terminal groups like 

fluorine, oxygen, chlorine, or hydroxyl; and x denotes the number of the surface functional 

group.7 These MAX phases correspond to a broad group of ternary carbides and nitrides with 

formula Mn+1AXn where A represents an element from group 13 or 14 (formerly IIIA or IVA) 

such as Al or Si shown in Figure 1. 7(a)78. Due to the difference in strength and chemical 

activity between M-X and M-A bonds, the relatively active A layer can be selectively etched 

using wet chemical routes to produce MXene as shown in Figure 1. 7(b & c). Hydrofluoric 

acid (HF) or HF forming chemicals such as hydrochloric acid (HCl) and lithium fluoride 

(LiF) are commonly used as etchants for this purpose. Naguib et al. were the first to make 

Ti3C2 MXenes by exfoliation of Ti3AlC2.
79 This spurred research interest towards the 

discovery of new MXene compositions both theoretically and experimentally. Over 70 MAX 

phases were reported, and more than 30 MXene compositions were successfully 

synthesised.80 Owing to their inherent desirable properties including large specific surface 

area, good hydrophilicity, excellent thermal/electrical conductivity, high chemical stability, 

and environment friendly nature, MXenes hold promise for a broad range of applications. 

Researchers across the globe are exploring the uniqueness of MXene  for energy storage 

(rechargeable batteries, supercapacitors) and generation (photo/electrocatalysis, solar cells), 

environmental remediation (water treatment, adsorption of oil and heavy metals), sensors, 

hydrogen storage, electromagnetic shielding, composite materials, microelectronics, and 

biomedical applications.81 82 83 84 85 86 MXenes are excellent cocatalyst candidates because of 

the following advantages: 1) the formation of Schottky junction between MXenes and 

semiconductors promote the transfer of photogenerated electrons from semiconductors to 

MXene, thereby suppressing the recombination of photogenerated carriers; 2) the abundant 

functional groups (i.e. -O, -OH and -F) present on the surface of MXenes are readily 

available for surface functionalisation and improve adsorption capability of the 

semiconductor photocatalyst; 3) 2D MXenes have the presence of abundant active sites for 

photocatalytic reactions 4) MXenes acts as a robust support for in situ growth or electrostatic 

absorption of semiconductors.87 88 89 Ti3C2Tx MXenes have been the most prepared MXene 

experimentally and theoretically due to its intrinsic electronic properties. Other MXenes such 

as Ti2C, Ta4C3, TiNbC, Ti3CNx besides Ti3C2Tx have gained increasing attention in the field 

of photocatalysis.90 Ti2C, the least studied Ti-based and lightest one in MXene family has a 

lower formula weight and thus tends to exhibit higher capacity as an electrode material.91 92 
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Ti2C MXene also has a  highly reactive chemical surface chemistry which facilitates 

formation of bonds when exposed to transition metal or oxygen.93 This is due to the presence 

of diverse surface functional groups including -OH, -O and -F.94 88 This material can thus be 

converted into an n-type TiO2 semiconductor via oxidation.95 96 Hence, 2D MXenes as 

cocatalysts play a crucial role in improving the photocatalytic performance of 

semiconductors. 

 

(a) 

(b) 

(c) 

Figure 1. 7 (a) MXene composition: M is an early transition metal (green), A = group IIIA or IVA 

elements (purple), X is carbon/nitrogen or both (red). (b) Structure of MAX phases and the 

corresponding MXenes (c) Ti2C MXene after etching. [N.B. Refer to Attributions] 
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1.6 MXenes as cocatalysts for photocatalytic applications 

With the introduction of MXenes into photocatalytic system in 2014, MXene-based 

photocatalysts have gradually become a new research hotspot. In this perspective, 2D MXene 

materials are promising alternatives to noble metal catalysts. Density Functional theory 

(DFT) calculations show that the fermi level of MXene is more positive than that of the CB 

of most semiconductors, showing its possibility for photoelectrons migrating from 

semiconductors to the MXenes.97 As a result, a Schottky junction could be created at the 

interface of MXene/semiconductor composites which prevent reverse migration of electrons 

from MXene to the semiconductor. The photogenerated electrons gather at the surface of 

MXene which participate in photocatalytic reactions. Very few literatures have been reported 

so far on the use of MXenes as cocatalyst for photocatalytic applications as shown in Table 

1.1. In the most recent work done by Minheng Xe et al., commercial P25 TiO2 coupled with 

composites of Ti2C MXene alkalised with KOH cocatalysts showed 3- and 277-times higher 

CO2 and CH4 reductivity respectively as compared to bare P25. The enhanced activity was 

attributed to an increase in CO2 adsorption and activation sites as well as good electrical 

conductivity and charged carrier mobility of KOH alkalised Ti3C2 MXene.98 Also, the 

photocatalytic hydrogen production was shown to increase in efficiency reaching 135.2 

µmolg-1h-1 for TiO2 loaded onto Ti3C2 MXene using a sol gel method. The activity was twice 

more than that of pure TiO2 which showed that the Ti3C2 cocatalyst contributed greatly to the 

photocatalytic activity.99 In another report done by Dongzhi Zwang and coworkers, (001) 

TiO2/Ti3C2 MXene heterostructure was produced by generating in-situ TiO2 from Ti3C2 

MXene and used for photocatalytic ammonia sensing under UV irradiation. The TiO2/Ti3C2 

MXene structure showed 34 times higher sensitivity for ammonia (30ppm) than that of 

pristine Ti3C2 MXene..100 In another report, the photocatalytic activity of TiO2/Ti3C2-OH 

showed a higher sensitivity of 91% during the photocatalytic oxidation of NOx. The enhanced 

sensitivity is because of a strong synergistic effect of Ti3C2-OH as a cocatalyst.101 The various 

applications of MXene based catalysts are worth mentioning. A recent work was reported by 

Xu et al on in-situ generated nano-TiO2 on Ti3C2 MXene through a vacuum filtration method. 

An excellent photocatalytic activity of the TiO2/MXene membranes was reported with 89% 

retention and 211.5 Lm-2h-1bar-1 flux filtration of 1.0 g L-1 bovine serum leading to enhanced 

self-cleaning property with excellent long term membrane operational stability. The excellent 

performance was attributed to the widened channels between the MXene interlayers which 

led to improved membrane permeability. 102 
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Table 1.1 MXene supported semiconductors: 

Photocatalyst Method of 

synthesis 

Application Light source Reactant Performance Ref. 

TiO2 P25/Ti3C2-

KOH MXene 

Mechanical 

mixing 

CO2 photoreduction 

 

300W 

Xenon lamp 

CO2 

 

 

11 µmol-1g-1h-1 98 

  CH4 photoreduction  CH4 16.6 µmol-1g-1h-

1 

98 

TiO2/Ti3C2 

MXene 

Sol-gel method H2 production 300W 

Xenon lamp 

H2O 135 µmol-1g-1h-1 99 

(001) TiO2/OH-

Ti3C2 MXene 

Hydrothermal NH3 sensing UV light 

365nm 

NH3 34 times higher 

sensitivity 

100 

TiO2/OH-Ti3C2 

MXene 

Thermal 

treatment 

NOx oxidation UV light 

Light 

intensity – 

2MW/cm 

Wavelength 

– 320 nm 

NOx 91% NOx 

selectivity 

101 

 

It was observed that most literatures have constructed heterojunction photocatalyst using 

other photocatalytic materials such as ZnO103, Cu2O
104, Bi2WO6

105, cadmium sulfide (CdS)106 

107 108 109 and graphitic carbon nitride (g-C3N4)
110 to form MXene based photocatalysts to 

improve the performance of photocatalytic reactions as shown below in Table 1.2. In a work 

done by Rdewi and coworkers a ZnO/TiO2 MXene was prepared using hydrothermal 

treatment method to degrade a pharmaceutical carbamazepine dye. TiO2 was in-situ generated 

from the oxidation of the Ti3C2 MXene during the hydrothermal treatment method. 99.6% 

photocatalytic activity was obtained for the optimised ZnO/TiO2 MXene under visible light. 

In their claims, adding in-situ generated TiO2/MXene to ZnO achieved the full breakdown of 

carbamazepine molecules as a result of lowering the recombination rate and allowing the 

multi redox radicals to be active for a long duration of time.103 

Zhao et al also reported on the preparation of Cu2O/Ti3C2Tx MXene using a precipitation 

method for the decomposition of tetracycline (TC) antibiotics under visible light. The 
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optimised Ti3C2Tx-nanosheets/Cu2O composite degraded 97.6% of TC in 50 min under 

visible light irradiation. The observed enhanced efficiency was attributed to the presence of a 

Schottky heterojunction created contributing to the effective separation of electron hole 

pairs.104 In another work done by Wu and coworkers, a ternary composite of CdS, MoS2 and 

Ti3C2 MXene was generated using in-situ growing methods for hydrogen production from 

water splitting. It was observed that the photogenerated holes and electrons produced from 

CdS was migrated onto the surface of Ti3C2 MXene and MoS2. A hydrogen production rate of 

14.88 mmolh-1g-1 was obtained with a lifetime of up to 78h as compared to pristine CdS and 

CdS/MoS2. This is a great step ahead to enhance the commercial availability of CdS ad its 

use in industrial applications.111 The same in-situ growth strategy was used to synthesise 

ultrathin Bi2WO6/Ti3C2 MXene which showed 4.6 times increase in the yield of CH4 and 

CH3OH. The activity was ascribed to the large contacting interface between Bi2WO6 and 

Ti3C2, the large specific area and short charge transport distance which resulted in an efficient 

electron transfer from Bi2WO6 to Ti3C2 and improved CO2 adsorption.105  A hydrothermal 

method was used to integrate CdS into Ti3C2 MXene for visible light photocatalytic hydrogen 

production. A remarkable enhancement in the photocatalytic activity was seen for the 

optimised CdS/Ti3C2 MXene with 14,342 µmol-1g-1h-1 with a quantum efficiency of 40.1% 

(136.6 times increment) as compared to pristine cadmium. It was also reported that a small 

loading of Ti3C2 MXene i.e., 0.05wt% was used to improve the catalytic activity which 

confirms the potential of MXene to be used as effective high performing low cost 

cocatalyst.106 In another work done by Cheng, 1D CdS nanorods were integrated onto an 

oxygen terminated Ti3C2Tx MXene for hydrogen production. In their work, they also reported 

an enhanced hydrogen production rate of 8.87 mmol-1g-1h-1 which was much higher than that 

of their bulk CdS and CdS/unmodified catalyst. In their report, the presence of the oxygen 

containing terminal group on the MXene increased the stability of CdS and hence extended 

the light absorption spectra. A Schottky junction was also created between the CdS and Ti3C2 

MXene was enhanced the interfacial charge transfer and efficiency.107 Similar observation by 

Zhong et al was seen for CdZnS/Ti3C2 which was annealed to replace -F terminal groups with 

O-terminal groups. An excellent catalytic activity (HER: 13.44 mmol-1g-1h-1) which was 5.8 

and 1.9 times higher than that of CdZnS and CdZnS/Ti3C2-F terminated. Experimental and 

theoretical calculations showed a well structure Schottky junction and excellent interfacial 

charge which improved the photocatalytic activity.108 Composites of CdS with MoS2 and 

Ti3C2 MXene were also investigated showing a relatively 100 times much higher hydrogen 
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production (hydrogen evolution reaction HER = 135mmol-1g-1h-1) as compared to reports by 

Zhong et al.109 

These findings show the excellent photocatalytic performances of MXene based 

photocatalyst as potential candidates for cocatalysts in both environmental remediation and 

organic transformation reaction. As discussed, the main reason for using MXene as cocatalyst 

is to reduce the carrier charge carrier recombination and to improve the harvesting of light in 

solar spectrum (visible and near infrared regions if possible). MXene can also serve as other 

purposes such as (i) improved catalytic active sites due to its layered (2D) structure (ii) 

abundant surface terminal group allowing for defect and surface engineering to provide active 

sites for photocatalytic application (iii) use of less amount (minimal weight percentages) to 

achieve maximum efficiency. The above-mentioned properties show how clear MXene based 

photocatalyst has opened avenues to enhance photocatalytic. Also, despite the over 30+ 

MXene available, it seems only Ti3C2 MXene has usually been explored as cocatalyst for 

improving photocatalytic performance of semiconductors. This thesis will seek to study the 

least studied Ti-based MXene, Ti2C as a valuable inspiration in design of other MXene based 

photocatalysts. 

 Among these MXene heterostructure based photocatalysts, graphitic carbonitride (g-C3N4) is 

receiving considerable attention as an ideal heterostructure material coupled with MXene or 

TiO2/Ti2C MXene due to its unique electronic band structure which allows its absorption of 

the visible light spectrum. Below, an in-depth insight into g-C3N4 will be given with emphasis 

on photocatalytic applications. 
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Table 1.2 MXene heterostructure based photocatalysts using metal oxide photocatalysts apart 

from TiO2 

 

Photocatalyst Method of synthesis Application Light source Reactant Performance Ref. 

ZnO/in-situ 

Ti3C2 MXene 

Hydrothermal Carbamazepine 

degradation 

150W 

Halogenated 

light 

carbamazepi

ne 

99.6% 103 

 Cu2O/Ti3C2 

MXene 

Precipitation Tetracycline 

degradation 

500W 

Xenon lamp 

Tetracycline 97%, 50min 104 

Bi2WO6/Ti3C2 

MXene 

Hydrothermal CO2 reduction Solar 

simulator 

(AM 1.5) 

CH4 1.78µmol-1g-1h-1 105 

    CH3OH 0.44µmol-1g-1h-1  

CdS/Ti3C2 

MXene 

Hydrothermal H2 production 300W 

Xenon lamp 

with UV 

cutoff filter 

λ>420nm 

Lactic acid 

aqueous 

solution 

14,34244µmol-1g-1h-1 

40.1%quantum 

efficiency 

106 

CdS/O-Ti3C2 

MXene 

Thermal treatment 

& Solvothermal 

H2 production Visible 

irradiation 

H2O 8.87 mmol-1g-1h-1 107 

CdZnS/Ti3C2 

MXene 

Ultrasonication H2 production 300W 

Xenon lamp 

with UV 

cutoff filter 

λ>420nm 

Na2S and 

Na2SO3 

13.44 mmol-1g-1h-1 108 

CdS/MoS2/Ti3C

2 MXene 

Hydrothermal H2 production 300W 

Xenon lamp 

with UV 

cutoff filter 

λ>420nm 

Lactic acid 

aqueous 

solution 

135mmol-1g-1h-1 109 

 

1.7 Graphitic carbon nitride (g-C3N4) as photocatalytic material 

Over the years, TiO2 has dominated the space of photocatalysis and still reigns as the key 

semiconductor material in various photocatalytic applications such as environmental 

remediation, water splitting, carbondioxide reduction and hydrogen production. As discussed 
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earlier, the drawback of TiO2 still remains the low absorption of the light spectrum (restricted 

to absorb only ultraviolet light) due to its wide bandgap and fast recombination of charged 

carriers. To address these drawbacks, graphitic carbon nitride, a two-dimensional material 

made up of earth abundant elements (carbon and nitrogen) as shown in Figure 1.8 has 

emerged to gain great attention due to (i) visible light response and its moderate band gap 

~2.7 eV that tends to absorb majority of the solar spectrum and (ii) low-cost material. Carbon 

nitrides have been in existence since the early 17th centuries (1834) however research around 

this material remained inactive for many years.112 Graphitic carbon nitride (g-C3N4) was first 

reported by Cohen and his coworkers by substituting Si with C in β-Si3N4 to form β-C3N4.
113 

Niu and coworkers further expanded the work done by Cohen by synthesising the mixture of 

amorphous and crystalline β-C3N4 by pure laser ablation which showed superb hardness and 

outstanding thermal stability.114 g-C3N4 is formed from the thermal polymerisation of 

abundant nitrogen rich precursors such as melamine115 116 117, dicyandiamide, cyanamide, 

urea, thiourea, and ammonium thiocyanate. Various allotropes of carbon nitride have been 

found such as α-C3N4, β-C3N4, cubic C3N4, pseudocubic C3N4, g-h-triazine, g-o-triazine and 

g-h heptazine with bandgaps around 5.49, 4.85, 4.30, 4.12, 2.97, 0.93 and 2.88 eV 

respectively g-C3N4. Among them, g-C3N4 happens to be the most stable allotrope of the 

carbon nitride family under ambient conditions.118  

One of the popular ways of further increasing the texture, optical and electronic structure of 

g-C3N4 is by using a sulphur mediated synthesis approach. The sulphur mediated approach 

which could further alter the traditional polymerisation rate of g-C3N4 and improve its 

photocatalytic activity.119 The volatilisation of sublimed sulphur during the polycondensation 

of g-C3N4 give rise to plenty of pore channels in the bulk g-C3N4. Surprisingly, the sulphur 

mediated approach did not result in elemental doping of sulphur in the g-C3N4 framework as 

shown by Zhang and coworkers in the XPS spectra. 120 Zhang also reported the red shift in 

the absorption edges of sulphur mediated g-C3N4 (from ~450nm for unmodified g-C3N4 to 

~480 nm for sulphur mediated g-C3N4) which resulted in the decrease of corresponding 

bandgaps from 2.76 to 2.58 e V.120 The reduction in bandgap improved the optical and 

electronic property which is an essential criterion for photocatalysis. 

These findings show that g-C3N4 is an excellent photoactive material which can be paired 

with MXene to achieve enhanced photocatalytic performance. g-C3N4 exhibits superior 

stability in both acidic and basic environments and is also insoluble in commonly used 

solvents such as water, ethanol, diethyl ether, toluene, and tetrahydrofuran. The high chemical 

stability of g-C3N4 stems from the Van der Waal forces that exists between the stacked 
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graphitic layers. g-C3N4 has a high thermal stability up to 600°C with complete 

decomposition up to 700°C.121 Furthermore, g-C3N4 is non-toxic, low cost and can be easily 

formed from low cost and readily available precursors such as urea, melamine and thiourea122 

123 g-C3N4 based semiconductors also possess excellent electronic and optical properties. 

Despite the significant advantages, the practical applications of g-C3N4 remains unconvincing 

due to its limited surface area, low electrical conductivity and rapid charge carrier 

recombination.124 125 The faster recombination of photogenerated charged carriers leads to the 

less effective redox reaction on the surface of the photocatalyst hence leading to lower 

photocatalytic efficiency. The high surface area has more catalytically active sites and hence 

reduces the diffusion pathway of electron hole pair generated which can enhance the 

photocatalytic performance. Moreover, the moderate bandgap of g-C3N4 (~2.7e V) limits its 

efficient utilisation of visible light which leaves a significant portion of the visible light 

unutilised. Researchers have sought to address these issues through various strategies such as 

doping, defect engineering, noble metal loading, and coupling with appropriate 

semiconductor materials.122 126 Among them, the modification of g-C3N4 with MXene is an 

attractive approach to improve its photocatalytic efficiency.  

There are two functional mechanisms for MXenes to improve the photocatalytic activity of 

semiconductors. Firstly, the coupled MXene could create a Schottky barrier with g-C3N4 

forming a 2D/2D heterostructure. The Schottky barrier can act as an electron reservoir thus 

helping facilitate the separation of photogenerated carriers. Secondly, the intimate 2D/2D 

heterostructure created can improve the electron transfer rate and shorten the migration 

distance and time of photogenerated electrons on the catalyst surface. 

 

 

Figure 1.8 (a) Triazine and (b) tri-s-triazine (heptazine) structure of g-C3N4 
118 
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1.8 Graphitic carbon nitride (g-C3N4)/MXene based photocatalyst. 

g-C3N4 just like any other semiconductor has a bandgap energy from the top of the filled 

valence band (VB) to the bottom of the vacant conduction band.127 An absorption of photon 

from light greater than the bandgap caused an excitation of electron. Once an electron is 

excited from the VB to the CB, it leaves behind a hole in the VB.128 During the separation, 

the excited carriers migrate to the surface of g-C3N4 which causes the initiation of reduction 

and oxidation process for the photocatalytic conversion of reactant molecules as shown in 

Figure 1.9.129 

 

 

Figure 1.9 Illustration of photoexcited electron-hole pairs in g-C3N4 with possible decay 

pathways. A and D demote electron acceptor and electron donor respectively130 

 

The reactive sites on the g-C3N4 could either be on the surface or across the interface of 

another semiconductor or cocatalyst. As discussed earlier, the bandgap excitation of g-C3N4 

and formation of electron-hole is simultaneously accompanied by a few deactivation 

pathways. The migration of charged carriers to acceptor molecules leads to reduction and 

oxidation processes (pathways 1 and 2). However, the process also competes with 

recombination processes.130 For example; recombination can take place in two different 

ways: 1) on the surface of semiconductor depicted in pathway 3 (surface recombination) and 

2) in the bulk of g-C3N4 illustrated in pathway 4 (volume recombination). These 

recombination processes are detrimental for the photocatalytic process and efficiency. When 

recombination occurs, the electron returns to the valence band which dissipates the energy as 
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heat without reacting with the adsorbed species on the surface of the g-C3N4. Hence various 

strategies have led to the modification of g-C3N4 with the construction of g-C3N4 base 

heterojunction with MXene receiving a lot of attention in the field of photocatalysis. This is 

due to the formation of 1) z-scheme structure created when a 2D/2D heterostructure is formed 

that accelerates charge transfer and inhibit the recombination rate 2) increased exposure to 

solar light at the interface between these 2 materials due to larger surface area 3) stability by 

providing active sites from both g-C3N4 and functional groups on the surface of MXene.  

Su and coworkers synthesised 2D/2D g-C3N4/Ti3C2 MXene via an electrostatic self-assembly 

method. 131The prepared nanocomposite was used for hydrogen evolution. The optimised 

nanocomposite exhibited 10 times higher photocatalytic hydrogen evolution performance 

(72.3µmol-1g-1h-1 than that of pristine g-C3N4 (7.1 µmol-1g-1h-1). The higher absorption 

capacity to visible light photons and the effective interface charge separation resulted in a 

higher photocatalytic activity of the g-C3N4/Ti3C2 MXene.  

A similar work was done by Sun et al. where g-C3N4 was incorporated into an oxidised 

terminated Ti3C2 MXene via an annealing process for photocatalytic hydrogen evolution.132  

The best photocatalytic hydrogen evolution was seen for g-C3N4/Ti3C2 MXene annealed in 

air in muffle furnace achieving about 88.0µmol-1g-1h-1. The increase in HER performance was 

attributed to the higher surface area of Ti3C2 MXene which provides more active catalytic 

sites due to the -O surface terminations of Ti3C2 MXene.  

Table 1.3 summarises the various photocatalytic conditions and efficiencies of using g-

C3N4/MXene133 134 135 136 137 138 139 based photocatalyst. It is obvious that most photocatalytic 

application reported are mostly based on H2 production through water splitting. Very few 

literatures reported on the use of g-C3N4/MXene for environmental remediation. 135 136 137 138 

140 It is also obvious that only one literature reported on the use of Ti2C MXene for various 

application hence more work needs to be done to explore this Ti based MXene.141 

 

 

 

 

 

 

 

 

 



23 
 

Table 1.3 Summary of various photocatalytic condition and efficiencies of g-C3N4/MXene 

Photocatalyst Method of 

synthesis 

Application Light source Reactant Performance Ref. 

g-C3N4/Ti3C2 

MXene 

Electrostatic self-

assembly 

H2 evolution 200W Hg 

lamp 

H2O 72.3µmol-1g-1h-1 131 

 

g-C3N4/O-Ti3C2 

MXene 

Post annealing H2 evolution 350W Xenon 

lamp 

H2O 88.0µmol-1g-1h-1 132 

g-C3N4/Ti2C 

MXene 

Solvothermal H2 evolution 350W Xenon 

lamp 

H2O 47.5µmol-1g-1h-1 141
 

g-C3N4/Ti3C2 

MXene 

Calcination H2 production Monochromat

ic light 

λ>420nm 

H2O 950µmol-1g-1h-1 

 

134 

g-C3N4/Ti3C2 

MXene 

Self-assembly Ciprofloxacin 

degradation 

500W 

Halogen lamp 

λ>420nm 

Ciprofloxacin 40%, 150min 135 

g-C3N4/Ti3C2 

MXene 

Wet impregnation Methylene 

blue 

degradation 

500W 

Halogen lamp 

λ>420nm 

Methylene 

blue 

99.7%, 240min 136 

Amorphous Ti-

peroxo/ g-C3N4 

Electrostatic self-

assembly 

Rhodamine B 

(Rh B) & 

tetracycline 

(TC) 

degradation 

270W 

Halogen lamp 

λ>420nm 

Rhodamine B 

(RhB) & 

tetracycline 

(TC) 

9727% of Rh B & 

86.3% TC, 60min 

137 

g-C3N4/Mo2C 

MXene 

Electrostatic self-

assembly 

Tetracycline 

degradation 

300W Xenon 

lamp 

λ>420nm 

Tetracycline 97%, 60min 138 

g-C3N4/Ti3C2 

MXene 

Thermal 

polymerisation 

H2 production 300W Xenon 

lamp 

λ>420nm 

H2O 26.7µmol-1g-1h-1 139 

g-C3N4/Ti3C2 

MXene 

Wet impregnation Methylene 

blue 

500W 

Halogen lamp 

λ>420nm 

Methylene 

blue 

64% 

180 min 

140 
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1.9 Immobilising photocatalytic systems on support materials 

Recently, semiconductor mediated photocatalysis has gained great importance due to its 

ability to convert harmful organic pollutants into harmless substances at ambient 

conditions.142 143 144 145 In previous studies, extensive research has been carried out using a 

slurry-based system of photocatalyst (e.g., suspension of fine powdered TiO2). However, the 

post-treatment removal of TiO2 causes gross reduction in its importance derived from the 

photocatalytic mineralisation procedure which is proven to be time-consuming and expensive 

process. Hence, filtration and re-suspension of photocatalyst powder should be avoided at all 

costs during photocatalytic wastewater treatment, water splitting among others. Recently, a 

report by European Commission Regulation 2019/1857 stated that the maximum 

concentration of the most widely used photocatalyst, titanium dioxide (TiO2) be used in a 

loose powder form is 25% for consumer safety. 146 Hence, it has become more important to 

immobilise semiconductor photocatalyst on an inert substrate in order to get rid of the costly 

phase separation process. This makes it considerably easy to be able to separate the 

photocatalyst once they are immobilised on a support. Preferably, the photocatalyst should 

have high affinity for the support and should have high stability when exposed to harsh 

conditions such as oxidising agents. The good support should possess these requirements:147 

(i) the support must be chemically stable to prevent from degrading when it is chemically 

bonded to the photocatalyst material 

(ii) non-toxic  

(iii)  low water solubility to prolong the operational time and prevent leaching of 

photocatalyst 

(iv) capability of easy separation from liquid medium 

(v) high surface area to compensate the loss of efficiency due to immobility 

To summarise, an ideal support should have good stability, reusability, cost effectiveness, 

non-toxicity, non-cariogenic, provide better light harvesting, and be in good contact with 

pollutant molecules. Several support materials, such as stainless steel148, polymeric materials, 

silica, activated charcoals and glass slides149, cellulose and so on, have been used to enhance 

the efficiency of semiconductor photocatalysts. Among these supports, cellulose has been 

widely used and shown excellent features such as hydrophilicity, biodegradability, optical 

transparency, high absorbance to aid in photodegradation. Cellulose also enhances electron-

hole pair separation due to their ability to immobilise photocatalyst onto different supports.150 
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1.10 Cellulose as an effective photocatalyst support. 

Cellulose is a biodegradable, eco-friendly, and earth abundant substance which is a natural 

biopolymer where it exists as a structural component in the cell walls of plants. Cellulose can 

be derived from various plant sources including cotton, rice husk, banana rachis and 

sugarcane. 151 152 153 154. Cellulose is composed of D-glucopyranose units linked by β-1,4-

glycosidic bonds.155 156 The repeated unit is a dimer of glucose, which is a cellobiose. Each 

monomer in cellulose chain has three hydroxyl groups. As seen in Figure 1.10 , the location 

of three hydroxyl groups is in the positions of C2 and C3 (secondary hydroxyl groups) and 

C6 (primary hydroxyl groups). 156 These three hydroxyl groups are able to form two types of 

hydrogen bonds, which are inter-molecular hydrogen bonds and intra-molecular hydrogen 

bonds. These inter-molecular hydrogen bonds and intra-molecular hydrogen bonds 

structurally make cellulose fibrous, tough and water insoluble. Cellulose exists in at least four 

polymorphic crystalline forms; cellulose I and cellulose II (regenerated cellulose and 

mercerised cellulose), cellulose III and cellulose IV. 

 

 

Figure 1.10 Simple cellulose structure showing the abundant hydroxyl groups on the 

surface156 

 

This cheap and readily available natural resource has gained huge attention as support for 

photocatalytic applications due to its superfine networks structure. These superfine networks 

help in good dispersibility of photocatalyst nanoparticles by providing a template surface to 

nucleate precipitation.157 TiO2/cellulose nanocomposites are considered the forerunners of 

several photocatalytic application in wastewater treatment, self-cleaning materials and air-

purification filters. It has been reported that the addition of TiO2 onto cellulose fibres has 

helped improved its stability, hydrophilicity, and anti-fouling properties. It also further 

improved the cellulose fibre’s hydrophilic properties which are excellent in improving the 
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permeability and minimising fouling phenomenon.158 It was also reported that the addition of 

TiO2 onto cellulose membrane matrix increased the thermal stability of the resulting 

membrane.159 The strong covalent bond between TiO2 nanoparticles and cellulose chain can 

increase polymer chin rigidity required to break down polymer chain.160  

Zheng and co-workers used a solgel method to hydrolyse TiO2 on cellulose films for 

photocatalytic degradation of phenol. The prepared nanocomposite exhibited 99% 

degradation of 20ml, 67mg/L phenol under UV light irradiation. The cellulose films 

contributed immensely to the creation and immobilisation of TiO2 nanoparticles thereby 

exposing more active surface sites hence increasing photocatalytic activity.161 In another 

work done by Kwon et al., a nanohybrid of TiO2 and cellulose acetate (TiO2-CA nanofibers) 

was prepared by emulsion electrospinning method for denitrification of particulate matters. 

The optimised TiO2-CA fibres showed an outstanding filtration efficiency of 99.5% with a 

78.6% NO removal. The presence of micro wrinkles on the surface of the fibres was reported 

to have increased the surface area and surface energy through its hydrophobicity which 

thereby caused an increase in the photocatalytic efficiency.162 Similarly, Song Li prepared 

TiO2 aerogel on cellulose fibres (CF) using a hydrothermal method for photocatalytic 

degradation of methylene blue (MB) solution. The TiO2/cellulose fibres composite showed a 

99% degradation of MB after 20 mins of exposure. However, this report failed to perform the 

adsorption in dark conditions with synthesised catalyst. Since cellulose has abundant OH 

groups on the surface, the discolouration of dye could be more of an adsorption effect that 

photocatalysis as stated. 163 Rouibah et al. also studied TiO2 deposited on cellulose for the 

degradation of a pharmaceutical drug, acetaminophens. Results showed that 80% of 

degradation of 10mgL-1 acetaminophens was evident for TiO2/cellulose material under UV 

light. 164 

Table 1.4 summarises experimental studies about the application of cellulose-based 

photocatalyst nanostructure hybrid material in photocatalytic degradation of various organic 

pollutants. All these findings indicate that cellulose fibres are great substrates for 

immobilising TiO2 and other metal oxide semiconductors which will boost the degradation of 

contaminant compared to cellulose as well as pristine metal oxide alone.  
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Table 1.4 Application of cellulose-based photocatalyst nanostructure hybrid material in 

photocatalytic degradation of various organic pollutants. 

Type of sample Configuration Method of 

deposition 

Model 

contaminant 

Light 

source 

Activity Ref. 

TiO2/cellulose Thin film Sol gel Phenol UV = 0.56 

MWcm-2 

99% 

180 mins 

161 

TiO2/cellulose 

acetate 

Fibres Emulsion 

electrospinning 

NO removal UV = 10 

Wm-2 

78.6% NO 

removal 

60mins 

162 

TiO2 

aerogel/cellulose 

fibres 

Nanofibers Hydrothermal Methylene 

blue (MB) 

Hg = 

365nm 

99% 163 

 

1.11 Surface modification of TiO2 using atmospheric pressure plasma engineering. 

Various processing techniques have been employed into immobilising semiconductor 

photocatalyst onto supports. Conventional techniques such as dry wet spinning, dip coating, 

electrospinning and sputtering have been adapted as effective immobilisation techniques.165 

166 These processes, however, do not take part in surface chemical functionalisation of both 

the substrate and semiconductor photocatalyst hence limiting its usage. Plasma processes 

have been shown to possess significant advantages over conventional techniques in the 

processing of complex modifications of material surfaces as stated below.167 Several plasma 

techniques have been proven to be used for large scale processing and microelectronic 

manufacture.168 169 

Plasma processes are able to optimise the surface and interface properties of semiconductor 

(e.g. TiO2, g-C3N4 and others) 170 and its substrates (e.g. cellulose) due to;  

i. large number of active species that have sufficient energies to initiate chemical 

reaction on their own. 

ii. active species can perform complex modifications at the surface of the material. 

iii. the process involved is ‘dry’ and does not produce chemical waste and are 

environmentally friendly. 

iv. create superoxide active species on the surface of the nanocomposite materials 

which can aid in photocatalytic activity.  

Plasma can be classified into different categories that are listed below 171 

• Operating pressure 
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o Low pressure plasma 

o Atmospheric pressure plasma 

• Temperature 

o Low temperature plasma where temperature of the plasma is less than ~ 

2000K. 

o High temperature plasma where temperature of the plasma is more than 

~2000K. 

• Thermodynamics 

o Thermal plasmas, which are in thermodynamic equilibrium state, electron 

temperature, Telectron ≈ ion temperature, Tion ≈ gas(neutral) temperature, Tgas 

o Non thermal plasma or non-equilibrium plasma, electron temperature, Telectron 

>> ion temperature, Tion ≈ gas(neutral) temperature Tgas) 

• Generation 

o Microwave discharge (300 MHz ≤ f ≤ 300 GHz) 

o Radio frequency discharge (e.g., 13.56 MHz) 

o Direct current (DC) discharge 

o Alternating current (AC) discharge 

One general problem has however been the high temperatures associated with thermal 

plasmas which has made them undesirable for thermally sensitive materials. However, it is 

possible to sustain plasma discharge at lower temperatures or room temperatures. 

1.11.1 Non-thermal plasmas 

The characteristic temperature of a plasma is determined by the average kinetic energy of its 

components (electrons and ions). However, due to a significant difference in mass of 

electrons and ions their respective kinetic energies (temperature, Te, Ti) differ. When there is 

large deviation in temperature values (i.e., Te > Ti) the plasma is not thermalised, and is called 

non-equilibrium or non-thermal plasma. These electrons with a temperature of few electrons 

volts (eV) can initiate chemical reactions which are forbidden under the same conditions. 

A power source with low power density or pulsed power supply is required to sustain non 

thermal plasma operating at atmospheric pressure conditions. Non-thermal atmospheric 

pressure plasmas provide opportunities for low temperature materials processing with 

abundance of chemically active species. This does not require the use of sophisticated 
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vacuum equipment with respect to the environmental vacuum-based system. Different types 

of atmospheric pressure plasma sources and their operating conditions are discussed below. 

1.11.2 Use of Atmospheric Pressure Plasma Jet (APPJ) 

Non thermal and atmospheric pressure plasma have become significant in both scientific and 

commercial fields of materials processing. This is due to the cost-effectiveness and capacity 

to optimise substantially the chemical and physical characteristics.172 173 As the name 

suggests, the discharges are generated at atmospheric conditions. The plasma jet consists of 

charged particles, neutral metastable species, radicals and radiation in the UV and visible 

regions.  In the laboratory/industrial scale, gas discharged plasma is produced by applying a 

potential difference between two electrodes that are inserted in a reactor which is filled with 

inert or reactive gas, at a pressure ranging from few m Torr (low pressure) to atmospheric 

pressure.   

Plasma treatment method has been the most versatile surface treatment. In this work, APPJ 

plasma will be used for surface modification of materials which include Ti2C MXene, 

graphitic carbon nitride (g-C3N4), titanium dioxide (TiO2), cellulose fibres among others. The 

atmospheric pressure plasma will be used for the following advantages: 

(i) the oxygen vacancies generated during plasma treatment are useful for trapping 

photogenerated electrons and thus inhibit recombination thereby facilitates the effective 

separation and transfer of charge carriers.174  

(ii) the ability to tune the wettability hence surface energy is increased during plasma 

treatment due to formation of hydroxyl groups on the surface. As reported, the low-power 

atmospheric pressure plasma jet (APPJ) is scalable, non-thermal technique that can improve 

the electronic properties of the functional materials mentioned above.175 176 Teng et al. in his 

work where TiO2 was treated using atmospheric pressure plasma jet (APPJ) yielded a four-

fold enhancement in the photoelectrochemical performance.177 Hence, atmospheric pressure 

plasma can effectively be used for surface modification, deposition and in-situ 

functionalisation of nanomaterials for enhanced photocatalytic performance for wastewater 

treatment. 

1.12 Photocatalytic environmental remediation (wastewater treatment) 

One of the attractive strategies known for the purification of wastewater is the photocatalytic 

degradation of organic pollutants.178 Conventional adsorbents, which comprises activated 

charcoal, silica gel, and metal organic frameworks are mostly employed for water purification 

purposes. However, their use is often costly and requires harsh conditions and non-



30 
 

environmentally friendly solvents. Also, they tend to generate secondary by-products that are 

even more harmful to their parent molecules. 179 On the other hand, photocatalytic 

degradation of pollutants is a more reliable process that facilitate the complete mineralisation 

of pollutants resulting in the formation of CO2 and H2O.180 Furthermore, the use of water, a 

green solvent, is employed to generate the active species upon light irradiation. In order to 

attain optimal photocatalytic efficiency, the recombination of charge carriers must be 

prevented. The generated active species attacks the pollutant molecules, breaks it down into 

smaller fragments and ultimately lead to complete mineralisation. 

Photocatalysis for water pollutant degradation can be broken down into two half-reactions: a 

hole induced oxidation reaction and an electron-induced reduction process. 

FIRST HALF REACTION: Hole Induced Oxidation reaction. 

Photogeneration of charge carriers 

Photocatalyst + ℎv = h+ (photocatalyst) + e- (photocatalyst)  [1.1] 

Hole induced generation of free radicals. 

h+ + H2O = •OH + H+      [1.2]    

h+ + OH- = •OH      [1.3] 

Charge transfer to pollutants 

h+ + pollutant = (pollutant)+     [1.4] 

 

SECOND HALF REACTION: Electron Induced Reduction process. 

Electron attachment to dissolved oxygen to form radicals. 

e- + O2 = O2
-       [1.5] 

Ion-ion reaction to form superoxide. 

O2
- + H+ = •OOH      [1.6] 

Further decomposition to form free radicals. 
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2•OOH = O2+ H2O2      [1.7] 

H2O2 + •O2
- = •OH + OH- +O2    [1.8] 

H2O2 + ℎv = 2 •OH      [1.9] 

Pollutant degradation with free radicals 

Pollutant + (•OH/ h+/•OOH or O2
-) = pollutant degradation [1.10] 

The photocatalytic activity involves 3 main active species which includes: 

1. hydroxyl (•OH) moieties which are strong oxidising agents that can oxidise almost all 

organic pollutant with no selectivity. 

2. h+ 

3. superoxide radical (•O2
- )  

The •OH radicals are normally produced through 2 media: 

(i) the H2O and OH- in the water environment are easily oxidised by photogenerated 

h+ to form •OH radicals (equation 1.2 & 1.3). 

(ii) the O2 present in the water is reduced by photogenerated e- to form O2
- radicals 

(equation 1.5), followed by reaction with H+ (forming •OOH radicals – 1.6) and 

then further decomposition to produce •OH radicals (equation 1.7, 1.8 & 1.9). 

For complete understanding of materials for environmental remediation applications, design 

and development of advanced functional semiconductor photocatalytic materials that absorb a 

wide range of solar light spectrum i.e. both UV and visible light need to be further enhanced 

and tune for better photocatalytic performance. 

1.12 Project Aims  

Advances in functional semiconductor materials, apart from the widely known TiO2, are 

being widely explored for photocatalytic applications. Researchers have explored several 

surface modification approaches to tune these semiconductor materials for photocatalytic 

application. Plasma-assisted deposition and surface modification have gained high interest for 

materials processing for producing films on surfaces and modifying properties. This thesis is 

aimed at understanding the surface and interfacial properties and effect of using low powered 

atmospheric pressure plasma spray on Ti2C MXene, ternary in-situ TiO2/Ti2C/GCN and 

TiO2/cellulose fibres under oxidised reactive plasma species and how they affect the 



32 
 

structural, electronic and morphology. We seek to explore the use of atmospheric pressure 

plasma jet-based functionalisation technique as an environmentally friendly and cost effect 

alternative for deposition and surface functionalisation of Ti2C MXene, ternary in-situ 

TiO2/Ti2C/GCN and TiO2/cellulose fibres. Furthermore, the photocatalytic performances of 

these synthesised functional materials subject to these structural and electronic changes are 

explored. A breakdown of the aims are as follows: 

 

AIM 1: To understand the effect of how atmospheric pressure plasma (APPJ) can oxidise the 

Ti atoms of Ti2C materials to produce TiO2 which are photocatalytically active and hence 

increase the photocatalytic performance. The heterostructure formed between in-situ TiO2 and 

Ti2C MXene was further investigated with its relation to the photocatalytic performance. The 

oxidised plasma species in the oxygen plasma caused a rutile TiO2 which was 

photocatalytically active and hence exhibited a faster degradation rate. Furthermore, 

investigations in the changes in crystal structure and morphology after 5 mins of oxygen 

plasma functionalisation of Ti2C MXene was explored. The different oxygen 

functionalisation times of Ti2C MXene was explored. Finally, the synthesized photocatalyst 

was used to degrade dye pollutant molecules from wastewater under UV light. This aims to 

bring a potential to the wide range of highly active low cost, nontoxic and large scale 

photocatalysts for industrial wastewater treatment. 

 

AIM 2: the second aim was to explore and increase the light absorption spectrum of the as-

synthesised in-situ TiO2/Ti2C MXene in AIM 1 by creating a ternary heterostructure with a 

visible light active photocatalyst material, graphitic carbon nitride, g-C3N4 (GCN) using a 

single step atmospheric pressure plasma jet technique (APPJ). Further, the interfacial and 

surface properties at the Schottky junction created at in-situ TiO2/Ti2C/GCN was investigated 

and the impact on the electronic, structural, and morphological property was analysed. 

Finally, the as-synthesised in-situ TiO2/Ti2C/GCN ternary heterostructure was used to remove 

organic pollutant molecules from wastewater under solar light irradiation. 

 

AIM 3: Homogenous use of semiconductor materials (such as suspension of photocatalyst 

powder) in wastewater treatment has limited its use due to post treatment removal such as 

filtration which are time-consuming and cost effective. A TiO2/cellulose nanocomposite has 

been synthesized with varied oxygen plasma deposition times to achieve a hybrid adsorption-

degradation catalyst for efficient pollutants removal from wastewater. The high surface area 
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from cellulose and abundant active sites from TiO2 and structural crystallinity changes in 

cellulose was sought to be explored which showed high textile industrial dye removal. 

Specifically, changes in structural and electronic properties were explored and its impact was 

analysed in an integrated approach of adsorption and photocatalysis to remove an industrial 

wastewater dye from Turkey. The toxicity of as-synthesised materials was also explored 

during its use in industrial wastewater dye.  

 

1.13 Thesis structure 

This thesis contributes towards understanding the applications of atmospheric pressure 

plasma on semiconductor materials and its application towards environmental remediation, in 

this case, wastewater treatment. There is limited understanding on the overall story of surface 

and interfacial properties of the least studied MXene (Ti2C MXene) and its surface 

modification for wastewater. In this thesis, different advanced functional materials have been 

studied namely, Ti2C MXene, graphitic carbon nitride(g-C3N4)/Ti2C MXene and 

TiO2/cellulose. The outcome of plasma surface interaction has been extensively investigated 

via bulk and surface characterisations such as X-Ray diffraction, Scanning Electron 

Microscopy, Transmission Electron microscopy, X-Ray Photoelectron Spectroscopy,  

Figure 1.11 portrays the contributions to this thesis in the form of Chapter 3, 4 and 5. Chapter 

2 is dedicated for the details of various experimental techniques and Chapter 6 is about the 

overall summary and where prospect lies for atmospheric pressure plasma in the near future. 
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Figure 1.11 Scope of the thesis in summary 
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Chapter 2: Experimental methods and Analytical techniques 

This chapter focusses on the overview of the synthesis of various photocatalytic materials, 

plasma functionalisation and the characterisation techniques to understand the properties of 

materials for photocatalytic wastewater treatment. This chapter also describes the use of our 

in-house atmospheric pressure plasma jet (APPJ) for functionalisation, plasma jet deposition 

and in-situ processing of nanomaterials. Structural analytical tools such as X-Ray Diffraction 

(XRD), Raman Spectroscopy and Fourier Transform InfraRed Spectroscopy were used to 

understand the changes that occur in photocatalytic materials before and after plasma 

functionalisation. Surface sensitive techniques such as X-Ray Photoelectron Spectroscopy 

(XPS) and Ultraviolet Photoelectron Spectroscopy were used to understand the electronic 

structures of nanomaterials. High Transmission Electron Microscopy (HRTEM), Scanning 

Electron Microscopy coupled with the Energy Dispersive Spectroscopy (SEM-EDS) and 

Atomic Force Microscopy (AFM) was used to understand the changes in the surface 

topography, crystal lattice structure, lateral size and thickness. 

2.1 Materials 

All chemical reagents were at least of analytical grade and used directly without purification. 

Hydrofluoric acid (HF, 30%) and ethanol were purchased from Sigma Aldrich, United 

Kingdom. Ti2AlC powder (≥ 99 wt%) was purchased from Nanochemazone, Canada. 

Recycled raw fique fibres were acquired from Fique Producers Association, Mogotes, 

Santander, Colombia. Degussa P25 Titanium (IV) oxide nanopowder, 21 nm primary 

nanoparticle (TEM, >99.8%) trace metal basis was obtained from Sigma Aldrich, United 

Kingdom. Succinic acid and sodium hypophosphite were also purchased from Sigma Aldrich, 

United Kingdom and were used as received. Milli-Q ultrapure water with resistivity of 18.2 

MΩ cm was employed in the experiment. 

2.2 Synthesis Procedures 

2.2.1 Synthesis of Ti2C MXene  

Ti2C MXene was used in this work as a titanium source to in-situ synthesise photocatalytic 

TiO2 for wastewater treatment. Ti2C MXene nanosheets were synthesised through selective 

etching of the Al layer from the Ti2AlC MAX precursor using HF as shown in Figure 2.1. 

Firstly, 6.0 g of Ti2AlC powders were each mixed into 200 mL of different concentrations of 

HF solution (5%, 10% and 20%) and reacted for different times (3h, 6h, 12h and 24h) under 

continuous magnetic stirring at room temperature. The obtained suspension was filtered using 
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Buchner filtration several times with deionised water to pH of 6. The resulting solution was 

freeze dried using vacuum conditions of 190 milli Torr at temperature of -56.0°C for 24h to 

obtain a black powder of Ti2C MXene sheets. 

 

 

Figure 2.1 Illustration of ettching Ti2AlC MAX phase using HF to produce Ti2C MXene 

 

2.2.2 Surface modification of Ti2C to create in-situ TiO2/Ti2C MXene using oxygen plasma 

functionalisation. 

 2.2.2.1 Preparation of Ti2C colloidal ink 

Ti2C MXene was used as ink for the plasma jet printing process. The process involved in the 

ink preparation process is as follows: 1mg/ml of Ti2C solution was prepared (solution was 

prepared in ethanol). The solution was probe sonicated for 1hr at 250W, 50% amplitude under 

N2 gas. The resultant solution was centrifuged at 3500rpm to obtain Ti2C MXene colloidal 

ink. 

 2.2.2.2 Deposition and in-situ plasma functionalisation of Ti2C MXene to produce in-

situ TiO2/Ti2C MXene 

The thin films of in-situ TiO2/Ti2C MXene studied in Chapter 3 were deposited using our in-

house atmospheric pressure plasma jet (APPJ). To obtain the desired oxygen functionalised 

Ti2C nanosheets, a stepwise and controllable functionality-modification strategy was 

designed. The Ti2C colloidal ink prepared in section 2.2.2.1 Preparation of Ti2C colloidal 

inkwas then transferred into a nebuliser then aerosolised and  plasma sprayed onto a Si 

substrate with the aid of a motorised x-y stage (as shown Figure 2.5). The plasma was ignited 

using a gas mixture of helium and oxygen, with corresponding flow rates of 3000 standard 
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cubic centimetres per minute (sccm) and 30 standard cubic centimetres per minute (sccm) 

respectively, with an input power of 10 W.  

 

 

Figure 2.2 Schematic showing the in-situ functionalisation of Ti2C MXene to produce 

TiO2/Ti2C MXene 

 

2.2.3 Synthesis of graphitic carbon nitride (g-C3N4)   

For the synthesis of g-C3N4 (GCN), thermal polymerisation method was used. Initially, 12 g 

urea and 0.3 g of thiourea was mixed in a mortar. Thiourea was added as a sulfur mediated 

pretreatment step to modify the texture, electronic and optical property of g-C3N4.  The 

mixture was then suspended in 100 ml of ethanol and heated at 100°C till complete 

evaporation of water. The obtained product was then crushed and transferred to an alumina 

crucible. Further, the crucible was heated at 400°C with rate of 5°C min-1. Then, the sample 

was left to cool to room temperature and the yellowish white powder obtained was GCN. 

2.2.4 Synthesis of ternary in-situ TiO2/Ti2C/GCN heterostructure thin film 

To prepare ternary in-situ TiO2/Ti2C/GCN heterostructure, firstly Si wafer was coated with g-

C3N4 (GCN) solution to create a GCN thin film electrode. Ti2C MXene was then oxygen 

plasma functionalised on the surface of the GCN thin film electrode using procedure outlined 

in  2.2.2 Surface modification of Ti2C to create in-situ TiO2/Ti2C MXene using oxygen plasma 

functionalisation.  
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2.2.5 Preparation of plasma treated TiO2/cellulose nanocomposites. 

 2.2.5.1 Fibre pretreatment 

Fibres used for sustainable TiO2/cellulose nanocomposites were obtained from Fique 

Producers Association, Mogotes, Santander, Colombia. The fibres were pre-treated before 

usage and the process is as follows. The fibres were placed in an ultrasonic bath in deionised 

water for a duration of one hour at room temperature to remove carbonates, lignin, 

chlorophyll, saponins in the fibre. The fibres were then dried to be used for the deposition of 

TiO2. 

2.2.5.1 Plasma deposition of TiO2 on cellulose fibres 

Figure 2.4 shows the preparation of plasma functionalised TiO2/cellulose fibres 

nanocomposites using the APPJ technique. Fibres were further treated in polycarboxylic acids 

for effective crosslinking of TiO2 photocatalysts following a procedure recently proposed by 

Hu et al shown in . 181   Figure 2.3. In this process, 300 mg of cellulose fibres were washed in 

distilled water at 80 °C to remove grease such as wax present in the sample(s). The obtained 

cellulose fibres were further immersed into an aqueous solution of succinic acid (SA) (6 

wt%) for cross linking with cellulose and sodium hypophosphite (4 wt%) acting as an 

activator, these processes were carried out for an hour. This process was done in order to 

chemically bond the cellulose fibres with the photocatalyst. Fibres were then dried in an oven 

at 85 °C for 3 mins and cured at 180 °C for 2 mins. Photocatalyst nanoparticles solution was 

prepared by dispersing TiO2 nanoparticles in 10 mL of ethanol and ultrasonicated for 30mins. 

This was done to minimise the effect of agglomeration and to have a sustainable ink for the 

plasma printing process.  
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Figure 2.3 Mechanism of pre-treatment of fibres with polycarboxylic acids i.e., succinic acid 

to aid in crosslinking of fibres with TiO2 

 

Five sets of samples were studied for each time dependent studies for consistency in 

understanding the effect of in-situ plasma printing process. 

(1) Aerosolised TiO2 suspension carried through He/O2 plasma reacts with plasma and is 

printed on treated cellulose fibres using the plasma jet for 1min, 3mins, 5mins and 10mins. 

These samples were named TiO2, cellulose, TpC01, TpC03, TpC05, TpC10 nanocomposites. 

(2) To understand the effect of plasma treatment on the fibres (without in-situ TiO2 spray), 

He/O2 plasma was used to print on the surface of 6 cm × 3 cm fibres at different plasma 

exposure times of 1min, 3mins, 5mins and 10mins. These samples were named; pC01, pC03, 

pC05, pC10 nanocomposites. 
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Figure 2.4 Schematic illustration of plasma spray technique for the fabrication of plasma 

treated-TiO2/cellulose nanocomposite.[N.B. refer to Attributions] 

 

2.2.6 Atmospheric pressure plasma jet (APPJ) for surface functionalisation 

Our in-house atmospheric pressure plasma jet (APPJ) shown in Figure 2.5 was used for 

deposition and in-situ functionalisation of Ti2C MXene, Ti2C MXene/GCN and cellulose 

fibres. Our in-house plasma discharge is ignited by applying radio frequency (RF) through a 

series of LC circuit (inductor L connected to a capacitor C) generated by the plasma generator 

in Figure 2.5. Plasma is generated between two copper electrodes with quartz which 

functions as a dielectric barrier. The driving force that was used to drive the LC circuit was 

13.56 mHz. Plasma sources with varying excitation regimes can operate at atmospheric 

pressure. Plasma excitation can be classified into different forms depending on the source of 

the plasma generator such as RF excited plasma discharges, microwave excited discharges, 

low frequency alternating current (AC) discharges and direct current (DC) discharges.  

2.2.6.1 Dielectric barrier discharge (DBD): Dielectric barrier discharge system consists of two 

electrodes, which are separated by a gap of a few millimetres with at least one of the 

electrodes being covered by a dielectric barrier discharge. Materials that have been widely 

used as a dielectric barrier include glass, ceramic, or thin polymer layers. The electrical 

parameters for DBD operated at atmospheric pressure plasma depend on the discharge 

geometry, but ignition voltages range from a few kilovolts with driving frequencies in the 

range of tens of hertz to a few hundred kilohertz. The purpose of the dielectric barrier 
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discharge is intended to restrict and rapidly terminate the arcs that form in the potential field 

difference between the two electrodes. This happens by accumulating the charge that 

suppresses the electric field in the gap until the voltage reverses, thereby the charge enhances 

the field, reigniting the discharge. In the DBD configuration, the plasma produced is usually 

non thermal with no high energy ions (>1 e V) due to high pressure. These advantages make 

plasma very useful for surface treatment, deposition, and functionalisation as it does not 

destroy the substrate. 

2.2.6.2 In-house DBD atmospheric pressure plasma jet 

The dielectric barrier APPJ used for printing, deposition and surface functionalisation is 

based at The Open University, Milton Keynes, United Kingdom. The DBD APPJ consists of 

dielectric tube having concentric nozzles with two ring electrodes located on the outside 

surface of the tube. The tube with concentric nozzles is made of Pyrex sheath glass with a 

tapering end to form a convergent plasma jet. The broad end of the nozzle has an outer 

diameter of 15mm whereas the tapering end is 6.2mm. Copper was used as the electrode 

material due to its electrical and thermal properties and the electrodes were covered with 

Teflon for insulation. Substrates were placed on a two directional (x and y) motorised stage to 

bring simultaneous deposition and uniform translation over a large area. This method shows a 

great promise for scaling up the technology with multiple and broader dimension nozzles 

used for deposition (this is currently being done in our group but would not be discussed 

since it is not the main focus of the thesis). A high voltage (HV) transformer was connected to 

the electrodes with a matching box for a reliable electrical coupling. The flow of helium and 

oxygen gas through the dielectric nozzle was controlled by calibrated mass flow controller 

from Alicat. Helium was used as the carrier gas and oxygen to generate additional excited 

species in the plasma jet. The purity of helium and oxygen used was 99.999%. 
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Figure 2.5 Schematic of the plasma jet used (a) the experimental setup for the plasma jet 

printing system comprises of: (1) plasma generator (2) mass flow controller (3) x-y motorized 

stage (4) electrodes (5) Pyrex tube (6) nebuliser kit (7) gas inlet (b) APPJ in operation. The 

Ti2C MXene and TiO2 nanoparticles were aerosolised using a commercial nebuliser and 

carried through to the plasma by compressed argon gas to prevent any further oxidation. A 

mixture of He or He + O2 gas was fed through other inlet to ignite the plasma jet. 

Figure 2.5 represents a schematic of the complete experimental arrangement for the 

deposition of Ti2C MXene and (b) plasma jet (APPJ) in operation. The ring electrodes around 

the dielectric glass tube were powered by a radio frequency supply system, consisting of a 

pulse generator connected to a low-frequency high voltage amplifier with an external home 

built high voltage transformer. In this plasma jet apparatus, helium, and a mixture of helium + 

oxygen exists inside the tube in the region between the electrodes when 4 kV voltage signal 

(peak to peak) in the frequency range of 1-8 kHz is applied. In addition to the discharge 

inside the tube, a transient plasma jet is also observed outside the tube when the front 

electrode is active and the rear one is grounded. The size of the jet varies according to the 

discharge condition and usually consists of rapidly propagating plasma ‘blob’ and ‘bullet’. 
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The plasma jet was used to deposit Ti2C MXene and TiO2 nanoparticles films using ethanol 

as solvent. 

The operating conditions of the APPJ printing system is as follows; 

Table 2. 1 Operating conditions of the APPJ printing system 

Parameters Value 

Voltage 12 -18 kV 

Frequency 1.5 – 2 kHz 

The inert gas flow rate 3 – 12 SLPM 

 

2.3 Chacterisation of printed films 

2.3.1 X-Ray diffraction (XRD) 

The crystallinity and phase structure of the prepared samples were recorded through the X- 

ray diffractometer. The XRD provides various structural information, different crystal planes, 

crystalline nature, crystalline size, strain, and texture of as-synthesised samples. XRD works 

on the principle of Braggs Law as shown in Figure 2.6. Braggs Law is the fundamental 

principle in the field of X-Ray crystallography that relates the angles of incidence and 

diffraction of X-rays by a crystal lattice to the spacing between the crystal planes.182  

 

 

 

Figure 2.6 Principle of X-ray diffraction 
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In this technique, X-ray radiation incident on a material is diffracted by the crystal planes of 

the sample, producing a diffraction pattern which can be studied to provide information on 

the crystallinity, crystal planes, crystal structure as well as chemical bonds in the material. 

The elastic scattering of X-rays takes place when the wavelength corresponds with the inter-

atomic spacing of crystal planes. Composition is measured through identification of the 

positions and intensities of diffraction peaks, which are unique to a given chemical 

compound. A large reference database [Match software, National Institute of Standard 

Technology (NIST) and Junior Committee on Powder Diffraction Standard (JCPDS) 

reference)] of known compounds (search-match process) was used for analysis.  XRD is used 

to obtain information on the structure, geometry, strain and even shape of a molecule. This 

information is calculated by measurement of the intensity of the peaks and the angles, using 

the aforementioned Braggs equation.  

 nλ = 2dsin (θ)   (2.1) 

where: 

 n = integer representing the order of the diffraction 

 λ = wavelength of the X-rays 

 d = spacing of the diffracting planes 

 θ = angle between the incident rays and diffracting planes, otherwise known as 

Braggs angle 

The advantage of the XRD technique is the non-destructive nature, versatility, and the ability 

to analyse both bulk and thin film samples. Even though XRD requires for the sample to be 

crystalline, it can also be used to understand the degree of crystallinity in amorphous samples 

such as polymers. In this work, X-ray diffraction was used to obtain information on the 

crystal phases of samples and monitor the changes in their structure for tuning the properties.  

 

XRD patterns for all samples were recorded by using Siemens D5000 which uses powder 

diffraction Bragg-Brentano geometry and a copper long- fine-focus X-ray tube energised at 

40 kV and 40 mA. All XRD patterns for all samples were recorded in the 2θ range of 20-80° 

using Cu-Kα radiation (λ = 0.154060 nm) with a scan rate of 0.5° min-1 at 40 kV and 40 mA. 

The average particle size (D) of samples were calculated using the Scherrer equation given as 

follows; 

D = 
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
     (2.2) 
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 Where:  

D = average crystallite size or particle size 

K = Scherrer constant which depends on the shape of the crystallite (usually taken as 

approximately 0.9) 

 λ = wavelength of X-ray used  

 β = full width at half maximum (FWHM) of the diffraction peak in this case measure 

in radians 

 θ = Bragg angle at which diffraction peak is observed 

The interplanar spacing (c lattice parameter) was also calculated for mainly the (002) peak of 

Ti2C MXene considering it as a hexagonal crystal system using the formula: 

1

𝑑2 =
4

3
 (

ℎ2+ℎ𝑘+ 𝑘2

𝑎2 ) +  
𝑙2

𝑐2    (2.3) 

where:  

 d = interplanar spacing 

 h,k,l = miller indices 

a = length of the side of the hexagonal unit cell 

 c = height or distance between the basal planes 

2.3.2 Electron Microscopy 

As compared to an optical microscope that uses light and optical lenses to produce a 

magnified image of a sample, an electron microscope makes the use of high energy electron 

beam and electromagnetic lenses to direct the beam. The advantage of using an electron 

microscope over a conventional optical one is the ability to magnify up to 1 million times as 

opposed to just 2000 times of an optical microscope. This is achieved to due smaller 

wavelength of electrons, approximately 2.5 to 12 picometres (contrary to 400-700 nm for 

visible light), that allows it to exhibit higher magnification levels and resolution.  

In this work, two types of electron microscopy techniques are used, i.e., Scanning Electron 

Microscopy (SEM) and Transmission Electron Microscopy (TEM).  
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2.3.2.1 Scanning Electron Microscopy  

Scanning Electron Microscopy (SEM) works on the interaction of a focussed electron beam 

with a specimen surface and subsequent generation of secondary electrons along with back 

scattered electrons, auger electrons, and characteristic X-rays. This technique can be used to 

study the surface morphology as well as elemental composition of a material. The electron 

beam is focussed using a set of condenser and objective lenses as outlined in Figure 2.7a. The 

generated electrons and X-rays are detected via various detectors which ultimately provide 

information on the surface characteristics and composition of the sample. An important 

requirement for SEM is a conductive sample, without which a thin coating (10-20 

nanometres) of gold is recommended to avoid cumulation of charge on the specimen surface 

due to interaction with the electron beam and eventual distortion of the image. The resolution 

in SEM is primarily determined by the electron wavelength (λ) and is given by the following 

equation: 

𝑅 =  
𝑘𝜆

𝑁𝐴
   (2.4) 

where;  

R = resolution 

λ = de Broglie wavelength of the electrons,  

NA = numerical aperture 

k = constant related to the electron optics system 

The de Broglie wavelength is inversely proportional to the momentum of the particle and is 

expressed by; 

𝜆 =  
ℎ

𝑝
    (2.5) 

where; 

 λ = de Broglie wavelength of the electrons 

 h = Planck’s constant (6.626 x 10-34 J.s) 

 p = momentum of particle 

Since electrons have much shorter wavelength than visible light, the resolution of SEM is 

significantly higher. The typical resolution of SEM is in nanometres range allowing for 

detailed imaging of surfaces at the nanoscale. 

Scanning Electron Microscope was coupled with Energy-dispersive X-ray Spectroscopy 

(SEM-EDS) to get information on the chemical and elemental composition of the sample. 

This is obtained from the X-rays generated on interaction of electron beam with sample 

surface. It is generally used in combination with SEM for targeted compositional analysis of 
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a sample surface. Some SEM models have detectors for cathodoluminescence, which is a 

phenomenon that occurs on interaction of electron beam with the sample, excited electrons 

return to the ground state. Continuum X-Rays can also be generated on slowing down or 

deflection of charged particles, producing a characteristic radiation. However, in this work we 

harnessed the use of secondary electrons for SEM images at 3KV and characteristic X-ray for 

the EDS/EDX analysis and 20KV. ZEISS SEM Model Supra 55VP was used to examine the 

surface morphology and elemental composition of all prepared samples.  The working 

distance was maintained for 5.3nm for SEM and 8.5nm for EDX analysis. 

 

Figure 2.7 Schematic of (a) electron beam interaction with the sample surface and (b) 

working principle of the scanning electron microscope.183 

 

2.3.2.2 Transmission Electron Microscopy  

Transmission Electron Microscopy (TEM) is another type of electron microscopy in which a 

high resolution (40 to 400 keV) beam of electrons is allowed to interact with an ultra-thin 

sample, allowing electrons to either transmit through the sample or get scattered. The 

transmitted electrons are detected and provide information on the crystallographic structure 

of the material. This technique is particularly useful to study one and two-dimensional 

nanomaterials and can provide insights on the dimensions, aspect ratio, and lattice parameters 

of the nanomaterial.   
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Selected Area Electron Diffraction (SAED), a crystallographic technique and usually 

performed using TEM, can be helpful to obtain a diffraction pattern which can be used to 

ascertain the crystal orientation and phases of a sample including information on defects.  

In this work, the crystal structure and defects of samples are studied using High Resolution 

Transmission Electron Microscopy (HR TEM) Model JEOL 2100, operating at 200 

kV. Electron microscopy techniques including SEM and TEM are used in this work to study 

various surface and structural properties of two-dimensional materials for application in 

photocatalytic wastewater treatment. These techniques are used to obtain information on the 

sheet size, morphology (multilayers of nanosheets) and crystal structures and vacancies of the 

samples. Various crystal phases and vacancies are reported to have an influence on the 

photocatalytic properties hence a study of the crystal phases of synthesised materials is 

important to understand such effects.184 185 High resolution TEM(HRTEM) and SAED 

patterns were further used to comprehensively study the atomic arrangement and crystal 

orientations of the nanosheets. Furthermore, the observation of lattice fringes in high 

resolution images provides interpretable information on the structure, including lattice 

spacing and orientations.186 In this work, the TEM/SAED patterns was used to validate the 

different phase and crystallographic structure of in-situ TiO2 produced from Ti2C MXene 

which further validated results obtained from the XRD. Visible vacancies were seen in the 

atomic structure of the in-situ TiO2 MXene due to plasma functionalisation process which is a 

key property in affecting the photocatalytic property.  SEM and TEM was also used to study 

the elemental composition and lattice structure of samples, which can directly influence the 

photocatalytic performance of the material. Therefore, these techniques were used to optimise 

the parameters of our material to enhance the efficiency and performance.  

 

2.3.2.3 Atomic Force Microscopy (AFM) 

Atomic Force Microscopy (AFM) is a technique in which a sharp silicon-based probe, 

attached to a cantilever, is used to scan over the surface of a material and obtain information 

on the structural morphology or topography of a sample surface. The nano-sized tip of the 

probe uses different working modes over the sample, which creates a deflection in the 

attached cantilever. These displacements are then measured by detecting changes in the 

reflection intensities of a laser beam from the cantilever by using a photodetector. 

Subsequently, a three-dimensional image of the sample surface can be produced, providing 
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information on the height, lateral size, thickness, and distribution of features on the surface. 

The instrumentation of an AFM is represented in Figure 2.8.187  

 

 

Figure 2.8 Schematic of basic working principle of an AFM 187  

 

Physical and chemical properties of a material can be analysed from the tapping motion of 

the probe, while monitoring the intermolecular forces between the probe and sample surface 

gives information on the electrical and magnetic properties. In the tapping mode, a non-

destructive mode, also known as the intermittent contact mode, in which the probe taps on the 

surface and then pulls back and repeats this as it scans over the surface of the sample. In this 

thesis, tapping mode AFM was used to study the surface topography and thickness of 

synthesised Ti2C MXene samples (described in Chapter 3). Data analysis has been performed 

with the Gwydion software.188 

 

2.3.3 Spectroscopic Techniques 

Spectroscopy is a field of study which pertains to the generation and analysis of a spectra 

from interaction of electromagnetic radiation with a material. Spectroscopic techniques can 

be categorised on the basis of the type of incident radiation and the type of interaction, for 

instance, absorbance, reflectance, and elastic or inelastic scattering.  

In this thesis, three major types of spectroscopic techniques are used, namely, Raman 

Spectroscopy, Ultraviolet-Visible Spectroscopy, and X-Ray Photoelectron Spectroscopy.  
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2.3.3.1 Raman Spectroscopy  

In Raman Spectroscopy, a monochromatic laser with excitation wavelength (this includes 

visible light 532 nm, 633 nm and near infrared 785 nm and 1064 nm) is used as incident light 

source which is scattered upon interaction with sample and produces a spectrum. The 

scattered pattern is a characteristic fingerprint of a material and provides insights into the 

crystallinity and chemical structure of a material. Raman Spectroscopy can be used to study 

the defects, doping and contamination in the sample.  

The scattered pattern obtained in Raman Spectroscopy is based on the phenomena of Raman 

Scattering. When light interacts with matter and is scattered, the scattered wave may or may 

not match the frequency of the incident light. If the scattered wave matches the frequency 

which is an elastic phenomeon, it is known as Rayleigh scattering. If the scattered wave does 

not match the frequency where the scattering is inelastic, it is known as Raman Scattering. 

Raman Scattering is useful for investigation of vibrational energy levels of molecules because 

the variation in the frequency is characteristic of vibrational frequencies of the scattering 

molecules and is not related to the incident light. Instead of photons getting absorbed by its 

molecule, vibrational and rotational transitions take place at the speed of 10-9 seconds due to 

disturbance in the ground state on interaction with photons.189  Figure 2.9 represents the 

Jablonski energy diagram to understand elastic (Rayleigh) and inelastic (Raman) scattering 

phenomena.  

 

Figure 2.9 Jablonski diagram for Rayleigh and Raman scattering 
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The need for a high intensity laser is because Raman scattering is 10-9 to 10-6 times a weaker 

phenomenon than Rayleigh. Therefore, an intense monochromatic light source, typically 

lasers, is necessary to observe this phenomenon. The Raman scattering process does not 

involve photon absorption by the molecule; rather’ it only leads to disturbance of the 

molecules’ ground state resulting in vibrational and rotational transitions.190 191  In a typical 

Raman spectrum, the intensity of the scattered photon is plotted as a function of the energy 

difference between incident and scatter photon. This shift in frequency is referred to as a 

Raman shift and can usually be represented in terms of wavenumber as:  

∆�̅�(𝑐𝑚−1) =  (
1

𝜆𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
−  

1

𝜆𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑
)   2.6 

 

and  

∆�̅�(𝑤𝑎𝑣𝑒𝑛𝑢𝑚𝑏𝑒𝑟) (
𝜈
𝑐

𝑛

=  
1

𝜆
)    2.7 

 

 In this work, Raman spectra for all samples were obtained using a Horiba Jobin-Yvon 

Labram HR Raman microprobe with Ar+ laser (514.5 nm line) as the excitation source to 

determine the chemical and structural variation due to plasma functionalisation. The laser 

power was kept <0.5 MW to minimise the heating effect from the laser. The spectral range for 

all the experiments was from 100cm-1 to 3500 cm-1 with a minimum of 2 acquisitions. 

 

2.3.3.2 Ultraviolet-Visible Spectroscopy  

Ultraviolet-Visible Spectroscopy is the study of the attenuation of light intensity after 

transmission or reflection from a sample surface. As the name suggests, the wavelength range 

of the electromagnetic spectrum used is from 200 to 800 nanometres. This range is sufficient 

for exciting electrons in a material to higher energy levels and therefore understand the 

electronic properties of a specimen. It can be used to study the absorption, reflectance and 

transmittance of a material as well as calculating the band gap. The instrument allows for 

measurement of these properties at varying parameters, including at a specific wavelength or 

over a spectral range anywhere from Ultraviolet (UV), Visible (Vis) and/or Near Infra-Red 

(NIR) regions.  

The principle on which the UV-Vis Spectroscopy works on is the Beer-Lambert Law. This 

law is commonly used in absorption and transmission measurements and can be used to 

determine the concentration of a sample. During an absorption measurement, a sample is 
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placed in a cuvette through which light passes as shown in Figure 2.10. The light intensity 

after the passing through the cuvette is compared to the light intensity before passing through 

the cuvette. The cuvette size determines the path length. 

According to the Beer Lambert law,  

𝐴 = 𝑙𝑜𝑔10 (
𝐼0

𝐼
)    2.8 

where; A = absorbance of sample, I0 is incident intensity and I is transmitted intensity  

In this thesis, this technique has been used to obtain the absorption, reflectance, and band gap 

of samples for effective band gap engineering and tuning using plasma functionalisation.  

 

 

Figure 2.10 Diagram showing light pass through a sample where some of the light will be 

absorbed by the sample as proposed by Beer Lambert law 

 

2.3.3.3 X- ray Photoelectron Spectroscopy  

X-ray Photoelectron Spectroscopy (XPS) is a well-established surface sensitive technique 

which provides insight into the electronic and chemical states as well as the atomic 

concentrations at the near surface (within 5 nanometres). XPS is based on the principle of 

Einstein’s photoelectric effect which is the photoemission of electrons from a material when 

hit by an electromagnetic radiation. Incident photons have sufficiently high energy and are 

capable of ionising atom by knocking off electrons from their inner shell, this phenomenon is 

known as the photoelectric effect. A free electron from a valence shell may fill up the vacant 

position resistively hence giving rise to an X-ray photon feature on top of the continuous 
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spectrum of radiation. e.g., Mg Kα or Al Kα. The Kα is the most intense radiation associated 

with these elements and correspond to 2p to 1s transitions. During a typical photo-ionisation 

process, a flux of photons is directed to a sample the emitting electrons from it is monitored. 

The number of electrons emitted is then related to the concentration of emitting atoms in the 

sample. According to Einstein’s photoelectric effect, for a well-defined photon energy (hν), 

the binding energy of the emitted electron from the atom can be represented as:  

𝐸𝐵 = ℎ𝑣 − 𝐸𝑘    2.9  

where;  𝐸𝐵= binding energy (eV) 

   𝐸𝑘= kinetic energy (eV) 

   hν = photon energy (eV) 

Based on this phenomenon, XPS works by emitting a photoelectron from the surface of a 

material on interaction with X-ray radiation and can be used to obtain information on various 

chemical states in a sample.  

The XPS apparatus is depicted in Figure 2.10. A monochromatic source of X-ray radiation is 

used to penetrate a sample material and emit photoelectrons from its surface. The energy of 

these electrons is analysed and gives information on the core levels in a material. Each core 

level in an element has a unique binding energy and is like a fingerprint of the element. 

Therefore, obtaining the binding energy of photoelectrons from the XPS can help to identify 

the exact element present in the sample. The binding energy is dependent on the chemical 

state of an element, therefore bonds with various chemical species can lead to a 0.1 eV to 10 

eV shift in the binding energy peak. These chemical shifts can be used to probe the surface 

functionalities and chemical nature of a material. Binding energy can be calculated from the 

equation (2.9). 
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Figure 2.11 XPS instrument at The Open University, Milton Keynes, United Kingdom 

 

The surface analysis equipment present at The Open University is shown in Figure 2.11. Ti2C 

MXene and nanohybrid Ti2C/GCN heterostructure XPS spectra were taken from The Open 

University using the PREVAC EA15 system equipped with a 180° electrostatic hemispherical 

analyser (HSA), a 7 multi-channel detector and two multichannel plates, using a 

monochromatic Al Kα radiation (1486.6 eV) operated at 12 kV and 25 mA X-ray source. The 

survey spectra were taken between 0 and 1200 eV with both survey and high-resolution scans 

recorded at a pass energy of 200 eV. Electron charge neutralisation was achieved using a 

PREVAC flood source FS40-PS with an ion gun current of 3 µA and an ion gun voltage of 

0.2 V. All sample data was recorded at a pressure below 10-9 mPa.  

TiO2/cellulose fibres, on the other hand, were taken from Harwell XPS-EPSRC National 

facility for XPS using Thermo NEXSA XPS fitted with a monochromated Al Kα X-ray 

source (1486.7 eV), a spherical sector analyser and 3 multichannel resistive plate, 128 

channel delay line detectors calibrated to Au 4f at 83.95 eV. All data was recorded at 19.2W 

and an X-ray beam size of 200 x 100 µm. Survey scans were recorded at a pass energy of 160 

eV, and high-resolution scans recorded at a pass energy of 40 eV. Electronic charge 

neutralisation was achieved using a Dual-beam low-energy electron/ion source (Thermo 
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Scientific FG-03). Ion gun current = 150 µA. Ion gun voltage = 45 V. All sample data was 

recorded at a pressure below 10-8 Torr and a room temperature of 294 K.  

All data were analysed using Casa XPS. Peaks were fitted with a Shirley background prior to 

component analysis. Gaussian-Lorentzian line shapes were used to fit components.  

2.3.3.4 UV-vis-NIR diffuse reflectance Spectroscopy  

Diffuse reflectance spectroscopy is a technique used to analyse the optical properties of a 

sample by measuring the intensity of light that is diffusely reflected from its surface.192 When 

light strikes a surface, the incident light penetrates the sample and its interaction with sample 

leads to absorption, scattering and reflection. The scattering of light in different directions 

contributes to the diffuse reflection.193 The intensity of the reflected light is measured and can 

be correlated to the concentration of substances in the sample. In this thesis, diffuse 

reflectance spectra (DRS) were measured using Perkin Elmer UV-VIS-NIR Lambda 750 

spectrophotometer. For this polytetrafluoroethylene (PTFE) polymer was used as the internal 

reflectance standard.   

2.3.3.5 Fourier Transform Infrared Spectroscopy  

Fourier Transform Infrared Spectroscopy (FTIR) involves the interaction of infrared radiation 

with a sample.194 Molecules absorb infrared radiation at specific frequencies corresponding to 

different vibrational transitions. The vibrations involve changes in the dipole moment of the 

molecule such as stretching and bending of chemical bonds.195 196 FTIR uses interferometry 

to measure the changes in intensity of the IR beam as it passes through the sample, providing 

valuable information about the molecular composition of sample. FTIR spectra in 

transmission mode were collected using an Thermo Nicolet Nexus 670 with a continuum 

microscope and a Specac Golden Gate ATR to investigate the possible formation of chemical 

bonds, phase composition and any phase interaction between the compounds. 

2.3.4 Theoretical calculations (DFT) 

Theoretical simulations were made on in-situ TiO2/Ti2C MXene to determine the effect of 

oxygen plasma functionalisation on Ti2C MXene. Theoretical simulations were based on 

density functional theory CASTEP code 197 within the Perdew- Bruke- Ernzerhof (PBE) 

exchange correlation functional in its hybrid form. PBE0 198 was used to encounter the well-

known bandgap underestimation problem caused by the localised electrons. The cut-off 

energy was chosen at 800eV for a supercell consisting of 48 atoms and the sampling of the 
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Brillouin zone was performed with a mesh of 2x2x3 set of k-points and 4x4x4 for the DOS 

calculations. For the DOS calculations the OptaDOS code was used.199 

2.4 Photocatalytic Activity Measurement 

2.4.1 Photocatalytic activity of TiO2/cellulose fibres 

The photocatalytic degradation studies were conducted for the degradation of methylene blue 

(MB), indigo carmine (IC) and real industrial wastewater sourced from Konya, Turkey. A 

homemade photoreactor setup consisting of an UV (OSRAM) lamp of 350W with a power of 

13.5W used as a light source. The degradation pollutants were 50 mL of 25mgL-1 MB and 

IC. The dosage of photocatalyst was 25mgL-1. The concentration and volume of real 

wastewater was approximately about 500mgL-1 and 50ml respectively. The solution was 

stirred in the dark for 60 mins to achieve a balance then exposed to UV light. For kinetic 

study of degradation of MB, IC and real wastewater, 1 mL of solution was withdrawn at 

regular intervals and the concentration was analysed using a UV-Vis spectrophotometer at the 

maximum peak of MB (665 nm), IC (610 nm) and real wastewater (610 nm). The residual 

MB, IC and real wastewater concentration of each sample was estimated from UV-visible 

absorbance measure centered at wavelength 665 nm, 610nm and 610nm respectively. The 

removal efficiency (R) was calculated using equation (2.10): 

𝑅 =  
𝐶𝑂−𝐶𝑡

𝐶0
 ×  100    2.10 

where, C0 and Ct are the initial MB concentration and its concentration after ‘t‘min of UV 

light exposure, respectively.  

Reusability of optimised catalysts, TpC05 was tested by performing repeated (three times) 

photocatalytic degradation of MB and IC under similar conditions. MB and IC were 

performed for 180 mins and 120 mins respectively and after every reaction, the catalyst was 

removed by filtration, washed with deionised water, dried overnight, and reused. 

 

2.4.2 Photocatalytic activity of oxygen plasma functionalised Ti2C MXene to form in-situ 

TiO2/Ti2C MXene 

Similar to the photocatalytic activity above, the photocatalytic performance of pristine Ti2C 

MXene and in-situ TiO2/Ti2C MXene nanocomposites was assessed by testing the removal 

efficiencies of industrial dyes in aqueous solution. Methylene blue (MB) was used as a probe 

dye to evaluate the photocatalytic activity. For the experiment, a 2×2 cm2 thin film of oxygen 

plasma functionalised Ti2C MXene at different times, 1,3,5,10 mins (pMX01, pMX03, 
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pMX05 and pMX10) nanocomposite was placed in a 20 mL MB dye solution with the 

concentration of 10 mgL-1. The mixture was magnetically stirred for 90 mins in dark 

condition to establish the adsorption desorption equilibrium. Then, the mixture was exposed 

to UV light for 360 mins with 1 mL aliquots sample every 2 hours. The MB removal 

efficiency (R) was calculated using equation (2.10) above. 

 

2.4.3 Photocatalytic activity of nanohybrid in-situ TiO2/Ti2C/GCN ternary heterostructure 

The photocatalytic activity of the ternary in-situ TiO2/Ti2C/GCN heterostructure was 

evaluated by monitoring the degradation of organic dye irradiation under xenon light source 

(M/s. Asahi Spectra, HAL 320) with light source (300W, 75Mw/cm2, 350-1100nm, AM 1.5G 

filter) illuminated from the top with 20cm from the liquid surface. For comparison, a 2 x 2 

cm thin films was synthesised, similar to samples prepared above in section 2.2.2.2 

Deposition and in-situ plasma functionalisation of Ti2C MXene to produce in-situ TiO2/Ti2C 

MXene  The intensity of light source was tuned to 1 Sun condition and the light illuminated 

area was maintained about 30mm x 30mm. Under dark condition, the solution was 

magnetically stirred at a speed of 150 rpm for 60 mins at room temperature to attain the 

adsorption/desorption equilibrium. During the 360mins of light illumination, 1ml aliquot of 

the dye solution were collected at the time interval of every 60mins. The liquid samples were 

then transferred into a cuvette and absorption spectra were recorded by using the UV-VIS 

spectrophotometer. The MB removal efficiency (R) was calculated using equation (2.10). 
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Chapter 3: Plasma engineering and in-situ controlled oxidation of 

Ti2C MXene using atmospheric pressure plasma printing. 

 

MXenes are an exceptional projection in the family of two-dimensional materials having 

remarkable physical and chemical properties, as a result of their layered structure and 

abundant surface terminal groups. In catalytic applications, MXenes are generally used as 

promotors in combination with common photocatalytic materials including TiO2 and GCN. 

Considering the focus of this thesis being Ti2C MXene and its functionalisation, a key 

research question was addressed: can TiO2 be synthesised in situ from Ti2C MXene structure? 

This has not been reported before and is a novel approach of TiO2 synthesis which was 

carried out in this thesis by using an atmospheric pressure plasma jet (APPJ) with a low 

power system. The low power system is essential for surface functionalisation, particularly 

oxidation as well as inducing vacancies and defects. Various methodological trials resulted in 

the creation of TiO2 nanoparticles in the MXene structure. Morphological analysis using 

SEM, HRTEM and XRD confirmed the formation of TiO2 nanoparticles along with presence 

of induced vacancies in the structure of MXene. XPS was used to analyse the electronic 

properties and showed changes in the ionic state of Ti before and after plasma 

functionalisation. Additional density of states in valance band also affects the photocatalytic 

activity, which was further correlated with theoretical studies. 

 

Chapter 3.1 Introduction 

Over the years, TiO2 has been studied extensively for its use in photocatalysis. This is due to 

its earth abundant availability, remarkable optical and electronic properties, chemical 

stability, and the ability to generate electron-hole pairs upon illumination.200 However, this 

material has a wide bandgap and rapid recombination of photogenerated carriers which 

differs due to the polymorphic form: 3.2e V ± 0.1 eV for anatase (a-TiO2), 3.0 eV ± 0.1 e V 

for rutile (r-TiO2) and 3.4 ± 0.1eV for brookite (b-TiO2). These features cause TiO2, mainly 

the anatase phase, to only absorb 5% of sunlight in the UV region causing underutilisation of 

the photogenerated charge carriers.201 202 To overcome this limitation, researchers are 

working on expanding the light response range of titanium dioxide into the visible light 

region.203 204 205Various strategies have been investigated, with the construction of 

heterostructure and Schottky junction with two dimensional materials (2D) systems proving 
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to be an effective way of adjusting the electronic structure and photocatalytic performance.206 

207 208 2D nanomaterials have lateral diameters ranging from tens of nanometres to a few 

micrometres with atomically thin structures. 2D nanomaterials have a high specific surface 

area due to their huge lateral dimensions and nanoscale thickness, which makes them ideal 

for a variety of environmental remediation applications as adsorption, sensing, and 

catalysis.209 Several 2D material-TiO2 heterostructures have been synthesized and applied in 

photocatalytic reactions including graphene/TiO2
210 211, MoS2/TiO2 

212 213 214 214, g-

C3N4/TiO2
215 among others. However, these 2D systems pose certain drawbacks such as: (1) 

Without metallic components, graphene oxide (GO) has a low conductivity that limits its 

ability to transmit electrons89 216 (2) Graphene has been stabilised using colloidal solutions 

with a surfactant via surface chemistry or surface charge. 217 The presence of surfactants 

complicates the processing but also compromises the uniqueness of graphene for 

photocatalysis.218 Although the use of graphene oxide (GO) as a precursor of graphene 

provides ample solution processability, GO-derived graphene (i.e., reduced graphene oxide or 

rGO) suffers from topological defects and readily forms aggregated structures, which 

inevitably affects its properties, particularly electrical conductivity, and thus the 

photocatalytic performance of rGO-based composites.218 87 (3) MoS2 has been shown to have 

lower charge carrier mobility as compared to graphene hence impacting its performance.219 

(4) the mechanical strength of g-C3N4 may not be as high as other two dimensional materials 

such as graphene hence limiting its application of use.  All these drawbacks have led to 

exploration of other two-dimensional materials that allow for ease of functionalisation. 

Currently, superior electronic, magnetic and optical properties have been discovered for a 

family of two-dimensional materials called MXenes due to the flexibility of alteration of the 

surface terminations. 220 221 MXenes are a relatively new and rapidly developing family of 2D 

materials with general formula Mn+1XnTx. Ti3C2Tx MXene, the most widely studied MXene 

has been studied for a variety of applications particularly in electrocatalysis222 85 223 224, 

energy storage225 226, photovoltaics213 205 227 228, electronics229 230 231, photonics232 233, 

environmental remediation234 235, sensors236 237 238 239 240 and biomedical applications.241 242 

243 244   Dillon et al in their work showed that the conductivity of Ti3C2Tx MXene (one of the 

most commonly studied Ti based MXene) with the presence of surface functional termination 

can reach up to 6500Scm-1 which is much higher than that of reduced graphene.245  

Modern research has highlighted a high electrical conductivity and favourable energy 

structure of MXene which enables them to be a promising reservoir to trap and shuttle 
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photoelectrons generated from semiconductor and thus promote the separation of charged 

carriers and the photoactivity improvement of MXene based composites.87  As  a compound 

of titanium and carbon, MXenes could facilitate the creation of the composites of TiO2 and 

carbonaceous materials thereby enabling the development of photocatalyst with exceptional 

performance. The carbonaceous materials play a pivotal role in the separation of electrons 

and holes, modulation of the bandgap and adsorption of reactant.246 247   Xu et al in their work 

reported a 25.4 times higher photocatalytic rate of hydrogen generation when Ti3C2Tx MXene  

was selected as a co-catalyst for graphitic carbon nitride (g-C3N4).
248 Ti3C2Tx MXenes have 

been prepared experimentally with in depth theoretical studies on their intrinsic electronic 

properties. Other MXenes such as Ti2C, Ta4C3, TiNbC, Ti3CNx besides Ti3C2Tx have gained 

increasing attention in the field of photocatalysis. Ti2C, the least studied Ti-based and lightest 

one in MXene family has a lower formula weight and thus tends to exhibit higher capacity as 

an electrode material. Ti2C MXene also has a highly reactive chemical surface chemistry 

which facilitates formation of bonds when exposed to transition metal or oxygen.93 This is 

due to the presence of diverse surface functional groups including -OH, -O and -F.94 88 This 

material can thus be converted into TiO2 semiconductor via oxidation.95 96 Previous works 

have shown the tuning of MXene from a metallic state to a semiconductor state by surface 

adsorption of -O or -F group hence tailoring the bandgap as well.249 250 251 252 Based on these 

surface advantages, this chapter seeks to explore the use of an in-house atmospheric pressure 

plasma jet (APPJ) to enhance the photocatalytic response of Ti2C MXene films by creating 

active sites in these films. This is achieved by converting the edge of the conductive Ti2C 

material into a semiconductor TiO2 material creating multiple photocatalytic sites through 

carefully controlled oxidation to create a semiconductor/metal/semiconductor junction from a 

single starting material. Plasma functionalisation is one of the common modification methods 

in defect engineering.253 254 Plasma with the advantages of scalability, solvent free technique, 

and production of energetic and reactive ions255 can effectively initiate controlled oxidation 

of Ti2C MXene to produce TiO2 and generate intrinsic defects such as oxygen vacancies . 

Oxygen vacancies have been proven to promote photocatalysis.256 257 

The layout of this chapter will discuss the successful synthesis of the Ti2C MXene and the 

optimisation of Ti2C MXene to form TiO2/Ti2C MXene heterostructure prepared by oxygen 

plasma functionalisation method. This method will involve the use of atmospheric pressure 

plasma printing, with helium as a carrier gas and oxygen as an active gas to discern the effect 

of different plasma exposure time for 1min, 3mins, 5mins, 10mins. Oxygen plasma was used 
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to (i) ionise and print Ti2C on silicon substrate as a thin film electrode (ii) produce in situ 

TiO2 from oxidation of Ti2C MXene (forming a heterostructure with improved bandgap) and 

(iii) and simultaneously generate defects and oxygen vacancies (via reduction of Ti4+ forming 

Ti3+). This will be followed by analysis of the structural, electronic and morphological 

properties upon influence of atmospheric pressure plasma (APPJ). To understand the effect of 

plasma, the functionalised Ti2C MXene thin films were analysed using X-ray diffraction and 

Raman spectroscopy. The surface morphology with respect to varying (APPJ) plasma 

exposure times was characterised next using the scanning electron microscopy, transmission 

electron microscopy and atomic force microscopy. Furthermore, the surface composition and 

electronic properties were investigated the via X-ray photoelectron spectroscopy coupled 

with the Ultraviolet Photoelectron spectroscopy and simple ultraviolet -visible absorption 

spectroscopy (refer to chapter 2 for details of these techniques). To my best of knowledge, 

this is the first report on a novel binary photocatalyst, in-situ TiO2/Ti2C MXene using a dry 

process of APPJ for development of efficient photocatalyst for wastewater treatment using 

MXene based materials. 

3.2 Result and Discussion 

As highlighted in chapter 2, 6g of Ti2AlC MAX phase was etched at different HF 

concentration; 5% HF, 10% HF and 20% HF – at different etching times.  Pristine Ti2C 

MXene obtained after etching with 10% HF was the best sample which was further used for 

functionalisation, and this was named as Ti2C MXene. 

Five set of samples were further prepared by oxygen plasma functionalisation at different 

times:1min, 3mins, 5mins and 10mins to better understand the effect of in-situ plasma 

printing process. These samples were labelled as pMX01, pMX03, pMX05 and pMX10 for 1 

min, 3 mins, 5 mins and 10 mins, respectively.  

3.2.1 X-Ray Diffraction analysis (XRD) analysis 

3.2.1.1 Structural analysis of different Ti2C MXene  

Before oxygen functionalisation of Ti2C MXene to produce in-situ TiO2/Ti2C MXene, 

detailed synthesis process was undertaken to successfully prepare Ti2C MXene by HF etching 

of the aluminium (Al) layer of Ti2AlC MAX to form Ti2C MXene. X-Ray diffraction (XRD) 

was used as a primary tool to determine the successful preparation of Ti2C MXene from 

Ti2AlC MAX. XRD was also employed for showing the crystallographic analysis sensitive to 

crystal structure, impurities, and crystal size of materials, phase identification and crystal 
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size/strain of MXene.258 259 Despite the significant progress that has been made in the field, 

etching mechanisms differ from starting precursor to precursor. The modification of synthesis 

yield and surface terminations type can be achieved through manipulation of etching 

conditions.80 260 These alterations have a direct impact on the intrinsic electrical conductivity 

and other physical characteristics of the synthesised MXenes. Ti2AlC MAX phase was etched 

using hydrofluoric acid (HF) at different concentrations and time to find optimum parameters 

to produce high quality MXene (refer to chapter 2 for more details on etching process). 

These parameters hereby affect the morphology, surface chemistry and hence the defect 

density.261 As highlighted in chapter 2, 6g of Ti2AlC MAX phase was etched at different HF 

concentration; 5% HF, 10% HF and 20% HF – at different etching times. Detailed synthesis 

process was undertaken to successfully prepare Ti2C MXene by HF etching of the aluminium 

(Al) layer of Ti2AlC MAX to form Ti2C MXene. X-Ray diffraction (XRD) was used as a 

primary tool to determine the successful preparation of Ti2C MXene from Ti2AlC MAX. 

XRD technique was also used in showing the crystallographic analysis sensitive to crystal 

structure, impurities, and crystal size of materials, phase identification and crystal size/strain 

of MXene.258 259 Despite the significant progress that has been made in the field, etching 

mechanisms differ from starting precursor to precursor. The modification of synthesis yield 

and surface terminations type can be achieved through manipulation of etching conditions.80 

260 These alterations have a direct impact on the intrinsic electrical conductivity and other 

physical characteristics of the synthesized MXenes. Ti2AlC MAX phase was etched using 

hydrofluoric acid (HF) at different concentrations and time to find optimum parameters to 

produce high quality MXene (refer to chapter 2 for more details on etching process). These 

parameters hereby affect the morphology, surface chemistry and hence the defect density.261  

3.2.1.2 XRD for different etching concentration and times 

Figure 3.1(a) shows the strong diffraction characteristic reflections of Ti2AlC MAX 

nanosheets (before etching) display at 2θ = 13.1° (002), 34.0° (001), 39.6° (014), 43.3, 53.2° 

(018), 60.9° (110), 72.1° (0112),75.4° (118) and 85.4° corresponding to the Ti2AlC MAX 

phase structure262. The characteristic (002) peak of Ti2AlC MAX phase was centred at 2θ = 

13.1° as reported in literature.263 264 265. The Ti2AlC MAX phase was first etched using 5% 

concentration of HF at different times: 3h, 6h, 12h, and 24h. For 5% concentration of HF 

etching, the Ti2AlC gradually transformed to Ti2C as the etching times were increased as 

shown in Figure 3.1(b). The gradual transformation is observed after 3h and 6h of etching 

time due to the appearance of relatively small (002) peak which is a characteristic peak of 
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Ti2C MXene at 2θ = 8.9° which gradually disappeared for 6h. As the etching time was 

increased from 12h and 24h, there was no (002) peak of Ti2C phase. This observation could 

be as a result of (i) the Al atoms of the Ti2AlC MAX phase was not fully etched at 5%  

irrespective of increasing etching times, and (ii) some etched Ti2C MXene phase completely 

dissolves in the HF solution as reported by other literature due to its lighter weight as 

compared to the most studied Ti3C2Tx MXene.265 Although a high yield of sample ~ 65% was 

measured after each etching time, this was predominantly Ti2AlC MAX phases.  

10% HF was used to etch the Ti2AlC MAX. As shown in Figure 3.1(c), a much stronger (002) 

peak of Ti2C at 8.8° was seen for both 3h and 6h. The (002) peak further shifted to lower 

angles (6.8°) for 12h and 24h due to increase in interlayer spacing due to the etching of the Al 

atoms. A reduction of the intensity of the characteristic (002) phase of Ti2C MXene was also 

observed with increasing etching time. This could also be that etched Ti2C MXene phase 

completely dissolves in the HF solution (similar observation occurring for 5% HF above and 

in other literature).141 A graph of the ratio of reduction was calculated using the peak intensity 

of Ti2AlC MAX at 39.4° to peak intensity of Ti2C MXene at 8.8° against etching time as 

shown in Figure 3.1(d). This graph was calculated to show the decrease in the intensity of 

Ti2AlC MAX phase as compared to the formation of the Ti2C MXene phase simultaneously. 

It was evident that 10% HF at 3h showed a reduction of Ti2AlC MAX with an increase in the 

formation of Ti2C followed by 12h then 6h to 24h. During synthesis, etching yield was also 

considered as a prime factor. A yield of 14%, 5%, 0.5% and 0.6% was obtained from 3h, 6h, 

12h and 24h etching time. Hence, 3h etching time was the optimum condition for this 

concentration of HF (10%) for etching Ti2AlC MAX with a yield of 14%. 

Finally, a higher concentration was explored for the etching of Ti2AlC MAX phase i.e., 20% 

HF as shown in Figure 3.1(e). This concentration was done for only 3h etching time because 

a lower yield of ~0.02% was recovered which was not practical for usage. However, this 

concentration showed a prominent and stronger (002) Ti2C phase at 2θ = 8.5°. All the peaks 

corresponding to Ti2AlC disappeared with intense phases of Ti2C MXene appearing. Thus, 

concentration is an important factor to control the MXene synthesis process with a trade-off 

between yield of MXene produced as well. Mostly in literature, a much higher concentration 

of HF acid is used for complete etching of the MAX, mostly 30-40% depending on the 

quality of the MAX phase as well.141   
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Therefore, considering all factors regarding the quality of the MAX phase and synthesis, HF 

concentration of 10% and time of 3h was the suitable conditions to synthesise Ti2C MXene 

by HF etchant. A magnified XRD pattern of 10% HF etching for 3h in Figure 3.1(f) inset 

showed peaks at 2θ angle 37.2° (001), 42.2° (015) and 61.8° (110) which are attributed to 

Ti2C MXene phases. As earlier mentioned, 14% of residue was obtained using these etching 

conditions which was the best optimum conditions considering the precursor MAX phase 

being used. This showed that majority of precursor was eaten away by aggressive etching due 

to its lower chemical stability as reported in other literature.75  

 

Figure 3.1 Representative XRD patterns of (a) Ti2AlC MAX phase (b) Ti2C MXene 

synthesised using 5% HF. The (002) peak at 2θ = 8.9° is the primary identification peak to 

determine MXene phase (c) Ti2C MXene synthesised  using 10% HF etching showing (002) 

peak of Ti2C MXene at 2θ = 8.9° at different etching times (d) ratio of reduction of Ti2AlC 



64 
 

MAX to Ti2C as a function of etching time which shows that 3h has the highest reduction of 

MAX phase with formation of MXene phases (e) Ti2C MXene synthesised using 20% HF 

showing the phases of Ti2C MXene (f) Ti2C MXene synthesised using 10% HF etching with 

period of 3h showing (002) peak of Ti2C MXene at 2θ = 8.9°(presence of new peaks that 

justify the formation of Ti2C MXene peaks) 

 

3.2.1.3 XRD analysis of oxygen plasma functionalised Ti2C MXene 

The optimized Ti2C MXene was plasma functionalised using atmospheric pressure plasma 

with helium and oxygen plasma at different plasma exposure times (1min, 3mins, 5mins and 

10mins) using a motorised X-Y assisted stage for assisted spraying (please see section jet in 

Chapter 2 for more information on the oxygen plasma functionalisation process).  

Considerable loss in crystallinity and structural order are observed in the XRD pattern after 

passing through the oxygen plasma functionalisation process as shown in pMX01, pMX03, 

pMX05 and pMX10 at 2θ = 40.4° and 44.9°, which was assigned to (111) and (210) rutile 

phase of TiO2 (JCPDS No. 21-1276). Literature has confirmed the formation of rutile TiO2 

produced during the oxidation process of Ti2C MXene.266 Ti2C MXene was present in all 

oxygen plasma functionalised samples as shown in the XRD patterns indicating that Ti2C 

MXene did not lose its structure after functionalisation. There was a broadening and shift of 

the main phase of Ti2C represented by the (002) peak to lower angles as observed in Figure 

3.2(b). The shift of the (002) peak position was further analysed to identify the influence of 

oxygen functionalisation on the interlayer spacing (d- spacing) of MXene samples as shown 

in Figure 3.2(b) and Table 3. 1. The characteristic (002) peak of Ti2C MXene located 8.9° 

corresponds to an initial interlayer d-spacing of 10.0Å.  The (002) peak of oxygen plasma 

functionalised samples, pMX01, pMX03, pMX05 and pMX10 nanocomposite observed an 

upward shift from 8.9° to 9.9° as shown in Figure 3.2(b) corresponding to a reduction in d-

spacing from 10.0 Å to 9.3 Å. This reduction could be attributed to moisture loss and de-

functionalisation of -F surface terminal groups to -O groups occurring within the MXene 

membrane at different oxygen plasma functionalisation times.267 268 Moisture loss could 

potentially cause a decrease in the d-spacing as MXene produced using aqueous etchants 

typically may have intercalants like water molecules between the transition metal 

carbide/nitride layers. On loss of moisture, the layers come closer to each other causing a 

decrease in d-spacing.269 Ti2C nanosheets bearing -F and -OH bonds on the surface and 

interlayer of Ti2C MXene provide essential sites for nucleation and growth aiding in 
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oxidising Ti atoms to form TiO2 nanoparticles in the presence of reactive oxidised species 

present in the oxygen plasma. The average particle size was also calculated using the full 

width half maximum (FWHM) values of the characteristic (002) phase of Ti2C MXene 

reflection using the Scherer’s equation to determine the effect of the oxygen plasma 

functionalisation as seen from Table 3. 1. Results showed that the oxygen plasma 

functionalisation causes a decrease in the particle size from 92.5Å (pMX01) to 85.2Å 

(pMX05) then further increases to 91.4 (pMX10). This is because the growth and nucleation 

of the TiO2 nanoparticles were gradual from 1min (pMX01) to 5min (pMX05). However, an 

increase in the oxygen plasma exposure time to 10mins causes a further increase in the 

average particle size distribution. Similar observations were seen in the TEM images as well. 

Also, it is expected that the differences in particle size could cause an effect in the lattice 

strain which is characterised by lattice parameter c(LP)  of the MXene and also calculated 

from the 2θ of (002) peak.270 A reduction of the c(LP) was seen from 20.0 Å to 18.6 Å for 

1min of plasma exposure(pMX01) which plateau with increased plasma exposure times. This 

means an increase in oxygen plasma functionalisation had no influence on the lattice 

parameter and strain of the MXene structure. The MXene structure remained intact, and this 

is evident from the presence of the (002) phase in all synthesised samples. The (002) Ti2C 

MXene phase reflection showed a slight increase 1 min of oxygen plasma functionalisation, 

pMX01 to a much sharper increase in plane alignment for 3 mins oxygen plasma 

functionalisation, pMX03. This observation could be as a result of alignment of Ti2C MXene 

phase along the edge sites to accommodate the  growth of TiO2. 
271 Reduction in the same 

(002) reflection was further seen for 5 mins, pMX05 and 10 mins of oxygen plasma 

functionalisation, pMX10. The reduction in the (002) phase could be as a result of (i) 

exposure of more TiO2 nanoparticles evenly dispersed in the multilayer and surface of 

MXene sheets and, (ii) damage of the Ti2C MXene nanosheets caused by long exposure to 

highly oxidised reactive species produced during plasma sputtering. Similar observation has 

been showed for other carbon containing two dimensional materials such as graphene where 

oxygen reacts with carbon atoms through oxidation thereby damaging the structure of 

graphene. 272 273 274 Furthermore, to understand the shift in (002) plane as a function of the 

different oxygen plasma functionalisation times, the full width at half maximum (FWHM) of 

the (002) peak was analysed for respective XRD patterns as shown in Table 1.1. The FWHM 

of (002) MXene is inversely proportional to the degree of in plane alignment of MXene 

flakes. 270 The initial (002) peak of pristine Ti2C MXene at 2θ = 8.9° showed an FWHM of 

0.74°. After 1 min of oxygen plasma functionalisation (pMX01), the FWHM becomes 
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relatively broader (0.90°) further increasing for pMX03 (0.94) and pMX05 (0.97). The 

FWHM further decreases slightly for pMX10(0.91°). This shows that the broader the 

diffraction peak full width at half maximum, the smaller the crystallite size. Hence, smaller 

crystallite size is calculated for pMX01 followed by pMX03 then pMX05 with a much larger 

crystallite size for pMX10 which is consistent with the SEM and TEM measurement in 

further discussions. Raman spectroscopy was further performed to obtain more structural 

information. 

 

Figure 3.2 X-ray diffraction patterns of Ti2C MXene produced from 10% HF etching process 

and oxygen plasma functionalised Ti2C MXene at different plasma exposure time: 

pMX01(red), pMX03 (blue), pMX05 (green), and pMX10 (magenta); (b) Bragg diffraction 

angle shift of Ti2C MXene after oxygen plasma functionalisation. 

Table 3. 1 Table showing the 2θ angles of the (002) plane of Ti2C MXene and the 

corresponding interlayer spacing (d spacing),  c-lattice parameter, full width at half maxima 

values (FWHM) and the average particle size. 

Sample 

 

2θ (°)  d spacing (Å) c-lattice 

parameter (Å) 

FWHM (°) Average particle 

size (D)(Å) 

Ti2C 

MXene 

8.8 10.0 20.0 0.74 - 

pMX01 9.9 9.3 18.6 0.90 92.5 

pMX03 9.9 9.3 18.6 0.94 88.5 

pMX05 9.9 9.3 18.6 0.97 85.8 

pMX10 9.9 9.3 18.6 0.91 91.4 
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3.2.2 Raman spectroscopy and Crystal structure 

Raman spectroscopy is one of the most versatile characterisation and non-invasive techniques 

sensitive to molecular structure, composition, and chemical interactions within a material.275 

276 This is also a powerful technique able to record spectra even from single flakes of many 

2D materials.277 278 One of the classic example of carbon materials is its Raman features at 

around 1355−1  (D peak) and 1600 cm−1 (G peak), when a green laser is used. 279 280 281 In this 

thesis, Raman spectroscopy is used to understand not only the effect of plasma on to the 

different stacking layers but also the influence of functional groups on to Ti2C MXene. 

To understand the Raman spectra of Ti2C MXene and oxygen plasma functionalised Ti2C 

MXene to produce TiO2/Ti2C MXene, it is important to understand the crystallographic 

structure of Ti2C MXene. The vibrational modes of a materials is highly dependent on the 

various symmetry species in the crystal. MAX phases are hexagonal ternary ceramics 

governed by the formula Mn-1 A Xn. 
282 283Depending on the value of n, they are referred to as 

211, 312 or 413 MAX phases. MAX phase used in the synthesis of Ti2C MXene is the Ti2AlC 

MAX phase which is the 211 phase. The 211 phases have a total number of 24 modes out of 

which four are Raman active (E1g, A1g and 2E2g modes).284 Figure 3.3 shows the Raman 

spectra of pristine Ti2C MXene and oxygen plasma functionalised Ti2C MXene samples. All 

Raman spectra were calibrated with respect to the Si peak (530.9 cm-1) 

Pristine Ti2C, bottom line in Figure 3.3(a) showed four vibrational modes at 120.8 cm-1 

[(Eg(Ti)], 154.2 cm-1 [Eg(Ti)], 261.2cm-1 [A1g(Ti)], 414 cm-1 [Eg(O)] and 608 cm-1 [Ag(C)]. 

These results are comparable (or similar)  to the Raman spectra reported of Ti2C MXene both 

experimentally and theoretically.88 285 Peak at 120cm-1 could be attributed to resonance peak 

of Ti2C as a result of the laser conditions as reported by Asia Sarycheva. 284 286 Peak centered 

at 154 cm-1 corresponds to TiO2 phase, which was also seen in pristine Ti2C MXene. This 

TiO2 phase could have been produced by local heat generated during HF treatment of MAX 

phase. 287  

Figure 3.3(a) shows Raman spectra of Ti2C MXene and oxygen plasma functionalised 

samples. It was observed that after oxygen plasma functionalisation, most of the peaks of 

Ti2C were present which suggest that MXene structure was not destroyed as seen in the XRD 

data which confirms the preservation of structural characteristics of Ti2C MXene samples. 

The peak at 154 cm-1, which corresponds to TiO2 becomes sharper after 3 mins of oxygen 

plasma functionalisation (pMX03). Subsequently, a decrease in the vibrational modes of Ti2C 

MXene was observed. These results could be attributed to the emergence and nucleation of 

TiO2 on the surface of the Ti2C MXene. This observation could be ascribed to: (i) exposure of 



68 
 

more TiO2 nanoparticles evenly dispersed in the multilayer and surface of MXene sheets and 

(ii) damage of the Ti2C nanosheets caused by longer exposure to highly oxidised reactive 

species produced during plasma sputtering. A further growth was seen from 3 mins of plasma 

exposure time which plateau subsequently with further increase in plasma exposure.  Also, 

two broad peaks located between 1200 and 1800 cm-1 is observed at Figure 3.3(b). These are 

characteristics of D and G modes of graphitic carbon respectively. The D band, ID is mostly 

assigned to disordered graphite formed due to defects in carbon bonds whiles the G band, IG 

is assigned to stacking of graphite in a hexagonal network plane. 288 The ratio of D-band 

intensity to the G-band intensity (ID/IG) shows the degree of disorderliness or graphitization. 

Interestingly, pristine Ti2C MXene showed an ID/IG band of 0.44. As Ti2C MXene was 

exposed to plasma for 1 min (pMX01), the ID/IG ratio was recorded as 0.69. For 3 min of 

plasma exposure(pMX03), ID/IG ratio was recorded at the highest of 0.96 indicating an 

increase in the incorporation of more defects in the C atomic crystal. Similar trend was 

observed from XRD data which showed the increase in (002) crystal plane of Ti2C and 

introduction of rutile phase of TiO2. For plasma exposure greater than 3 mins, the ID/IG ratio 

decreased to 0.23 (pMX05) and 0.26 (pMX10) which showed that the MXene structure has 

been destroyed. These findings are consistent which what was observed in the XRD data in 

Figure 3.2 

 

Figure 3.3 (a) Raman spectra of Ti2C MXene and oxygen plasma functionalized MXene 

(pMX01, pMX03, pMX05 and pMX10). For all samples, a 521 nm laser was utilised and (b) 

ID/IG ratio values as a function of plasma exposure times. 
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3.2.3 Morphology of Ti2C MXene (before and after etching) 

The morphology and microstructure of the materials were characterized by scanning electron 

microscopy (SEM), high resolution transmission electron microscopy (HRTEM), energy 

dispersive spectroscopy, selected area electron microscopy (SAED) analysis and atomic force 

microscopy (AFM). SEM images of Ti2AlC MAX powders in Figure 3.4(a) show compact 

lamellar structure evidenced in most MAX phase precursors 289 290. EDS analysis show that 

Ti2AlC MAX mainly composed of titanium (85.31% ± 13.39), carbon (22.97% ± 7.67), 

oxygen (5.60% ± 1.83) and aluminium (31.57% ± 5.70). 

SEM images of Ti2C MXene Figure 3.4(b) showed an accordion-like morphology of Ti2C 

with interconnected sheets. These interconnected sheets indicate that exfoliation process was 

successful 291 292. These structures were visibly and evenly distributed over a large area 

(100µm) showing uniform etching as seen in Figure 3.4(c). The well-exfoliated Ti2C MXene 

showed sheets with thickness of 90 nm - 230 nm using Image J.293 EDS spectra of exfoliated 

Ti2C as shown in Table 3.3 showed the presence of titanium (46.05% ± 16.55), carbon 

(22.84% ± 11.56), oxygen (18.73% ± 8.10), fluorine (8.29% ± 5.46), and negligible amounts 

of aluminium (4.09% ± 4.51) as compared to Ti2AlC MAX. The negligible amounts of Al and 

presence of fluorine confirms the reduction in the Ti-Al and introduction of F bonds due to 

successful HF etching shown in the XRD data in Figure 3.2(a). Also, the presence of fluorine 

in substantial amount proves that the as prepared Ti2C MXene has -F surface terminal groups. 

287 The atomic composition of as-prepared Ti2C was calculated as 

Ti2C1.0O0.8F2.1Al0.2(normalized to titanium, Ti). The ratio of 2:1 of Ti:C further proves the 

successful etching procedure. 

The morphological and crystallographic structure of the Ti2C MXene nanosheets were 

investigated using High Resolution Transmission Electron Microscopy (HR-TEM) and 

Selected Area Electron Diffraction (SAED). SEM image in Figure 3.4(d) shows the pristine 

multilayers of MXene sheets at a lower magnification, indicating that the fabricated sheets 

are large and uniform in size. The corresponding SAED pattern in Figure 3.4(d) (inset) 

reveals a hexagonal structural packing of the MXene nanosheets.294 The SAED diffraction 

can be indexed to the hexagonal symmetry of the basal planes of Ti2C using circular Hough 

diffraction analysis. The indexed planes agrees well with the XRD planes obtained for 10% 

HF etched Ti2C MXene showed in Figure 3.2.295 The high quality of the crystal lattice planes 

of the synthesized MXene sheets can be observed in the high-resolution image of the MXene 
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nanosheets having a lattice spacing of 0.24 ± 0.2 nm indicative of Ti2C MXene, as 

highlighted in Figure 3.4(e & f).296 The atomic orientation of MXene is visible at 2 nm scale 

with a defined presence of two titanium and one carbon atoms with carbon atoms oriented 

diagonally to the titanium atoms as seen in Figure 3.4f and in coherence with the structure of 

Ti2C MXene. The TEM results agree well with the XRD and Raman spectroscopy results. 

Figure 3.4 (g) shows the AFM measurement of pristine Ti2C MXene used for the oxygen 

plasma functionalisation. The substrate consists of a mixture of both thinner and thicker 

multilayer sheets. Thinner multilayer flakes were observed to be completely dispersed on the 

substrate. No visible geometrical defects such as wrinkles or fracture of Ti2C were detected. 

The height profiles in Figure 3.4(h) along the solid lines in the AFM topography image 

showed thickness of 200 – 210nm averaged over 2 points on the same sample. Thickness 

measured on AFM are consistent with multilayer sheet of Ti2C showed in SEM images 

indicating the existence of few layers of Ti2C MXene.  
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Figure 3.4 SEM images of: (a) Ti2AlC MAX phase obtained from Nanochemazone; (b) Ti2C 

MXene exhibiting well exfoliated nanosheets using low concentration HF (10%) for 3 h; (c) 

Lower magnification of Ti2C MXene showing well exfoliated sheets in a large surface area. 

HRTEM images of (d) Ti2C MXene; and (e) lattice fringes showing interlayer spacing of 0.24 

nm which corresponds to Ti2C MXene (f) Ti2C MXene showing the indexing of two titanium 

atoms and one carbon atom diagonal to titanium atoms which confirms the successful 
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synthesis of MXene. AFM topography image of (g) exfoliated Ti2C MXene (h) AFM height 

profiles showing thickness of Ti2C MXene  

 

Table 3.2 Atomic composition of Ti2AlC MAX (before etching) and Ti2C MXene (after 

etching using 10% HF for 3 hours) 

 Atomic composition (%) 

Sample 

 

Ti C O Al F 

Ti2AlC MAX 

 

85.21±13.39 22.97±7.67 5.60±1.83 31.57±5.70 - 

Ti2C MXene 

 

46.05± 16.55 

 

22.84± 11.56 

 

18.73 ± 

8.10 

 

4.09 ± 4.51 

 

8.29 ± 5.46 

 

 

3.2.3.1 SEM of oxygen plasma functionalised Ti2C MXene  

When Ti2C MXene was exposed to varying oxygen plasma functionalisation times of 1, 3, 5, 

10 mins, the smooth surface of Ti2C MXene shown in Figure 3.5(a-d) became rougher which 

was ascribed to in-situ growth of TiO2 nanoparticles on the surface and within the multilayers 

of Ti2C. After 1 mins of oxygen plasma functionalisation (pMX01) in Figure 3.5(a), small 

particle size of TiO2 nanoparticles were formed within the multilayers of the Ti2C nanosheets. 

As oxygen plasma functionalisation was increased to 3mins (pMX03) in Figure 3.5(b), TiO2 

nanoparticles grains were anchored on the edges and within the multilayers of the Ti2C 

nanosheets. This could be attributed to the in-situ transformation of Ti2C into TiO2 with the 

preservation of the Ti2C MXene. Furthermore, at increased oxygen plasma functionalisation 

to 5mins and 10 mins (pMX05 and pMX10 respectively) in Figure 3.5(c & d), rapid growth 

of the TiO2 is densely packed within the multilayers of Ti2C MXene therefore exposing more 

TiO2 within the multilayer. The growth of the TiO2 proves that Ti on the surface and basal 

planes of Ti2C served as a nucleating site for TiO2 to grow. 297 This confirms the XRD data 

which shows the reduction of the Ti2C phase due to the exposure of more nucleating sites of 

the TiO2. This is also in accordance with the TEM results showing the increase in the TiO2 

nanoparticles within the multilayer seen in pMX05 and further growth in size of the TiO2 for 

pMX10.  
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Energy dispersive spectroscopy (EDS) validated the transformation of Ti2C MXene 

nanosheets to TiO2. EDS showed a three time more increase in elemental O as compared to C 

seen as oxygen plasma functionalisation increased from 1-10mins as shown in Table 3.3. 

Furthermore, the presence of Ti, C, O, F were found as expected in in-situ TiO2/Ti2C with 

traces of Al seen within the error limit of the equipment. XPS validates these results further. 

 

Figure 3.5 SEM images of oxygen plasma functionalized Ti2C MXene (a) pMX01, (b) 

pMX03, (c) pMX05, (d) pMX10 showing in-situ nucleation of TiO2 nanoparticles under the 

influence of excited species in the plasma. 
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Table 3.3 Table showing the EDS elemental analysis at showing oxygen plasma 

functionalized Ti2C MXene 

Sample 

 

Ti C O Al F 

pMX01 10.34 ± 3.08 

 

3.98 ± 1.20 

 

17.36 ± 5.23 

 

1.88 ± 0.51 

 

4.75 ± 1.57 

 

pMX03 12.81 ± 3.35 

 

5.47 ± 0.95 

 

25.30 ± 4.85 

 

0.43 ± 0.62 

 

4.62 ± 1.02 

 

pMX05 12.54 ± 3.66 

 

6.82 ± 1.00 

 

28.87 ± 4.76 

 

0.39 ± 0.04 

 

6.20 ± 1.58 

 

pMX10 

 

22.13 ± 6.02 

 

9.58 ± 1.81 

 

43.03 ± 8.51 

 

6.05 ± 6.02 

 

10.96 ± 2.68 

 

 

3.2.3.2 Low magnification TEM of oxygen plasma functionalised Ti2C MXene  

Low magnification TEM images of oxygen plasma functionalized Ti2C MXene (Figure 3.6a-

d) show TiO2 nanoparticles nucleated within the multilayers and the edge of the MXene 

nanosheets. Dark spots on the MXene sheets seem to be produced in samples pMX01 (Figure 

3.6a, pMX03 (Figure 3.6b) and pMX05 (Figure 3.6c) which are visible in the TEM images, 

whiles pMX10 (Figure 3.6d) showed an elongation of TiO2 nanoparticles forming a 

combination of rodlike and spherical particles. Image J was used to measure the size of the 

TiO2 nanoparticles for all samples (averaged over 50 particles).  

Table 3. 4 shows that pMX01, pMX03 and pMX05 have average mean sizes of 5.4nm, 

8.17nm and 7.28nm. pMX05 had smallest nanoparticle size with abundant of TiO2 

nanoparticles evenly dispersed over the multilayer nanosheet hence displayed a high 

photocatalytic activity because the smaller and evenly dispersed particles provide more active 

sites for photocatalytic methylene blue degradation as shown in Figure 3.19. The size of 

nanoparticles of pMX01 is significantly smaller than the pMX05. The particle size of pMX03 

is similar to pMX05 but there seem to be less nanoparticles from the TEM images hence 

fewer active sites. pMX10 on the other hand showed an increase in the average nanoparticle 

size to ~50nm which could be as a result of coalescence and growth of the TiO2 nanoparticles 

with its long exposure to a variety of highly oxidised reactive species which aids in 

photocatalytic activity.298 299 This observation implies that long exposure of oxygen plasma at 

atmospheric pressure plasma condition causes sintering of nanoparticles similar to traditional 

methods such as hydrothermal and high temperature calcination.  
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Figure 3.6 Low magnification TEM images of oxygen plasma functionalised Ti2C MXene (a) 

pMX01 (b) pMX03 (c) pMX05 (d) pMX10 

 

Table 3. 4 Table showing calculated average particle size from TEM images using Image J 

 

Sample Average particle size (nm) 

pMX01 5.4 ± 5.1 

pMX03 8.1 ± 8.5 

pMX05 7.2 ± 5.6 

pMX10 41.5 ± 19.7 

 

3.2.3.3 High resolution TEM (HRTEM) of oxygen plasma functionalised Ti2C MXene  

High resolution TEM (HRTEM) and SAED patterns were further used to comprehensively 

study the atomic arrangement and crystal orientation of the nanosheets. Furthermore, the 

observation of lattice fringes in high resolution images provides interpretable information on 

the structure, including lattice spacing and orientation.300 Figure 3.7 show oxygen plasma 

functionalised Ti2C MXene sheets at different plasma exposure times. The dark spots that 

appear to be embedded inside the MXene sheets correspond to the in-situ growth of titanium 
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dioxide (TiO2) nanoparticles arising from the nucleation sites on the surface of MXene 

sheets. This is consistent with previously report TEM image.295   

The formation of TiO2 nanoparticles is further confirmed by the lattice spacing of the 

particles calculated for pMX01, pMX03, pMX05 and pMX10 which was 0.20 ± 0.2nm as 

shown in Figure 3.7 (b, e, h, k). The calculated lattice spacing can be correlated to the rutile 

(210) phases of TiO2 (JCPDS Card No. 21-1272) and is in coherence with the observed XRD 

diffraction peaks. The formation of (210) crystal phase of TiO2 is also confirmed by the 

formation of Debye-Scherrer rings in the SAED pattern in all synthesised oxygen plasma 

functionalized samples as shown in Figure 3.7 (c, f, i, l). This observation is in good 

agreement with XRD confirming the formation of rutile TiO2 in Figure 3.2. Other reflections 

are because of the hexagonal pattern of the MXene nanosheets. The brightening and random 

orientation of spots and subsequent increase in the prominence of the rings in the SAED 

pattern with increasing oxygen plasma functionalisation time seen in all samples is evident of 

changes in the oxidation of Ti2C MXene to form TiO2 nanoparticles.  

10 mins of oxygen plasma functionalisation (pMX10) however showed a darkest and largest 

TiO2 nanoparticle size leading to elongation of the individual atoms. As seen in the low 

magnification TEM in Figure 3.6(d), the elongation of the hexagonal atoms is clearly seen at 

higher resolution thereby causing changes in the crystal structure of the nanoparticles to 

nanorods. The lattice spacing was calculated to be 0.23nm slightly increasing by 0.2nm due 

to the crystal structure changes. The formation of nanorods for pMX10 is also confirmed by 

the highly noisy SAED diffraction pattern indicating presence of multiple crystal structures 

and phases overlay on each other. 



77 
 

 

 

Figure 3.7 High resolution TEM images, inverse fast Fourier transform (IFFT) with its 

corresponding SAED patterns of showing TiO2 nanoparticles in-situ grown on the surface and 

within multilayers of Ti2C MXene: (a-c) pMX01, (d-f) pMX03, (g-i) pMX05, (j-l) pMX10. 

IFFT images in middle column (b, e, h and k) were the zoomed section of dark spots 

highlighted in dotted yellow box on TEM images in left column ( a, d, g and j) 
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3.2.3.4 Vacancies and defects from HRTEM of oxygen plasma functionalized Ti2C MXene 

 Intrinsic defects (atomic vacancies and active edges) have over the years been reported to 

significantly affect the properties of different two-dimensional (2D) materials such as 

graphene, black phosphorus, transition metal dichalcogenides.301 302 303 These various defects 

can regulate the electronic structures and modulate the surface/interface properties which in 

turn accelerate the photocatalytic kinetics and performance.304 305 Intrinsic defects, defined as 

doping free defects, could arise due to growth or processing.306 307 Two main types of defects 

have been reported for MXenes so far: vacancy defect and active edge defects. 308 In this least 

Ti-based studied Ti2AlC MAX phase used to produce MXene, Ti2C, each layer in the 2D 

structure contain two Ti sublayer with carbon located at the octahedral interstitial sites and 

the neighbouring two layers are connected by a reactive Al layer. When HF is used to etch the 

Al layer, some adjacent Ti atoms are also etched off resulting in Ti single vacancies or 

vacancy clusters. During the oxygen plasma functionalisation, the Ti- deficit defects are ideal 

sites for accommodating the oxygen atoms forming TiO2. 
309  Simultaneously, carbon 

vacancies were also observed where the Ti atoms lose one of its nearest-neighbor carbon 

atoms. MXene is able to accommodate carbon deficiency presumably because of the different 

possible  hybridisation of carbon forming different stable structures of MXene.310 The 

HRTEM was used  for direct imaging of intrinsic atomic scale defects and vacancies in the 

MXene and oxygen functionalized MXene structure. 

HRTEM image of pristine Ti2C MXene in Figure 3.4(f) showed no visible vacancies and 

defects in the MXene lattice structure even after long electron beam exposure time (20mins) 

at 200KeV.311 This confirms that the HF etching process did not induce any form of defect 

hence producing a defect-free MXene sample. Ti2C MXene was exposed to oxygen plasma 

functionalisation, vacancies in the form of darker clusters showed on MXene sheets as seen 

in Figure 3.8(a-h). These vacancies could be assigned to both oxygen vacancies forming TiO2 

nanoparticles and carbon vacancies formed from plasma functionalisation312 as compared to 

structure of Ti2C MXene structure in Figure 3.4(f).313 These darker features are a 

characteristic of phase contrast between Ti or C atoms and multiple point vacancies formed. 1 

min of oxygen plasma functionalisation (pMX01) in Figure 3.8(a & b) did not show any 

obvious vacancies due to less plasma irradiation time as expected. However, 3mins, pMX03 

and 5mins, pMX05 of oxygen plasma functionalisation in Figure 3.8 (c-f) showed a huge 

number of carbon vacancy clusters amidst TiO2 nanoparticle clusters as well. The 
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combination of carbon vacancies and TiO2 nanoparticles led to the considerable increase in 

photocatalytic activity as discussed in Figure 3.19 above. However, as explained pMX05 had 

more TiO2 nanoparticles on the surface of the Ti2C MXene hence exposing more active sites 

hence the higher photocatalytic activity. Figure 3.8 g & h, pMX10 showed a cluster of TiO2 

nanoparticles however there was a reduction in carbon vacancies. This could be as a result of 

substitution of oxygen atoms filling out the vacancies with increase in the plasma exposure 

proposing a simultaneous knocking out-substitution effect. The main reason for decrease in 

photocatalytic activity for pMX10 was mainly due to the increase in the size of the TiO2 

nanoparticles and less carbon vacancies. 
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Figure 3.8 High resolution TEM images showing the presence of vacancies in: (a&b) 

pMX01, (c&d) pMX03, (e&f) pMX05, (g&h) pMX10 

 

3.2.4 X-Ray Photoelectron Spectroscopy (XPS) of Ti2C MXene and oxygen plasma 

functionalized Ti2C MXene 

To further understand the surface elemental composition and oxidation state of constituent 

elements as a function of oxygen plasma functionalisation, X-ray photoelectron spectroscopy 
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(XPS) was analysed, and the obtained results are presented. The deconvolution of spectra was 

calibrated based on C 1s spectra at 284.7 eV. The survey spectra of all samples presented in 

Figure 3.9 (a) demonstrates signals of Ti 2p, C 1s, O 1s, F 1s and Si 2p. Samples were 

oxygen plasma functionalized and printed onto Si wafer hence the appearance of Si 2p peak, 

which vanished with increasing plasma exposure time, as shown in the survey spectrum in 

Figure 3.9(b).  

 

 

 

Figure 3.9 XPS survey spectra of (a) pristine Ti2C MXene, and oxygen plasma functionalized 

Ti2C MXene (b) pMX01, pMX03, pMX05 and pMX10 nanocomposites. [N.B. refer to 

Attributions] 

 

3.2.4.1 Deconvolution of C 1s peak of pristine Ti2C MXene and oxygen plasma functionalised 

Ti2C MXene 

Deconvolution of C1s spectra for pristine Ti2C MXene can be seen in Figure 3.10. Peaks 

fitted at 281.5 ± 0.2 eV can be assigned to C-Ti bonds which clearly confirms Ti2C MXene. 

The second peak at 284.8 ± 0.2 eV is due to carbon atoms surrounded in their close 

environment by other sp2 hybridised carbon atoms. The third peak at 286.7 ± 0.2 eV is related 

to carbon bonded to oxygen. Peak at 288.8 ± 0.2 eV is assigned O-C-O bonding respectively.  
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Figure 3.10 High-resolution XPS spectra of C1s of Ti2C Mxene [N.B. refer to Attributions] 

 

After oxygen plasma functionalisation of Ti2C MXene shown in Figure 3.11 (a-d) (pMX01, 

pMX03, pMX05 and pMX10), C-Ti bond at 281.5 ± 0.2 eV tend to decrease as a result of 

increased plasma functionalisation time. Although there was a reduction in intensity of C-Ti 

bond, the characteristic feature remained which showed that the Ti2C MXene structure 

remained after increased plasma functionalisation time. C-O at 286.7 ± 0.2 eV showed a 

significant increase with increase oxygen plasma functionalisation. This could be due to the 

formation of higher oxygen content caused during in-situ oxidation formed in an oxygen rich 

environment.  



83 
 

 

Figure 3.11 High-resolution XPS spectra of C1s of pMX01, pMX03, pMX05, pMX10[N.B. 

refer to Attributions] 

 

3.2.4.2 Deconvolution of O1s peak of pristine Ti2C MXene and oxygen plasma functionalised 

Ti2C MXene 

The deconvolution of O 1s spectra of Ti2C MXene is shown in Figure 3.12. To better 

understand the deconvolution of O2p for Ti2C MXene, it is important to identify the different 

adsorption site of surface termination group on Ti2C MXene before and after oxygen 

functionalisation. Shultz et al in his work in Figure 3.12(a) showed the presence of the A site 

where the surface termination adsorbed directly above the Ti atoms in the second atomic 

layer.220 The B site, which is the surface terminations, absorbed directly above the carbon 

atoms in the second atomic layer (C1). The top site is the surface terminations absorbed 

directly above the Ti atoms in the first atomic layer (Ti1). The bridge sites marks the surface 

terminations adsorbed between the topmost Ti and C atoms.220 Shultz’s analogy could explain 

the deconvoluted O 1s spectra from Figure 3.12(b), where we observed three peaks at binding 

energy 530.1 ± 0.2 eV, which could be assigned to Ti-O at the bridging sites of Ti2C MXene. 
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The peak at 531.4 ± 0.2 eV and 532.7 ± 0.2 eV could be assigned to Ti-O (A or B site) and C-

O respectively. 

 

 

Figure 3.12 (a)Schematic illustration of the different adsorption sites of A (FCC) adsorption 

site (on top of Ti atom in the third atomic layer), B (HCP) adsorption site (on top of C atom 

in the second atomic layer), top adsorption site (on top of a Ti atom in the first atomic layer), 

and bridge adsorption site (between topmost Ti and C atoms). (b)High-resolution XPS spectra 

of O1s of Ti2C Mxene [N.B. refer to Attributions] 

 

Figure 3.13 shows the deconvolution of O 1s for oxygen plasma functionalisation Ti2C 

MXene (pMX01 to pMX10). An increase in Ti-O at 530.1 ± 0.2 eV between the bridging 

sites of titanium and carbon was seen. This was evidenced from SEM results as formation of 

TiO2 nanoparticles was evidenced in between the layers of Ti2C MXene sheets. Similar 

observation was seen for Ti-O at 531.4 ± 0.2 eV found on the A and B sites of Ti2C MXene. 

There was a decrease in the oxygen bonded to carbon (O-C). This could be attributed to a 

higher amount of Ti-O on the surface of the monolayer comparable to O-C. 
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Figure 3.13 High-resolution XPS spectra of O1s of pMX01, pMX03, pMX05, pMX10 [N.B. 

refer to Attributions] 

 

3.2.4.3 Deconvolution of Ti 2p peak of pristine Ti2C MXene and oxygen plasma 

functionalised Ti2C MXene 

 

The deconvolution of Ti 2p for Ti2C shown in Figure 3.14 consists of three doublets (spin-

orbit splitting). Core levels in XPS use the nomenclature nlj, where n is the principal quantum 

number, l is the angular momentum quantum number and j = l + s (where s is the spin angular 

momentum number and can be ±1
2⁄ ). All orbital levels except the s levels (l = 0) give rise to 

a doublet with the two possible states having different binding energies. This is known as 

spin-orbit splitting (or j-j coupling).314 The doublet at binding energies of 454.9 eV and 460.6 

eV (± 0.2 eV) stems from the Ti- C bonds of the MXene which is also seen from the C 1s. 

The doublets at 456.5 and 461.9 (± 0.2 eV), which could be assigned to Ti-F and the doublet 

at 458.9 and 464.6 (± 0.2 eV) stems from Ti-O contribution either from the bridging site, A 
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and/or B site. Ti-O could be formed from in-situ HF etching, which was also seen in the 

Raman data in Figure 3.3. 

 

Figure 3.14 High-resolution XPS spectra of Ti2p of Ti2C Mxene [N.B. refer to Attributions] 

 

Oxygen plasma functionalisation of Ti2C MXene with increasing times in Figure 3.15 saw a 

reduction was seen in Ti- C bond which shows breaking of Ti-C bonds been replaced with the 

formation of Ti-O bonds. A similar observation was seen from the C1s contribution, verifying 

oxidation formed in an oxygen-rich environment.  It is interesting to note that MXene 

maintained its structure even after plasma exposure. However, there was an insignificant 

decrease in Ti-F bonds with increasing plasma exposure times (pMX01, pMX03, pMX05, 

pMX10), which suggested the removal of fluorine (-F) terminations. Changes in the different 

chemical environments of Ti-O bond were insignificant to observe from Ti2p deconvolution. 

Hence, the deconvolution of O1s in  Figure 3.13 gives a better clarification of the different 

oxidative states and sites of Ti-O as a function of oxygen plasma functionalisation time.  
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Figure 3.15 High-resolution XPS spectra of Ti2p of pMX01, pMX03, pMX05, pMX10 [N.B. 

refer to Attributions] 

 

3.2.5 X-Ray Photoelectron Spectroscopy – Ultraviolet Photoelectron Spectroscopy, XPS-UPS 

(valence band spectra of Ti2C MXene and functionalised Ti2C MXene) 

XPS-UPS was used to further understand the electronic property of the different changes seen 

in the oxidative states as a function of oxygen plasma functionalisation time. To understand 

the electronic property of Ti2C MXene as it undergoes oxygen plasma functionalisation, the 

valence band (VB) position and work functions (Φ) of synthesized materials was measured 

using ultraviolet photoelectron spectroscopy (UPS). This was done to observe any change in 

the electronic density of states (DOS) near the Fermi level (EF).  

Figure 3.16(a) shows the overlaid valence band spectra of Ti2C MXene and oxygen plasma 

functionalised Ti2C MXene samples. The valence band structure of Ti2C MXene obtained 

using 21.2 eV photon energy shows structures at B (8.47 eV), C (13.17 eV) and D (15.62 

eV). Band at 8.22 eV are associated with F2p states on the surface of the Ti2C MXene. This 

band tends to have shifted to lower binding energy 6.87 eV closer to the EF. Bands between 

6-8 eV could be attributed to O 2p band position hence this validates the formation of more -
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O terminated species displacing -F termination species due to oxygen plasma 

functionalisation. Oxygen adsorbed on top of Ti gave rise to peak at 15.62 eV due to Ti3d -

O2s hybridisation. A reduction in the intensity of this peak at 15.62 eV as oxygen plasma 

functionalisation increases could be attributed to the fact that the oxygen is probably not 

adsorbed on top of the Ti but mostly between the bridging sites of Ti and C. This observation 

could be confirmed from the SEM results in Figure 3.5 showing the presence of 

nanoparticulate-like features between interlayers of Ti2C MXene sheets. The valence band 

maxima position (EVBM) with respect to EF was also extrapolated with respect to the 

increasing plasma exposure times in Figure 3.16(b). The EVBM is estimated by the intersection 

of the valence band edge and the background signal. Ti2C MXene showed EVBM of 3.57 eV. 

As Ti2C MXene was oxygen plasma functionalized, a significant decrease was observed in 

the EVBM values from 3.57 eV for Ti2C MXene to 3.47 eV for pMX01, 3.22 eV for pMX03, 

3.16 eV for pMX05 and 2.89 eV for pMX10.  

 

The work function of a particular sample can be estimated by using equation (3.1); 

Φ= hν – (Vcutoff – EF)   (3.1) 

where; h = 21.22 eV (He-I) and Vcutoff is the onset on the secondary emission, Φ is the work 

function, h is Planck constant, ν is the photon frequency and EF is fermi energy. 

 

As shown in Figure 3.16(c), the Vcutoff for Ti2C MXene, pMX01, pMX03, pMX05, pMX10 

are estimated to be ~16.35, 16.18, 16.15, 16.12 and 16.0 eV. The corresponding work 

function Φ values were 4.64, 5.05, 5.07, 5.10, and 5.12 eV, respectively.  

Various theoretical computations have highlighted the work functions of MXenes are 

between 2 eV - 6 eV, depending on the surface termination groups. Experimentally, Ti3C2Tx 

which is widely reported Ti-based MXene has work function values of 3.0 eV. The calculated 

work function for Ti2C MXene in this work is 4.64 eV, which is one of the highest values of 

work function of MXene ever recorded. Higher work function values can be correlated to 

enhancement of photocatalytic activity hence Ti2C showing better photocatalytic activity as 

compared to that of Ti3C2 MXene. 

As oxygen plasma functionalisation increase, there is an orderly increase in the work function 

values (pMX01> pMX03>pMX05>pMX10) due to the formation of in-situ TiO2. Since TiO2 

is a much higher work function material, it enhances the work function of pristine Ti2C 

MXene, which otherwise has a comparatively lower work function due to presence of OH- 

terminal groups on the surface. The hybrid produced between TiO2 and Ti2C sheets at 
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different plasma exposure times provides MXene to be a low work function hole trapper 

which modify the electronic property of TiO2 as similarly reported by Peng et al.315 

 

 

Figure 3.16 (a) Near VB-XPS spectra of Ti2C MXene (black), pMX01(red), pMX03 (blue), 

pMX05 (olive) and pMX10 (magenta) samples. The VBM is estimated by the intersection of 

the valence band edge and the background signal. (b) Secondary electron cutoff as 

determined by UPS 

 

3.2.6 Water contact angle measurement of Ti2C MXene and oxygen plasma functionalized 

Ti2C MXene 

Different interfacial interactions influence surface energy, surface wettability and water 

contact angle (WCA).316 The water contact angle, which is the angle between the water 

surface and sample surface at the point where they interact, is closely related to adsorption 

and transport of water molecules which is influenced by different interfacial interactions. In 
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general, the smaller the water contact angle, the higher the interaction of liquid water and its 

surrounding medium (the thin films).316 The surface energy for pristine Ti2C MXene and 

oxygen plasma functionalized Ti2C MXene (pMX01, pMX03, pMX05, pMX10) was studied 

using the water contact angle (WCA) measurements. As presented in Figure 3.17a, these 

measurements showed pristine MXene exhibited a hydrophilic nature, which is common for 

MXene.317 As Ti2C MXene was oxygen plasma functionalized in Figure 3.17(b-f), the WCA 

sharply decreased, and the samples were super-hydrophilic. This super-hydrophilicity could 

be a result of oxygen moieties, which contribute to large number of oxygen groups on the 

surface of Ti2C MXene that improve the interaction between the thin films and water. The 

wettability also provides information on the surface roughness. A reduction in water contact 

angle implies an increase in the roughness of the thin films produced316. These properties 

facilitate adsorption and thus transport of water molecules. It was evident that there was no 

appreciable change in dark adsorption during the methylene blue degradation process due to 

its superhydrophilicity in Figure 3.19. The observation could be because of the lower area of 

the thin films (1.5 x 1.5 cm) that was used in the adosprtion-photocatalysis process. 
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Figure 3.17 Water contact angle (WCA) showing a decline in the WCA value as plasma 

exposure time increases from 1 min to 10 mins (Ti2C MXene > pMX01 > pMX03 > pMX05 

> pMX10 

 

Table 3. 5 Water contact angle as plasma exposure time increases 

Sample Average Water contact angle, 

WCA (°) 

Ti2C MXene 84.8 

pMX01 69.9 

pMX03 35.0 

pMX05 29.5 

pMX10 10.0 
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3.2.7 Zeta potential (surface charge) analysis of Ti2C MXene and oxygen plasma 

functionalized Ti2C MXene 

The surface charge measurements as a function of plasma exposure times were determined 

using the zeta potential measurements. Pristine Ti2C MXene and oxygen plasma 

functionalized Ti2C MXene were dispersed in deionized water using pristine Ti2C as 

reference. The initial zeta potential of Ti2C MXene sheets in water were negatively charged, 

which is consistent with previous work 318,319. The negatively charged surface is as a result of 

terminal groups as -F on the surface of Ti2C MXene sheet as confirmed in the EDS results in 

Table 3.3.320 As oxygen plasma functionalisation was done for 1 min (pMX01), there was a 

large decline in the surface charge (-72 mV) which is due to substitution of -F surface 

terminal groups to more negative -O groups on the surface of oxygen plasma functionalised 

Ti2C MXene. As plasma exposure times increased, a slight decrease in the surface charge was 

observed for pMX03 (-66.0mV), pMX05 (-65.7 mV), pMX10 (-65.6 mV) as more -O groups 

were incorporated due to oxygen plasma functionalisation. 

 

3.2.8 UV-VIS analysis of Ti2C MXene and oxygen plasma functionalized Ti2C MXene  

Optical properties of pristine Ti2C MXene and oxygen plasma functionalized Ti2C 

heterostructures were measured using UV-VIS absorption. UV-VIS absorption spectra in 

Figure 3.18 of Ti2C MXene and oxygen plasma functionalized Ti2C for 1 min, 3 mins, 5 mins 

and 10 mins. Pristine Ti2C MXene reveals an absorption band from 260 – 400 nm and 500-

800 nm. Similar absorption band range was reported by Lioi 230. Absorption band between 

260 - 400 nm could be due to the presence of TiO2 generated due to the local heat during the 

etching process, as verified by XPS results. At lower plasma exposure time, (pMX01) in 

Figure 3.18 (b), the absorption peaks increased to 240-870 nm. This shows that when oxygen 

functionalisation is introduced, the band edge tail tends to be broader, hence shifting to lower 

and higher wavelengths at both edges. As plasma exposure time increased to 3 mins, pMX03 

in Figure 3.18(c), the band edge tail became broader, and the characteristic peak eventually 

faded away. This may be due to gradual transition from an inherent anatase TiO2 (a-TiO2) to 

rutile TiO2 (r-TiO2) due to destabilization of TiO2 phase at prolonged plasma exposure321. 

This observation was also evident for pMX05 and pMX10 but with well-defined peak 

intensity in Figure 3.18 (d & e). 
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Figure 3.18 Absorption band edge of (a) Ti2C MXene and oxygen plasma functionalised Ti2C 

MXene (b)pMX01 (c)pMX03 (d)pMX05 (e) pMX10 

 

3.2.9 Photocatalytic activity 

Photocatalytic methylene blue (MB) activity was further investigated using the different 

synthesized oxygen plasma functionalized Ti2C composite (pMX01, pMX03, pMX05 and 

pMX10) under UV light irradiation. As shown in Figure 3.19(a & b), the degradation 

efficiency of all samples increased with increasing plasma exposure times. The photocatalytic 

activity of pristine Ti2C MXene was recorded as 38%. The presence of reasonable amount of 

photocatalytic activity could be attributed to in-situ generated TiO2 generated during HF 

etching. The presence of the TiO2 produced was verified in the above XPS data in Figure 

3.13. Plasma oxygen functionalized in-situ produced TiO2/Ti2C at 3 mins, 5 mins and 10 mins 

(pMX03, pMX05 and, pMX10) showed degradation efficiencies of 61.0%, 79.0%, and 

65.2%, respectively. pMX05 recorded the highest degradation efficiency which is two times 

the efficiency of pristine Ti2C MXene. The excellent activity of TiO2/Ti2C nanocomposites 

can be further demonstrated by the rate constant for the degradation process (k) extrapolated 

using the pseudo first order model shown in eq (4.2). 

− ln (
𝐶𝑡

𝐶0
) = 𝑘𝑡    (4.2) 

 As seen in Figure 3.19 (c & d), the k value increased with plasma exposure time, showing 

that the reaction time proceed faster as the plasma exposure time increased. Ti2C MXene 

shows a k value of 0.0002 min-1, pMX03 (0.003 min-1), pMX05 (0.005 min-1), and pMX10 



94 
 

(0.002 min-1). Maximum k values were shown for pMX05 with 0.005 min-1. The increase in 

photocatalytic degradation efficiency for pMX05 could be attributed to the following factors: 

(a) TiO2 nanoparticles formed during 5mins of oxygen plasma functionalisation had an 

average mean size of 8.17nm which were more and evenly distributed over the nanosheets 

hence providing abundant active sites from photocatalytic degradation. (b)pMX05 showed 

presence of carbon and oxygen vacancies which could regulate the electronic structure as 

shown as reduction in EVBM hence aid in improving photocatalytic kinetics. This is evident in 

the photocatalytic kinetic data in Figure 3.19(c & d). A reduction of k value for pMX10 

showed a decline in the degradation efficiency. The decline in the efficiency could be 

attributed to an increase in TiO2 nanoparticles formed on the Ti2C MXene which ~50 nm. An 

increase in nanoparticulate size hereby decreases the surface area which thereby decrease the 

rate of photocatalysis. 

 

Figure 3.19 (a) Kinetic curves of photocatalytic degradation of MB over all photocatalysts, 

(b) histogram showing comparative degradation rate (%) of MB under UV light irradiations 

and (c) ln (C/C0) vs time curve for degradation of MB using in-situ TiO2/Ti2C MXene 
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nanocomposites (d) rate of reaction for degradation of MB in-situ TiO2/Ti2C MXene 

nanocomposites 

 

Table 3.6 Summary of kinetics data for photocatalytic degradation of MB using all prepared 

photocatalysts under UV light. 

 

Sample code 

 

Rate of reaction  

(k x 10-3) in (min-1) 

Correlation coefficient 

(R2) 

photolysis 1.0 0.870 

pristine Ti2C 

MXene 

2.0 0.950 

pMX03 3.0 0.990 

pMX05 5.0 0.990 

pMX10 2.0 0.990 

 

3.2.10 DFT calculation 

To further understand the partial transformation of Ti2C to rutile TiO2(r-TiO2) MXene using 

oxygen plasma functionalisation and its impact on the electronic structure and photocatalytic 

activity, density functional theory (DFT) calculation was performed. The DFT calculation 

was performed considering that: oxygen plasma treatment creates a number of oxygen 

vacancies which in turn are able to crystallize Ti-deficit areas into forming TiO2 

nanoparticles.  

As it is described in the XRD in Figure 3.2, rutile TiO2 (r-TiO2) is formed from Ti2C when it 

interacts with oxygen plasma. Rutile TiO2 is considered responsible for photocatalytic 

properties. 322 However, the MXene precursor contains presence of intrinsic defects that are 

contributing to the photocatalytic reactions. TEM investigations also shown in Figure 3.8 

shows an increase in the photocatalytic activity relates to oxygen and carbon vacancies 

contained in the Ti2C MXene structure as well as rutile TiO2 nanoparticles produced. 

Nakamura et al 323 in his work showed similar observation where electrons trapped in the 

states created by oxygen vacancies in plasma treated TiO2 caused an increase in nitrate(NOx) 

removal percentage. Hence, this suggests that these states are beneficial for the photocatalytic 

activity of TiO2. Various models were investigated to study intrinsic and extrinsic defects of r-



96 
 

TiO2. The total density of states of the energetically favourable states of r-TiO2 is considered 

and shown in Figure 3.20. In Figure 3.21(a) it was shown that when one O atom is removed 

from the structure, energy levels near the conduction band are created. As it has been 

demonstrated in previous studies, oxygen deficiency induces additional charge on the two 

neighbour Ti atoms next to the vacancy position and this results on the creation of additional 

occupied states near the conduction band. 324 325 To analyse these states where the pDOS 

pattern of the oxygen vacancy(VO) is presented in Figure 3.21. As shown, the gap states are 

mainly created from the hybridisation of Ti-3d and O-2p orbitals. These orbital states were 

seen in the XPS-UPS results which showed additional density of states closer to the fermi 

energy level at increased time dependent oxygen plasma functionalisation above in Figure 

3.16. A similar phenomenon can be observed in the case of 2VO:TiO2 which is presented in 

Figure 3.20(b) and Figure 3.21(b). Interestingly, at this defect percentage, the bandgap of 

these structures is increased from 3.56 eV to 3.66eV (VO: TiO2) and 3.72 eV (2VO:TiO2). 

Similar works have also predicted that at these doping percentages, although defect states 

arise, the gap is increased. The gap states that are formed are characterized as acceptor levels 

and together with the increase of the bandgap we can conclude that generally the oxygen 

vacancies at these percentages are not beneficial for photocatalytic applications of TiO2. 

Carbon doping cases with carbon interstitial (Ci) and carbon doping (CO) was then explored 

in Figure 3.20(c) starting Ci: TiO2 DOS case. It was observed that carbon interstitial gives rise 

to a small peak inside the bandgap at approximately 1.5eV above the VBM. This mid-gap 

state is created by the hybridisation of Ti 3d and C 2s shown in Figure 3.20 leading to a 

decreased bandgap of 3.48 eV. From TEM experimental data in Figure 3.8, it can be observed 

that there is formation of carbon vacancies due to oxygen plasma functionalisation. These 

carbon atoms, as suggested by the DFT study, fill up the interstices or oxygen sites therefore 

examined as carbon interstitials, Ci: TiO2 and carbon as oxygen substitutional CO:TiO2. 

Continuing with the CO: TiO2 case, we see that the mid-gap state is shifted towards the 

conduction band (Figure 3.20 (d)) while we also have the creation of donor states near the 

valence band. However, in this case the bandgap is increased by 0.05eV compared to the 

undoped. As shown in a previous work with substitutional carbon doping, the bandgap is 

calculated as 2.95 eV, in good agreement with other theoretical predictions.326 A profound 

bandgap reduction is considered beneficial for the semiconductor’s photocatalytic activity, as 

it is translated into a higher absorption of the visible light. Furthermore, in the case of mid-

gap states which are generally into investigation, we know that they usually act as charge trap 

and although in some cases it is undesired, such as in organic solar cells, in the photocatalytic 
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applications this charge can promote the reactions occurring on the surface. Such states, 

which constitute trap sites for photogenerated charge carriers are highly beneficial for the 

application to CO2 and in the case of the Ti2C which is transformed to TiO2 we believe that 

this is the case that can explain the increased photocatalytic activity.  

 

Figure 3.20 The density of states (DOS) graphs for (a) oxygen vacancy (VO):TiO2, (b) 2 

oxygen vacancy (2VO):TiO2, (c) carbon interstitial (Ci):TiO2, (d) oxygen substitional 

(CO):TiO2, and (e) the undoped. [N.B. refer to Attributions] 
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Figure 3.21 The projected density of states (pDOS) graphs for (a) VO: TiO2, (b) 2VO :TiO2, 

(c) Ci :TiO2 and (d) CO:TiO2. [N.B. refer to Attributions] 

 

3.3 Conclusion 

In summary, two-dimensional Ti2C MXene were successfully fabricated from Ti2AlC MAX 

by using a low concentration of HF etching (i.e., 10% concentration). The influence of 

concentration and time on the exfoliating process were researched and clarified. In this study, 

the suitable condition was 10%F at 3h. Oxygen functionalisation of Ti2C MXene was done to 

produce in-situ rutile-TiO2/Ti2C MXene nanocomposites using a one-step oxygen plasma 

functionalisation. The photocatalyst obtained involves the combination of rutile TiO2 with an 

optimized interfacial structure of Ti2C MXene as shown in XRD results. Characterisation 

results showed that oxygen plasma functionalisation had a critical effect on the structural and 

catalytic properties of the prepared samples. The Ti2C MXene served as a source of Ti for the 

in-situ growth of TiO2. High resolution TEM (HRTEM) confirmed plasma induced creation 

of atomic scale point defects (oxygen and carbon vacancies) which is shown to further 

increase the photocatalytic activity. It was evident that from pMX05 nanocomposite showed 

maximum photocatalytic activity for decomposition of MB under UV light irradiation due to 

the proportional balance of rutile TiO2, vacancies. The reaction rate constant for MB 
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degradation using in-situ TiO2/Ti2C MXene was found to be two times higher than that of 

pristine Ti2C MXene. This study provided an extended catalytic performance of Ti2C MXene 

to the UV light region, hence improving the photocatalytic performance. This shows that 

TiO2/Ti2C MXene show excellent photocatalytic performance proving their potential as a 

highly efficient photocatalyst. 
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Chapter 4: In-situ functionalisation and deposition of ternary 

TiO2/Ti2C MXene/GCN using atmospheric pressure plasma for 

visible light photocatalytic degradation.  

Previous chapter showed the successful in-situ formation of rutile TiO2 from Ti2C MXene 

using oxygen plasma functionalisation using atmospheric pressure plasma technique. This 

nanocomposite structure produced was tested for methylene blue photocatalytic degradation 

under UV light irradiation. It was shown that the synthesised rutile TiO2/Ti2C MXene under 5 

mins of oxygen plasma functionalisation showed a photocatalytic degradation of methylene 

blue of 79% with the best optimised catalyst, pMX05. Although, these synthesised in-situ 

TiO2/Ti2C MXene showed a reduction in bandgap which increased the photocatalytic activity, 

the light absorption was only limited to UV region for degradation process. To further 

enhance the solar light absorption range of oxygen plasma functionalised Ti2C MXene (in-

situ TiO2/Ti2C MXene), a nanocomposite of oxygen plasma functionalised Ti2C MXene and 

graphitic carbon nitride (in-situ TiO2/Ti2C/GCN) was synthesised. The graphitic carbon 

nitride (GCN) was used as an electrode and substrate material onto which the Ti2C MXene 

was oxygen plasma functionalised and sprayed onto. The series of in-situ TiO2/Ti2C/GCN 

nanocomposite was prepared by varying the plasma exposure time of the Ti2C MXene to 

He/O2 plasma as 1min, 3mins, 5mins and 10mins. The prepared in-situ TiO2/Ti2C/GCN 

nanocomposites were thoroughly characterised and used for photocatalytic elimination of 

methylene blue under solar light. To the best of my knowledge, this is the first report on a 

novel ternary photocatalytic thin film using a non-wet synthesis approach. This can pave the 

way for the development of efficient and reusable photocatalytic electrodes. 

 

4.1 Introduction  

Solar driven photocatalytic water degradation has attracted a lot of attention over the years 

due to its green and sustainable approach in solving water pollution.327 328 329 The textile 

industry is a significant contributor to water pollution owing to the release of pollutants such 

as dyes, heavy metals and organic pollutants into the water streams.330 It is therefore of high 

importance to treat wastewater before releasing it into the environment. Several conventional 

techniques such as reverse osmosis, ion exchange, ultrafiltration, oxidation have been 

developed by researchers to effectively treat these textile wastes. 331 332 These techniques are 

however limited since full degradation does not occur but rather convert pollutants from one 
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form to the other, hence producing secondary pollution.333 28 334 To mitigate these drawbacks, 

photocatalytic methods have been found to be a green and sustainable approach to eliminate 

harmful pollutants using renewable sources of energy (solar energy).335 336 Photocatalysis 

results in the complete degradation of organic pollutants while avoiding the production of 

secondary pollutants.337 338 339 340 337 Semiconductor based photocatalysts have shown 

promising and efficient catalytic activity and strong oxidising ability among others.341 342 

Currently, graphitic carbon nitride, g-C3N4 (GCN) has gained a lot of attention due to its earth 

abundant nature (composed of carbon, nitrogen and trace amount of hydrogen), excellent 

band structure (moderate bandgap ~2.7 eV) making it a visible light catalyst with high 

thermal and chemical stability.343 122 344 Despite its favourable characteristics, g-C3N4 exhibits 

fast recombination of charged carriers and low absorption of visible light both of which 

constraints photocatalytic potential.345 346 347 To improve the photocatalytic performance of g-

C3N4 various methods have been implemented such as metal/nonmetal doping, 

nanoarchitecture design, heterojunction nanostructure design among others.348 349 350 Lately, 

much attention has been drawn to coupling g-C3N4 with other materials to construct a 

heterojunction.351 352 126 353 354 Two-dimensional material, MXene which consists of metal 

carbides/carbon nitrides have attracted a huge research interest since it was discovered in 

2011.355 79 245 78 77 MXenes have been studied for various applications such as catalysis, 

biomedicine and electrochemical energy storage materials hence making them potential 

candidates for photocatalytic application due to its excellent electrical conductivity, 

hydrophilic and large specific area.356 357 The surface terminations on MXenes can be 

functionalised or modified accordingly to promote specific interactions.358 359 The surface 

terminal groups also provide MXenes with a hydrophilic nature which tends to form strong 

interactions with other semiconducting materials.360 361 362 MXene also promotes 

photoinduced carrier separation by providing a carbonaceous support for homogenous 

dispersion of semiconducting materials and simultaneously adsorption of reacting species.363 

Mostly, Ti3C2 MXene has been investigated widely as an efficient cocatalyst of photocatalysts 

such as TiO2
364 365 366,CdS367 368, g-C3N4

369 370 371 for treating dye wastewater. 2D/2D MXene/ 

g-C3N4 can be formed via electrostatic interactions and Van der Waals forces.372 373 As a result 

of the differences in the Fermi energy levels of GCN and MXene, close interface contact 

between them facilitates the separation of photoinduced charge carriers at the interface.374 375 

376 377 Furthermore, a Schottky junction is formed when a close contact is formed between 

GCN and MXene. The Schottky junction acts as an electron reservoir hence aiding in 

photogenerated electron transfer and reduces the fast recombination of charge carriers.378 379 
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In a Schottky junction, there is a potential energy barrier at the metal-semiconductor interface 

due to which when light strikes the semiconductor, photogenerated electrons can move 

towards the metal sites.380 Also, due to a quick extraction of electrons, the possibility of rapid 

recombination with holes is minimised.381 For example, Nasri and coworkers used Ti3C2 

MXene as cocatalyst to enhance the photocatalytic dye degradation of g-C3N4. The Ti3C2/ g-

C3N4 showed a 2D/2D heterojunction which enhanced the efficiency of separation and 

mobility of photocharged carriers for photocatalytic applications.382  With all the 

aforementioned features of MXene, the MXene/ g-C3N4 heterojunction enhances the 

photocatalytic activity.  

In this chapter, a ternary in-situ TiO2/Ti2C MXene/ GCN thin film heterostructure has been 

firstly synthesised using a dry process of atmospheric pressure plasma using low power for 

oxygen plasma functionalisation of MXenes with remarkably improved photocatalytic 

performance (more details of oxygen plasma functionalisation of Ti2C MXenes to form in-situ 

TiO2/Ti2C MXene has been discussed in depth in Chapter 3 of this thesis). Mostly literature 

have explored the use of the nanohybrid Ti2CMXene/GCN heterostructure for hydrogen 

production however rare attention has been given to the use of this nanohybrid for organic 

pollutants degradation which we seek to address in this chapter. Also, extensive experimental 

and theoretical analysis has explored Ti3C2 MXene with limited knowledge on Ti2C MXene, 

hence this thesis seeks to explore more of the surface and interface properties of Ti2C MXene 

and GCN. The role of every component is summarised as follows: 

(1) 2D Ti2C MXene as an outstanding electron sink and provides enhanced surface-active 

sites beneficial for adsorption of pollutants. Also, the excellent electrical conductivity and 

abundant surface terminal groups of MXene provides its ability as a cocatalysts. 

Heterostructure created from MXene with other semiconductors facilitate the interfacial 

charge separation of photogenerated carriers. 

(2) g-C3N4 nanosheets serve as an effective semiconducting photocatalyst that can efficiently 

harvest energy from visible light. 

Five (5) series of novel ternary photocatalysts have been synthesised using Ti2C MXene and 

GCN thin film with varying oxygen plasma functionalisation times (1min, 3mins, 5mins and 

10 mins) named gCMX_01, gCMX_03, gCMX_05 and gCMX_10 respectively. The 

synthesised ternary heterostructure thin films (gCMX_01, gCMX_03, gCMX_05 and 

gCMX_10) were thoroughly characterised before and after oxygen plasma functionalisation 

and were used for photocatalytic degradation of light. To the best of my knowledge, this is 

the first novel work that has used atmospheric pressure plasma jet (APPJ) functionalisation 
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for preparation of a ternary in-situ TiO2/Ti2C/GCN photocatalyst for degradation of 

methylene blue. This work will provide extensive knowledge for the rational development of 

efficient thin film electrode as photocatalysts for wastewater treatment using MXene-based 

materials. 

4.2 Results and discussion 

4.2.1 X-Ray diffraction (XRD) - Structural analysis of Ti2C MXene, GCN and ternary in-situ 

TiO2/Ti2C/GCN heterostructure  

The crystal structure of as prepared Ti2C MXene, g-C3N4 (GCN) and Ti2C/GCN 

heterostructure (gCMX_01, gCMX_03, gCMX_05 and gCMX_10) was analysed using the 

X-ray diffraction (XRD).  As explained in the synthesis procedure of and ternary in-situ 

TiO2/Ti2C/GCN heterostructure, Ti2C MXene was in-situ oxygen plasma functionalised and 

deposited onto GCN thin film. From chapter 2, Ti2C MXene was produced by etching of 

Ti2AlC MAX phase using 10% HF for 3h. After HF etching there was an appearance of peak 

at 2θ = 8.8° which is assigned to Ti2C MXene phase been formed as shown in Figure 4.1 (a) 

Aside from the (002) phases, there was also presence of peaks at 2θ angle of 34.2° (001), 

42.2° (015) 53.0° (018) and 61.8° (110) which are attributed to Ti2C MXene phases. As 

already discussed in Chapter 3, some phases of Ti2AlC MAX phases were still available 

[(002) at 2θ 13.1° and (014) at 2θ 39.0°)], however there was considerable reduction of the 

Ti2AlC MAX phases to a rapid formation of Ti2C MXene phase indicating successful etching 

of Ti2AlC MAX phase to Ti2C MXene. More details on the etching of Ti2AlC MAX phase 

were presented in Chapter 3. The XRD patterns of g-C3N4 (GCN) showed two distinct peaks 

at 2θ =10.9° and 2θ = 28.0°, indexed to (100) and (200) crystal planes respectively shown in 

Figure 4.1(b).383 The weak peak at 10.9° could be ascribed to the in-plane structure of g-C3N4 

while the intense peak at 28.0° could be ascribed to the stacking aromatic structure.384 The as-

synthesised ternary in-situ TiO2/Ti2C/GCN thin films heterostructure showed the combination 

of Ti2C MXene and GCN phase as shown in  Figure 4.1(c). The (100) and (002) phases of the 

GCN were present whereas, the (002) MXene phase was also present at 2θ = 8.8°. It was 

observed that the (100) plane of the GCN completely vanished after an increase in oxygen 

plasma functionalisation of Ti2C MXene onto the GCN thin film. The decrease in (100) peak 

could be due to Ti2C MXene completely covering the surface of the GCN. Also, the intensity 

of the (002) plane, which is a significance of the aromatic structures in GCN, became weaker 

after in-situ TiO2/Ti2C MXene was functionalised and deposited onto GCN thus reducing the 

crystallinity and weakening the long-range order of the ternary in-situ TiO2/Ti2C/GCN. This 
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decrease in the intensity of (002) diffraction peak could be due (i) increasing amount of Ti2C 

MXene on the surface of the GCN electrode (ii) the formation of the heterostructure between 

Ti2C and GCN leading to the formation of bonds with N atoms on the surface of GCN with 

Ti-C bonds on Ti2C MXene. The existence of (002) aromatic structure of the GCN in Figure 

4.1(d) indicates that the oxygen plasma functionalisation did not destroy change the crystal 

structure of the GCN. Subsequently, new peaks were observed at 2θ = 40.4° and 44.7° which 

was assigned to (111) and (210) rutile phase of TiO2 (JCPDS No. 21-1276) formed from the 

oxidation of Ti2C MXene due to oxygen plasma functionalisation. In-depth discussion on the 

formation of rutile phase on the surface of Ti2C MXene is also confirmed from the XRD 

patterns for oxygen plasma functionalised Ti2C MXene in  Figure 3.2 in Chapter 3. Hence, 

we can propose a ternary in-situ TiO2/Ti2C/GCN nanohybrid structure has been formed. 

 

 

Figure 4.1 XRD patterns of (a)Ti2C MXene produced from etching Ti2AlC MAX phase using 

10% HF for 3h (b) GCN (c) gCMX_01, gCMX_03, gCMX_05 amd gCMX10 (d) (002) 

distinct phase of GCN 
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4.2.2 Morphology of Ti2C MXene, GCN and Ti2C/GCN heterostructure films 

4.2.2.1 Scanning Electron Microscopy of Ti2C MXene, GCN and Ti2C/GCN heterostructure 

films 

From SEM image in Figure 4.2(a), etched-Ti2C MXene showed obvious accordion-like 

morphology proving that the aluminium layer sandwiched within the Ti2AlC MAX phase was 

successfully etched via hydrofluoric (HF) acid etching. GCN, on the other hand in Figure 4.2 

(b) showed a bulky lumpy structure. The lumpy structure was further observed in oxygen 

plasma functionalised Ti2C/GCN images as shown in Figure 4.2 (c-f). The lumpy structure 

was seen for all nanohybrids produced. The change in morphological structure could be 

because of the intertwining of the Ti2C MXene and GCN sheets hence confirming the 

formation of the heterostructure as well. The nanohybrid of Ti2C MXene/GCN 

heterostructure shows a superposition of the Ti2C MXene and GCN nanosheets structure 

which help to provide a larger surface area for catalytic reactions. gCMX_01 in Figure 4.2(c) 

showed no visible Ti2C MXene sheet in the nanohybrid structure due to the thin layer of Ti2C 

MXene plasma functionalised onto the GCN. However, EDS results in Table 4.1 showed the 

presence of Ti element which confirms that indeed a thin layer of oxygen plasma 

functionalised Ti2C MXene was deposited. gCMX_03 in Figure 4.2(d) showed the presence 

of few layers of Ti2C MXene sheets well dispersed in the GCN nanosheets. Image J293 was 

used to calculate the thickness of Ti2C MXene sheets which ranges from approximately 50-

100 nm. Similar observation was seen for gCMX_05 and gCMX_10. However, an interesting 

observation was seen for all synthesised samples. The GCN nanosheets was found to 

somewhat delaminate Ti2C MXene into few layered sheets and causing them to be embedded 

into the coral structure of GCN.332 This could be the presence of nitrogen atoms from GCN 

that could be trapped in the layers of the Ti2C MXene and hence cause them to delaminate. 

The existence of all the elements in the as synthesised photocatalyst was further confirmed by 

energy dispersive X-ray (EDX). The weight percentages of the elements are shown in Table 

4.1 SEM-EDS analysis confirm the presence of C, N, Ti, O which confirms the successful 

incorporation of GCN and Ti2C MXene. 
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Figure 4.2 SEM images of (a) Ti2C MXene nanosheets showing well exfoliated accordion 

like morphology (b) GCN showing bulky lumpy structure (c)gCMX_01 (d)gCMX_03 

(e)gCMX_05 (f)gCMX10. 

 

Table 4.1 SEM-EDS showing the weight percentages of elements presented in the gCMX 

samples 

 Ti C O Al F N 

gCMX_01 0.28 ± 0.06 37.43±3.93 7.21±1.01 0.02±0.01 0.16±0.05 54.89±3.18 

gCMX_03 3.57 ± 1.71 37.353±3.15 13.10±2.92 0.16±0.13 1.810.04 44.01±3.61 

gCMX_05 25.70± 5.15 29.94±1.38 25.25±5.13 0.67±0.58 7.352.27 11.08±3.24 

gCMX_10 4.48 ± 0.99 39.17±3.56 15.69±3.92 0.15±0.03 2.82±1.00 37.69±3.83 
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4.2.2.2 Transmission Electron Microscopy of Ti2C MXene, GCN and Ti2C/GCN 

heterostructure films 

The surface morphology and structure of the pristine Ti2C MXene, pristine g-C3N4, and Ti2C 

MXene/ g-C3N4 nanocomposites at different oxygen plasma functionalisation times 

(gCMX_01, gCMX_03, gCMX_05, gCMX_10) were studied using High Resolution 

Transmission Electron Microscopy (HR-TEM) and Selected Area Electron Diffraction 

(SAED).  

Figure 4.3(a) shows the pristine multilayers of MXene sheets at a lower magnification, 

indicating that the fabricated sheets are large and uniform in size. The corresponding SAED 

pattern in inset of Figure 4.3(b) revealed a noise free structural packing of the MXene 

nanosheets. The high quality of the crystal lattice planes of the synthesised MXene sheets can 

be observed in the high-resolution image of the MXene nanosheets along with presence of 

some surface defects, having a lattice spacing of 0.24 ± 0.2 nm, as highlighted in inset of 

Figure 4.3a). (Detailed explanation of the characterisation of pristine MXene is provided in 

Chapter 3).  

The TEM image of pristine g-C3N4, Figure 4.3 (c) showed a wrinkled sheet like morphology 

having a porous structure. SAED pattern, Figure 4.3 (d) revealed the amorphous nature of 

GCN, hence a long-range order of lattice structure was not observed.  

Figure 4.3€ showed the low magnification TEM image of Ti2C MXene/ g-C3N4 

nanocomposite after 1 min of oxygen plasma exposure (gCMX01). The respective 

characteristic structure of MXene and GCN are retained with an evident intimate interface 

formed between the two structures. The heterostructure intimacy confirmed the formation of 

2D/2D Ti2C MXene/ g-C3N4 heterojunction. SAED pattern of the Ti2C MXene/ g-C3N4 

nanocomposite (Figure 4.3 h) reveals the hexagonal pattern of MXene, however, blurred due 

to masking by the amorphous nature of GCN. High-resolution TEM image of the gCMX_01 

Figure 4.3  (f & g) showed the lattice spacing of 0.26 ± 0.2 nm. Since pristine GCN is 

amorphous, it is obvious that this lattice structure belongs to the MXene sheet. The presence 

of TiO2 nanoparticles embedded into the MXene sheets is observed from the dark spots in 

this high-resolution image of the MXene sheet, which is similar to the images from Chapter 

3. There was, however, a slight increment in the lattice spacing of gCMX_01 (0.26 ± 0.2 nm) 

compared to that of pristine MXene (0.24 ± 0.2 nm). The increase in the lattice spacing could 

be caused due to the heterointerface straining due to differences in the lattice parameters of 
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Ti2C MXene and GCN, which is characteristic of vertically stacked 2D structures.385 This 

further confirms the formation of the heterojunction starting to form between the two 2D 

materials.  

Figure 4.3(i) shows the low magnification image of the Ti2C MXene/ g-C3N4 nanocomposite 

after 3 mins of oxygen plasma functionalisation (gCMX_03). It can be observed that the 

MXene sheets are being further wrapped into the wrinkled sheets of GCN. Similar wrapping 

pattern is also observed for gCMX_05 Figure 4.3(m), following a similar trend as oxygen 

plasma functionalised MXene in Chapter 3 where little change was observed between 3 mins 

(pMX03) and 5 mins (pMX05) of plasma time. Bigger sized particles are also observed in 

some places on the MXene sheet, which could be TiO2 particles in conjunction with TEM 

results from Chapter 3. SAED pattern of gCMX_03, Figure 4.3 (l) and gCMX_05, Figure 4.3 

(p) reveal the formation of TiO2 nanoparticles in the MXene structure with the brightening 

and random orientation of spots as well as formation of rings, also in agreement with Chapter 

3. The TiO2 particles were also confirmed from XRD results as rutile TiO2.The high-

resolution images of gCMX_03 and gCMX_05 lattice structures can be seen in Figure 4.3 (j 

& k) and (n & o) respectively. There was further increase in the lattice spacing to 0.35 ± 0.2 

nm for both gCMX_03 and gCMX_05, showing that increasing oxygen plasma 

functionalisation time led to an increase in heterointerface straining in the MXene lattice 

structure due to GCN. This change in lattice spacing is not observed in weakly mixed 

materials and is proof of the strong adhesion between the components of the heterostructure.  

Figure 4.3 (q) shows the low magnification TEM image of Ti2C MXene/ g-C3N4 

nanocomposite after 10 mins of oxygen plasma exposure (gCMX_10). It can be observed that 

after 10 mins, there was a separation of MXene sheets into few layered scattered sheets all 

over the grid. This was in good confirmation with the SEM images in Figure 4.2 (c – f) 

above. It was observed that GCN was entering the multilayers of MXene with increased 

oxygen plasma functionalisation and eventually caused the layers to separate and scatter after 

10 mins of exposure. The lattice spacing of 0.35 ± 0.2 nm observed on the square sheets 

further confirmed that they were MXene sheets Figure 4.3 (r & s). SAED image for 

gCMX_10 in Figure 4.3(t), in conjunction with Chapter 3, revealed a noisy pattern showing 

presence of different crystal structures and phases, again blurred due to GCN influence. All 

the electron micrographs are consistent with the XRD and XPS analyses which strongly show 

the successful in-situ formation of 2D/2D heterostructure formed with large contact interface. 
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Figure 4.3 (a) TEM images of exfoliated Ti2C MXene sheet (b) SAED pattern showing 

hexagonal structure of the Ti2C MXene sheet (c)GCN (d)SAED pattern of GCN showing a 

amorphous structure rings (e) Low magnification of gCMX01 (f) High resolution TEM 

(HRTEM) of gCMX01 (g) Magnified HRTEM showing slight increment of lattice spacing of 

Ti2C MXene (h) SAED pattern showing diffraction rings from Ti2C MXene-diffraction rings 

seem to be shadowed by amorphous GCN (i) Low magnification of gCMX03 (j) High 

resolution TEM (HRTEM) of gCMX03 (k) Magnified HRTEM of gCMX03 (l) masked 

SAED pattern of Ti2C due to amorphous GCN (m) Low magnification image of gCMX05 (n) 

High resolution TEM (HRTEM) of gCMX03 showing layers of Ti2C MXene (o) Magnified 

HRTEM of gCMX05 showing vast increment of lattice spacing of Ti2C MXene due to lattice 

straining due to alignment of the interface of Ti2C and GCN (p) SAED pattern of gCMX05 

(q) Low magnification of gCMX10 (r) High resolution TEM (HRTEM) of gCMX10 (s) 

Magnified HRTEM of gCMX10 (t) SAED pattern of gCMX10  

 



111 
 

Figure 4.4 show the formation of rod-like structures (highlighted in dotted yellow boxes) for 

oxygen plasma functionalised Ti2C/GCN heterostructure. A similar observation was seen for 

TiO2 nanoparticles to rod-like structures for just oxygen plasma functionalised Ti2C 

MXene(pMX10) in Figure 3.8. A possibility of correlation between the two cases of 

formation of rod like structures after 10 mins cannot be ignored. Therefore, further 

investigation needs to be done to understand this phenomenon better. It is also worth noting 

that the lattice spacing observed for the different rod like structures on gCMX10 ranged from 

0.5-0.6 ± 0.2nm as shown below in Figure 4.4 (a-f).  

 

 

Figure 4.4 (a-e) HRTEM of gCMX_10 showing the elongation of Ti2C MXene grown on 

GCN plane. Note: (b, d, and f) are the zoomed images of the corresponding images on the left 

column (a, c, and e) 
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4.2.3 Surface characterisation analysis using X-Ray Photoelectron Spectroscopy  

To investigate the surface chemical and electronic properties of Ti2C MXene, GCN and 

ternary in-situ TiO2/Ti2C/GCN thin films (gCMX_01, gCMX_03, gCMX_05 and 

gCMX_10), X-ray Photoelectron Spectroscopy was used. All samples were sprayed on 

silicon wafer hence peaks were calibrated using Si2p at 110 eV. 

4.2.3.1 Survey analysis of Ti2C MXene, GCN and Ti2C/GCN heterostructure 

The survey spectra of GCN as shown in Figure 4.5 show the existence of C, N, O and Si2p. 

As discussed in the synthesis of GCN in section 2.2.3 Synthesis of graphitic carbon nitride (g-

C3N4), thiourea was used as a sulfur mediated method to boost the texture, electronic and 

optical properties of GCN. However, the absence of the S 2p peak could be due to (i) minimal 

amount of thiourea to urea (0.3g:12g) during bulk synthesis hence absence of S 2p (ii) 

volatilisation of sublimed sulfur during the polycondensation method of GCN. Similar 

observation was reported by Zhang et al120 where sulfur mediated synthesis did not result in 

elemental doping of sulfur in the GCN framework seen by the S 2p XPS spectra.  This 

phenomenon is consistent with other sulfur-mediated approaches as reported by Hong et al386 

and Cui et al.140 The presence of Si 2p was from the Si wafer on which the GCN was sprayed 

on.  There was also the presence of O1s which showed higher intensity than GCN. This could 

be the contribution of SiO2 from the Si wafer on which the thin film GCN was sprayed on. 

Also, the O1s peak could be due to atmospheric exposure and H2O. Washing with ethanol as 

described in the synthesis process in section 2.2.3 Synthesis of graphitic carbon nitride (g-C3N4).  

Chapter 2 could likely result in the presence of surface oxygen components on the surface of 

samples. Ti2C MXene showed the presence of Ti, C, O and F which is mostly seen for most 

Ti-based MXene. The nanocomposite heterostructure had a combination of both elemental 

composition from Ti2C MXene and GCN as shown in Figure 4.5. gCMX_01 showed less 

amount of Ti 2p due to thin layer of Ti2C MXene that was formed on the surface of GCN 

film. gCMX03 on the other hand, showed no amount of Ti 2p in its survey spectra due to the 

lower scans of the survey spectrum. However, core level spectrum presented in Figure 4.8(b) 

at a higher number of scans revealed the presence of Ti2p. This observation could be 

explained from the synthesis section of the thesis where the plasma jet tends to eject MXene 

on the surface of the electrode during prolonged plasma assisted time. This tends to expose 

more of the GCN on the surface. gCMX_05 and gCMX_10 showed the presence of Ti 2p and 

F1s which signify that Ti2C MXene has been deposited on the GCN thin film. However, an 

increase in C1s and N1s was seen for gCMX10 as compared to gCMX05 which signifies that 
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more GCN was exposed on the surface of gCMX_10 than gCMX_05. This observation was 

also because of the much longer atmospheric pressure plasma assisted spray method for 

10mins aided by a x-y motorised stage which makes the plasma jet wear off the MXene on 

the surface hence exposing more of the GCN substrate at higher oxygen plasma 

functionalisation. It is worth noting that the size of the GCN film was 1.5cm x 1.5cm, hence, 

to curb the issue of the plasma jet wearing of the MXene on the surface of GCN film, a much 

wider area of GCN thin film will need to be optimised. Unfortunately, due to time constraint, 

investigations could not be completed hence this is purely speculative.  

 

 

Figure 4.5 Survey spectra of Ti2C MXene, GCN, gCMX_01 gCMX_03, gCMX_05 and 

gCMX_10 

 

4.2.3.2 C1s deconvolution of Ti2C MXene, GCN and Ti2C/GCN heterostructure 

High resolution C1s spectra of pristine Ti2C MXene in Figure 4.6(a) showed four different 

peaks at 284.8 e V(C-C), 286.7 e V(C-O), 288.8 e V(C=O) with the presence of C-Ti bond at 

281.6 eV being the main characteristic peak of Ti2C MXene as discussed in Chapter 3.262 

Also, GCN in Figure 4.6(b) showed two peaks at 284.7 eV and 288.0 eV which could be 

assigned to graphitic C-C and sp2 C atoms bonded to N in an aromatic ring, N=C-N2 

respectively shown in Figure 4.6 (refer to structure of GCN in Figure 1.8).387 The carbon in 

the N=C-N2 is considered the major carbon species of GCN nanosheet. 

The heterostructure of Ti2C MXene and GCN were further analysed. gCMX_01 in Figure 

4.6(c) showed a 0.4 eV shift in C-Ti bond (distinctive of Ti2C MXene) to a higher binding 
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energy compared to that of pristine Ti2C MXene. This shift could be attributed to the change 

in chemical environment owing to tight interaction between Ti2C and GCN and further 

indicates the interaction of the electrons between Ti2C and g-C3N4. An increase in FWHM 

(2.1 eV) was also seen for C-Ti peak of gCMX_01 which could be assigned to bonding of 

Ti2C MXene and GCN. Decrease in the intensity of the peak of the N=C-N2 bond at 288.0 eV 

was observed relating to formation of bonds with Ti2C MXene. At 1 min of plasma 

functionalisation on GCN, there is less amount of Ti2C MXene however this was enough to 

act as a promoter for the GCN.  gCMX03 in Figure 4.6(d) showed the absence of C-Ti bond, 

as explained in section 4.2.3 in the survey analysis, the plasma deposition and 

functionalisation method physically etch the surface of Ti2C MXene at a longer plasma 

deposition time. In using the motorised x-y stage, the longer the plasma deposition time, the 

slower the speed of the motor hence etch MXene on the surface. However, other oxidative 

states at 286.5 eV and 281.9 eV proves the oxygen plasma functionalisation was present. 

gCMX_05 and gCMX_10 in Figure 4.6(e & f) showed a decline in the C-Ti bond to the 

converting of the Ti-C bond with Ti-O bond. There was also a decline in N=C-N2 for both 

gCMX_05 and gCMX_10 which could be due to the covering of the GCN with the Ti2C 

MXene. Table 4.2 summarises the respective C1s species, binding energies( eV) and full 

width at half maximum intensity (FWHM) for all synthesised samples 
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Figure 4.6 X-ray photoelectron spectra of C1s for (a)Ti2C MXene (b)GCN (c) gCMX_01 (d) 

gCMX_03 (b) (e) gCMX_05 (b) gCMX_10 

 

Table 4.2 Table showing respective C1s species, binding energies, FWHM of Ti2C MXene, 

GCN, gCMX_01, gCMX_03, gCMX_05 and gCMX_10 

Sample Region Component Binding energy ± 0.2 eV FWM ± 0.2 eV 

Ti2C MXene C1s C-Ti 281.8 1.1 

  C-C 284.8 1.7 

  C-O 286.7 1.5 

  C=O 288.8 1.8 

GCN C1s C-C 284.7 3.8 

  N=C-N2 288.0 3.0 

gCMX_01 C1s C-Ti 282.1 3.2 
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  C-C 284.8 3.0 

  C-O 286.5 3.3 

  N=C-N2 289.4 2.5 

gCMX_03 C1s C-C 284.8 3.2 

  C-O 286.5 3.3 

  N=C-N2 289.3 3.3 

  C=O 291.8 2.9 

gCMX_05 C1s C-Ti 282.0 1.8 

  C-C 284.7 2.6 

  C-O 286.1 2.5 

  N=C-N2 288.0 2.7 

  C=O 290.0 2.7 

gCMX_10 C1s C-Ti 281.7 2.3 

  C-C 284.8 2.8 

  C-O 286.3 3.0 

  N=C-N2 288.8 2.9 

  C=O 290.5 2.1 

 

4.2.3.3 N1s deconvolution of Ti2C MXene, GCN and Ti2C/GCN heterostructure 

The high resolution N1s XPS peak of Ti2C, GCN and in-situ ternary TiO2/Ti2C/GCN 

heterostructure is presented in Figure 4.7. Pristine GCN showed two distinct peaks at 396.4 

eV and 397.9 eV is ascribed to C-N=C (triazine units) and N-(C)3 respectively in Figure 

4.7(a).  gCMX01 was fitted into three peaks at 396.0, 397, 399.4 eV which are associated 

with N species in C-N=C (triazine units), N-(C)3 with an extra peak relating to a much 

stronger N-H. gCMX_03, gCMX05 and gCMX10 in Figure 4.7(b – e) showed all N species 

shifting to higher binding energy levels as shown in Table 4.3. These shifts to higher binding 

energy could be attributed to (i) the strong interface intimacy between Ti2C and GCN and (ii) 

lattice strain induced during the formation of Ti2C and GCN as reported by TEM in Figure 

4.4. The changes in the N environment during heterostructure formation further justifies the 

strong interaction between Ti2C and GCN interface as also seen in the C environment. Table 

4.3 summarises the respective N1s species , binding energies (eV) and full width at half 

maximum intensity (FWHM) for all synthesised samples. 
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Figure 4.7 X-ray photoloelectron spectra of N1s for (a)Ti2C MXene (b)GCN (c) gCMX_01 

(d) gCMX_03 (b) (e) gCMX_05 (b) gCMX_10 
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Table 4.3 Table showing the deconvoluted respective N1s species , binding energies, FWHM 

of Ti2C MXene, GCN, gCMX_01, gCMX_03, gCMX_05 and gCMX_10 

Sample Region Component Binding 

energy ± 0.2 e 

V 

FWM ± 

0.2 e V 

GCN N1s C-N=C 396.4 2.8 

  N-(C)3 397.9 2.6 

gCMX_01 N1s C-N=C 396.0 2.9 

  N-(C)3 397.8 2.7 

  N-H 399.4 2.6 

gCMX_03 N1s C-N=C 399.0 2.9 

  N-(C)3 400.0 2.7 

  N-H 402.6 2.8 

gCMX_05 N1s C-N=C 282.0 2.5 

  N-(C)3 284.7 2.3 

  N-H 286.1 2.0 

gCMX_10  C-N=C 281.7 2.3 

  N-(C)3 284.8 2.8 

  N-H 286.3 3.0 

 

4.2.3.3 Ti2p deconvolution of Ti2C MXene, GCN and Ti2C/GCN heterostructure 

The chemical environment of Ti2p in Ti2C MXene and Ti2C/GCN heterostructure was 

analysed. Figure 4.8(a) shows the deconvolution of Ti 2p core level structure of Ti2C MXene 

showing three pairs of spin-split orbit of each component, i.e., Ti-C 2p3/2(2p1/2) at 454.6 eV 

(460.6 eV) while that of Ti-F can be seen at 456.6 e V (461.9 eV) and Ti (IV)-O at 458.9 

(464.4 eV). Changes were seen in the Ti environment when the GCN and Ti2C 

heterostructure was formed. Much attention will be given to the Ti-C bond as it is the 

distinctive phases of Ti2C MXene which are prone to surface functionalisation. For 

gCMX_01, very low resolution of Ti2p peak was seen due to relatively less amount of Ti2C 

deposited further confirming how thin of layer Ti2C MXene was.   Ti2p peak of gCMX_05 

showed interesting observation in its chemical environments. It was shown in Figure 4.8(c) 

that the Ti-C bond showed a 1.5 eV shift to lower binding energy (453.9eV) compared to the 

Ti-C bond of Ti2C MXene (456.9 e V) which indicates the electron transfer from GCN to the 
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Ti2C MXene structure.372 Also for gCMX_05, there were two new peaks seen at a slightly 

higher binding energy that is; 2p3/2(2p1/2) 455.7 eV(461.2 eV). This could be assigned 

defective Ti-C states which could be caused by its bonding with GCN. Table 4.4 summarises 

the respective Ti 2p species , binding energies (eV) and full width at half maximum intensity 

(FWHM) for all synthesised samples. 

 

 

Figure 4.8 X-ray photoloelectron spectra of Ti2p for (a)Ti2C MXene (b)GCN (c) gCMX_01 

(d) gCMX_03 (b) (e) gCMX_05 (b) gCMX_10 
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Table 4.4 Table showing the deconvoluted respective Ti2p species , binding energies, FWHM 

of Ti2C MXene, GCN, gCMX_01, gCMX_03, gCMX_05 and gCMX_10 

Sample Region Component Binding energy 

± 0.2 e V 

FWM ± 0.2 e V 

Ti2C MXene Ti2p Ti-C 2p3/2 454.6 1.8 

  Ti-C 2p1/2 460.6 1.8 

  Ti-F 2p3/2 456.6 2.6 

  Ti-F 2p1/2 461.9 2.9 

  Ti (IV) - O 2p3/2 458.9 1.2 

  Ti (IV) - O 2p 1/2 464.4 2.0 

     

gCMX_03 Ti2p Ti-C 2p3/2 457.0 3.0 

  Ti-C 2p1/2 462.6 1.6 

  Ti (IV) - O 2p3/2 458.9 2.2 

  Ti (IV) - O 2p1/2 464.6 2.7 

  Ti -X 2p3/2 460.8 2.3 

  Ti – X 2p1/2 466.3 4.2 

     

gCMX_05 Ti2p Ti-C 2p3/2 453.9 1.4 

  Ti-C 2p1/2 459.5 2.2 

  Ti-C-X 2p3/2 455.7 2.2 

  Ti-C-X 2p1/2 461.2 1.7 

  Ti-F 2p3/2 457.6 1.9 

  Ti-F 2p1/2 463.2 2.8 

  Ti (IV) - O 2p3/2 459.7 2.7 

  Ti (IV) - O 2p 1/2 465.3 3.6 

     

gCMX_10 Ti2p Ti-C 2p3/2 454.7 3.2 

  Ti-C 2p1/2 460.7 1.4 

  Ti-F 2p3/2 457.4 2.3 

  Ti-F 2p1/2 463.2 4.0 

  Ti (IV) - O 2p3/2 459.1 2.1 

  Ti (IV) - O 2p 1/2 464.7 3.3 
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4.2.4 Photocatalytic pollutants degradation  

To measure the photocatalytic efficiencies of prepared in-situ TiO2/Ti2C/GCN 

nanocomposites structure, the photocatalytic degradation of methylene blue (MB) under 

visible light irradiation of all samples were investigated. For comparison, oxygen plasma 

functionalised Ti2C MXene (TiO2/Ti2C MXene) was also examined for photodegradation of 

methylene blue as well solar similar irradiation for 360 mins. The degradation rate and 

kinetic rates of MB varying with time was calculated and shown in Figure 4.9 (a & b). In the 

absence of light irradiation (i.e., dark conditions) in Figure 4.9(a), the concentration of MB 

showed a 4% decrease for GCN after 60 mins as compared to 1.2% decrease for in-situ 

TiO2/Ti2C/GCN heterostructure. The decrease in concentration for as synthesised catalysts is 

due to adsorption of the MB on these materials. The decrease in adsorption for in-situ 

TiO2/Ti2C/GCN is due to blockage of adsorption surface sites by the Ti2C MXene. After 60 

mins adsorption-desorption equilibrium, the photocatalytic degradation of MB was carried 

out under solar simulator. gCMX_01 showed the highest photocatalytic activity of 84.5% 

degradation of MB. Several reasons could be assigned to the improved photocatalytic activity 

of gCMX_01. This could be that 1 min of oxygen plasma functionalisation (gCMX_01) 

produced a thin layer of Ti2C MXene strongly coupled on the GCN substrate. This thin layer 

of MXene was confirmed by XRD in Figure 4.1 where there was absence of Ti2C MXene 

peak seen. However, XPS surface characterisation showed the presence of Ti2p in its survey 

spectra in Figure 4.5 indicating that this was indeed a thin layer hence detected by the XPS. 

Traces of Ti was also detected on the SEM—EDS in Table 4.1. The improvement in 

photocatalytic degradation of gCMX_01 could be due to formation of heterojunction of GCN 

and Ti2C MXene with several advantages: firstly, enhanced photo-absorption edge due to 

formation of the TiO2/Ti2C/GCN heterostructure. Secondly, the intimate interfaces of GCN 

and Ti2C MXene could shorten the electron immigration distance and facilitate photo-induced 

carriers transfer and separation.133  When oxygen plasma functionalisation time of Ti2C 

MXene on GCN is increased from 3mins to 5mins (i.e., gCMX_03, gCMX_05 and 

gCMX_10), there was a drastic deterioration of the photocatalytic activity, ascribing to the 

(1) the decrease in the active sites on GCN  covered by excessive Ti2C MXene (2) 

inaccessibility of light absorption due to dark Ti2C MXene covering the surface of the GCN.  

The kinetics of the degradation was fitted using model reactions as shown in Figure 4.9 

(c&d). It was observed that the degradation of MB follows the pseudo first model as 

mentioned in eq. (4.1) 

-ln (Ct /C0) = kt  (4.1) 
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where, k was the reaction rate constant for the degradation process, C0 was the concentration 

of MB when the adsorption-desorption equilibrium has been reached and C was the actual 

concentration of MB at the reaction time t. Figure 4.9 (c) presented the linear relationship 

between ln(Ct/C0) and the reaction time for MB for as synthesised materials, oxygen plasma 

functionalised Ti2C MXene for 1min on GCN heterostructure (gCMX_01) showed a higher 

photocatalytic degradation compared to pristine GCN (orange line), gCMX03, gCMX05, 

gCMX10. The summary of the reaction rate constant (k) and relative coefficient (R2) was 

summarised in Table 4.5. Reaction rate constant k was calculated from the slope of the linear 

relationship of the natural logarithm of the ration between the initial concentration of MB and 

actual concentration versus the corresponding reaction time. For GCN, gCMX_01, 

gCMX_03, gCMX_05 and gCMX10, the corresponding reaction rate constants (k) were 

calculated to be 0.0036 min -1, 0.0052 min -1, 0.0032 min -1, 0.0030 min -1 and 0.0010 min -1 

respectively. The highest reaction rate constant k was 0.0052 min -1 calculated for gCMX_01 

which was two times more than that of GCN. The increased in reaction rate could be due to 

greater absorption of light by the heterostructure formed between the Ti2C MXene and GCN. 

gCMX_01 had the optimum amount condition for heterostructure formation with abundant 

active sites of both Ti2C and GCN taking part in the photocatalytic process. 

Comparing in-situ TiO2/Ti2C/GCN heterostructure to in-situ TiO2/Ti2C MXene discussed in 

Chapter 3 as shown in Figure 4.9(e), there is a vast increment in the photocatalytic activity of 

all synthesised samples with 1min of oxygen plasma functionalisation of Ti2C MXene on 

GCN showing a higher and much improved catalyst. 
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Figure 4.9 Kinetic curve of methylene blue degradation of all catalyst under solar lamp 

irradiation (b) bar chart presenting the degradation rate (%) of methylene blue (c) rate 

constants for all catalysts under solar lamp irradiation (d) bar chart representing the rate 

constants for all synthesised catalyst (e) comparison of degradation rate between in-situ 

TiO2/Ti2C and in-situ TiO2/Ti2C/GCN heterostructures. 

Table 4.5 The summary of the reaction rate constant and relative coefficient (R2) 

Sample Degradation 

efficiency (%) 

Rate of reaction 

(min -1) 

R2 

GCN 73.2 0.0036 0.99 

gCMX_01 84.5 0.0052 0.98 

gCMX_03 68.6 0.0032 0.99 

gCMX_05 59.1 0.0030 0.98 

gCMX_10 41.8 0.0010 0.98 
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4.3 Conclusion  

In summary, a ternary in-situ TiO2/Ti2C/GCN heterostructure has been successfully prepared 

using a low power atmospheric pressure plasma system. Using Ti2C MXene as a cocatalyst 

aided in effectively increasing the photocatalytic performance of GCN for removal of an 

industrial dye, methylene blue. Under the condition of using the same size of GCN thin film 

(2 x 2 cm), the optimised photocatalyst with 1 min of oxygen plasma functionalisation of 

Ti2C MXene (gCMX_01) exhibited remarkable enhance photocatalytic performance because 

of remarkable mutual effect between both in-situ TiO2/Ti2C MXene and GCN which 

promotes the excellent charge carrier separation and increase active sites. The heterojunction 

formed between in-situ TiO2 and Ti2C MXene onto the semiconducting material GCN thin 

film showed remarkable properties of efficient solar lamp irradiation (a higher light 

absorption), abundant reaction sites which yielded an effective charge carrier separation 

thereby exhibiting 87% removal of methylene blue in 360 mins which is two times much 

higher than bare in-situ TiO2/Ti2C MXene in Chapter 3. When the oxygen plasma 

functionalisation time was increased beyond 1min, the photocatalytic performance decreased. 

This was due to hindrance of the light absorption because of excessive amount of Ti2C 

MXene blocking the active sites on the surface of GCN. This study presents opportunities for 

the development of MXene based photocatalyst for elimination harmful wastewater pollutant. 
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Chapter 5: Effect of atmospheric pressure plasma functionalized 

TiO2 immobilised on natural recycled cellulose fibres 

Environmental pollution has received enormous attention lately due to improvements in 

global environmental standards. Researchers are now searching for environmentally friendly 

and economical methods to degrade organic components from industrial and municipal 

effluents. TiO2 heterogeneous photocatalysis has been effectively exploited for complete 

mineralization of dyes, insecticides and volatile organic compounds due to its high 

photocatalytic activity, environmental friendliness and chemical inertness.  To effectively 

degrade organic compounds practically and commercially, the design and fabrication of 

titanium dioxide nanoparticles (TiO2 NPs) deposited onto naturally recycled fibres which can 

harvest a broad energy spectrum of UV to visible region is presented. A series of 

photocatalysts with varying plasma exposure times; 1min, 3mins, 5mins and 10mins were 

prepared using atmospheric pressure plasma assisted spraying method. The characterisation 

of the plasma functionalised TiO2/cellulose fibre bionanocomposite was carried out using 

techniques like XRD, Raman, FTIR, SEM, XPS, UV-VIS DRS. The cytotoxicity of 

nanocomposites was studied using human lung fibroblast (MRC-5) using WST-1 and BrdU 

assay. Results show that 5mins of plasma exposure (pC05) on cellulose fibres led to 

polymorphic change of naturally occurring cellulose I to cellulose III indicating alterations 

on the cellulose crystallinity index. Raman spectroscopy confirmed the increase in crystalline 

phase with the highest increase in the crystallinity index observed for pC05. FTIR showed 

that pC05 had an increase of strong carboxylic C=O bond at 1420cm-1 which is an indication 

of the crystallinity of cellulose arising from the oxygen plasma functionalisation. XPS showed 

the presence of Ti-O-C bond formed for TpC05 which aided in shortening the mean free 

charge path causing an increase in photocatalytic degradation.  These oxygen plasma 

functionalised TiO2/nanofibers were deployed for the degradation of industrial dyes, 

methylene blue (MB), indigo carmine (IC) from industrial wastewater (the treatment project 

carried out in Turkey). The improved photocatalytic activity can be ascribed to enhanced 

light absorption due to reduced bandgap and inhibited recombination of electron and holes, 

by facilitating their effective separation and enhancing photocatalytic performance of the 

nanocomposite. Furthermore, TiO2/cellulose bionanocomposite showed cytotoxicity effect 

mainly due to the presence of saponins and sapogenins. However, TiO2 immobilised on the 

cellulose did not show any cytotoxicity effect. These findings show that the process of oxygen 
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plasma functionalisation of TiO2 on cellulose fibres is a biocompatible and sustainable and 

nontoxic material for industrial photodegradation in textile systems. 

5.1 Introduction 

Water is one of the essential commodities for a sustainable planet and over 10% of the global 

population lack access to clean water. According to a joint report of the World Health 

Organization (WHO) and the United Nations Children’s Fund (UNICEF), hundreds of 

millions of people still do not have access to clean water for drinking and sanitation 

purposes388. Water pollution became a serious threat with the advent of the industrial 

revolution when factories, such as textile industries, began to release untreated waste directly 

into surface waters. The release of the non-biodegradable organic dye molecules is toxic to 

the environment and cause serious damage to human as well as aquatic life. 389 390 391 These 

pollutants are quite stable to light and oxidation, which makes them challenging to degrade. 

Advanced oxidation processes (AOP’s) promote the oxidation of organic pollutants by 

generating highly reactive free radical species.392 Among various AOP’s, heterogeneous 

semiconductor photocatalysis offers a potential approach for completely degrading organic 

pollutants using Uv-vis photons.393 

Among all materials investigated for photocatalysis, titanium dioxide (TiO2) is the most 

extensively studied and demanded due to its earth abundance, low cost, excellent physical 

and chemical properties, and nontoxic/noncorrosive nature.394 395 Despite these advantages , 

TiO2 suffers from several drawbacks that impact its photocatalytic performance, such as a 

large band gap (3.2eV), the high recombination rate of charge carriers (electrons and holes), 

and low absorption of visible light.396  Due to the large band gap, TiO2 can absorb light 

photons in the near ultraviolet (UV) range (< 400 nm), which is only a small portion of solar 

energy (~5%) and requires high-cost artificial UV light sources for its activation. 397 398 

Researchers are trying to find new approaches to combat these limitationsto be able to 

enhance the photocatalytic activity of TiO2. Several physical and chemical methods have 

been adapted to tune the bandgap of TiO2 and facilitate higher spectral response to visible 

light. 399 400 401 402 However, these physical methods such as chemical vapour deposition 

(CVD) require the use of toxic, corrosive and flammable and/or explosive precursor gases. 403 

404 405 406. Likewise, the chemical methods such as metal/nonmetal doping strategies involve 

reagents that produce toxic waste.407 408 Dopants in TiO2 lattice also have detrimental effects 

such as introducing charge carrier trapping and recombination sites that can negatively affect 

the photocatalytic activity.177 Recently, bandgap engineering of TiO2 lattice through plasma 
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treatment has gained popularity for effectively improving the light harvesting properties of 

TiO2.
409 Plasma treatment ranges over different methods based on the operating pressure (low 

and atmospheric), thermodynamics (thermal and non-thermal), temperature (low and high), 

source of plasma (microwave discharge, DC discharge, dielectric barrier discharge, corona 

discharge, AC arc discharge, electron beam, plasma torch, glow discharge and hollow cathode 

discharge). 410 411 412 413 414 415 416 417 418 419 420 421 422 Among these, non-thermal and 

atmospheric pressure plasma have gained interest in both scientific and commercial aspects 

for surface modification. This is due to the ability to tune the chemical as well as physical 

properties due to the interaction with highly active ionised species at room temperature.172 173 

Hence, plasma treatment of the TiO2 will provide the following advantages: 

(i) the oxygen vacancies generated during plasma treatment are useful for trapping 

photogenerated electrons and thus inhibit recombination thereby facilitates the effective 

separation and transfer of charge carriers.174  

(ii) the ability to tune the wettability hence surface energy is increased during plasma 

treatment due to formation of hydroxyl groups on the surface. This has been proven in Teng 

et al. work where TiO2 was treated using atmospheric pressure plasma jet (APPJ) which 

yielded a four-fold enhancement in the photoelectrochemical performance.177  

TiO2, in powdered form, has been widely used in industrial photocatalytic wastewater 

treatment applications. However additional filtration and centrifugation stages are needed to 

separate the TiO2 powder during the wastewater treatment process, resulting in extra cost and 

longer operation time. According to a recent report by the European Commission Regulation 

2019/1857, the maximum concentration of TiO2 in loose powder form allowed for use as a 

nanomaterial for consumer safety is 25%.146 Hence, immobilization of TiO2 catalyst on 

substrates is an effective way to improve catalyst reuse/recovery and avoid secondary 

pollution  by reducing the leaching of catalyst in water.  Several substrates such as stainless 

steel148, polymeric materials, and glass slides149 have proven popular for immobilization. 

Recently, Hakki et al423 used dip-coating method to immobilize TiO2 particles on glass 

substrates. The effect of calcination temperature on the photocatalytic degradation was 

investigated for batch degradation of methylene blue. They found out that the highest 

photocatalytic activity of about 90% methylene blue degradation was seen for TiO2 films 

calcined at a temperature of 500°C after 400min of UV irradidation. However, the impact of 

the substrate was not discussed. Likewise, Wang et al424 also reported that the immobilisation 

of C and N doped TiO2 on polymeric nanofibres coated on stainless steel mesh (2cm x 2cm) 

via a calcination process. The resultant TiO2 nanofibres coated stainless steel mesh showed 

https://www.legislation.gov.uk/eur/2019/1857/2019-11-06
https://www.legislation.gov.uk/eur/2019/1857/2019-11-06
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90% degradation of 15mgL-1 methylene blue dye (50ml volume) under UV light. The 

photocatalytic performance was as a result of C/N co-doping and the hollow polymeric 

nanofibrous structure. Hence, the stainless-steel mesh substrate did not take part in improving 

the photocatalytic performance. As discussed, the aforementioned substrates do not contribute 

to the adsorption-photocatalytic processes; hence, will require additional steps to improve the 

catalyst's efficiency. In environmental applications, cellulose fibres have been shown to 

promote adsorption of organic pollutants via electrostatic interactions, hydrogen bonding and 

π-π stacking.425 426  Previous works demonstrate that such cellulose fibres may be an 

appropriate substrate for nanomaterial synthesis and stabilization.427 These cellulose fibres 

provide a high surface area 428 429, strong adhesion between catalyst and support 161 430 431 and 

strong adsorption affinity towards pollutants.432 433 Hence, immobilising photocatalytically 

active nanomaterials (such as TiO2) with natural cellulose fibres is a green approach for 

degradation of organic wastewater contaminants. To improve the interfacial adhesion of 

cellulose and the photocatalyst, chemical modification of the cellulose was required. 

Cellulose was crosslinked with polycarboxylic acids i.e., succinic acid in the presence of 

sodium hypophosphite to introduce -COOH groups on the surface of the cellulose which 

forms a strong hydrogen bond with TiO2 ( synthesis procedure is shown in 2.2.5.1 Plasma 

deposition of TiO2 on cellulose fibres in chapter 2).  

In this chapter, atmospheric pressure plasma was used to deposit and anchor TiO2 

nanoparticles onto naturally recycled cellulose fibres creating TiO2/cellulose 

bionanocomposite. The cellulose material used for the TiO2/cellulose bionanocomposite was 

crosslinked with polycarboxylic acids, that is succinic acid, to introduce COO- groups to aid 

in adhesion of TiO2 onto the cellulose materials. To further understand the surface and 

interface properties of the synthesised bionanocomposite and the effect of ionised TiO2 on 

the cellulose fibres, different time dependent plasma studies were carried out. 

Five (5) sets of samples were studied for each time dependent study for consistency in 

understanding the effect of in situ plasma printing process: 

(1) aerosolised TiO2 suspension was carried through He/O2 plasma, reacts with plasma, and is 

printed on treated cellulose fibres using the plasma jet for 1min, 3mins, 5mins and 10mins. 

These samples were named TiO2, cellulose, TpC01, TpC03, TpC05, TpC10 nanocomposites 

and; 

(2) to understand the effect of plasma treatment alone on the fibres (without in-situ TiO2 

spray), He/O2 plasma was printed on the surface of 6 cm × 3 cm fibres at different plasma 

exposure times of 1min, 3mins, 5mins and 10mins. These samples were named; pC01, pC03, 
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pC05, pC10 nanocomposites. The synthesised TiO2/cellulose bionanocomposite were then 

tested for the photocatalytic degradation of methylene blue (MB), indigo carmine (IC) and 

industrial wastewater dyes. The cytotoxicity and biocompatibility of the synthesised 

TiO2/cellulose bionanocomposite was also evaluated on human lung fibroblasts (MRC-5) 

using the WST-1 and BrdU assay.  

5.2 Results and Discussion 

5.2.1 X-Ray Diffraction 

5.2.1.1 Structure of cellulose 

To explain the structural properties of TiO2/cellulose nanocomposite formed, it is essential to 

understand the structure of the pristine cellulose (before and after treatment - crosslinking) 

and after plasma treatment (oxygen plasma functionalisation). Cellulose is composed of 

series of D-glucopyranose units linked by β-1-4-glycosidic bonds as shown in Figure 5.1.434 

435 Cellulose is made up of four crystalline allomorphs which are characterised by X-Ray 

diffraction data as cellulose I, II, III and IV.436 437 438 Cellulose I which is the metastable form, 

exist primarily in nature and composed of cellulose of cellulose Iα and cellulose Iβ based on 

their specific compositional ratios with Iβ mostly predominant. Cellulose I mostly undergo a 

transition to form a stable crystalline form called cellulose II from two distinct processes: 

regeneration and mercerisation.439 Regeneration involves dissolution of cellulose in an 

appropriate solvent 440 441 442 and mercerisation process occurs due to the intracrystalline 

swelling of cellulose in the presence of concentrated aqueous NaOH or oxidation followed by 

washing and recrystallisation.443 444 445 Cellulose III on the other hand can be formed from 

cellulose I and II. Cellulose is a semi-crystalline material built up of several 

bundles/aggregates of superfine fibrils with each fibril containing a repeating large ordered 

(crystalline) domain and small disordered (amorphous) domains. The ratio of the crystalline 

and amorphous region of the cellulose can be calculated as the crystallinity index (CI) which 

determines the crystallinity of the cellulose material before and after any further processing 

or plasma treatment. The reported degree of crystallinity for wood-based and plant-based 

cellulose usually ranges from 40 to 60%.446 
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Figure 5.1 Simple structure of cellulose showing glucose units with presence of hydroxyl 

groups. 

 

5.2.1.2 Structural studies - plasma treatment on cellulose fibres 

The crystal structure variations of both (i) plasma treated cellulose and (ii) TiO2 

plasma activated sprayed onto cellulose were analysed by X-Ray Diffraction (see key results 

in Figure 5.1). In Figure 5.2(a) (red), the diffraction patterns of pristine cellulose show typical 

diffraction patterns of native cellulose at 2θ angle 15.2° and 22.3° corresponding to (101) and 

(002) crystal planes, respectively.447 All other diffractograms displayed the predominance of 

these planes, which are characteristic peaks of cellulose I. However, after 5 mins of plasma 

treatment on the cellulose fibres, an onset of new crystalline phases at 2θ angles 9.8°, 19.5°, 

23.0°, 24.7°, 26.1°, 29.3°, 38.5°, and 40.3° were observed. Peaks at 9.8° and 19.5° were 

assigned to (010) plane of cellulose III (110) phase of cellulose II and (002) planes of 

cellulose III respectively. The (200) peak of cellulose was split into (110) and (020) of 

cellulose II, while the peak at 29.3° was assigned to the cellulose Iα plane 448 449.  These new 

peaks verify the partial conversion of polymorphs from original cellulose I to cellulose II and 

cellulose III because of oxygen plasma functionalisation. We further went on to determine the 

time at which polymorphism of cellulose started taking place by running intermittent time 

between 4mins and 10mins as shown in  Figure 5.2(b). Figure 5.2(b) showed that the 

additional crystalline phases started appearing at 4 min of plasma treatment which suggests 

that the polymorphic changes were not instant but started off as a gradual process from 4 

mins to 5mins. Several cases of conversion of cellulose I to cellulose III have been reported 

mainly by the mercerisation process as earlier explained. However, other studies have 
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reported that the conversion of cellulose I to III could be achieved by heat treatment, under 

humid environment and recrystallisation.450 The polymorphic changes could be due to 

hydrolyses of cellulose in a rich oxygen plasma reactive environment.451 The amorphous 

region of cellulose could have reacted with the succinic acid and superoxide radicals and 

hydrolysed leading to the swelling of the  crystalline regions leading to rearrangement of the 

cellulose crystalline structure. 448  Such observation was reported by Calvimontes et al. who 

noticed that oxygen radicals produced from oxygen plasma treatment caused a partial 

decomposition of cellulose macromolecules, leading to the formation of end groups that can 

exist as pyranose ring.452 This proves that in the presence of super active oxidised radical and 

species from oxygen plasma, we can cause polymorphic changes which increases the 

crystallinity of the cellulose fibres which is an important factor in increasing the 

photocatalytic activity.  

5.2.1.3 In-situ plasma activated deposition of TiO2 on cellulose fibres 

 The XRD patterns of TiO2 plasma activated sprayed onto the cellulose fibres are also 

shown in Figure 5.2(c). The diffraction patterns of pristine cellulose show typical diffraction 

patterns of native cellulose at 15.2° and 22.3°. Peaks at 2θ values of 15.2° and 22.3° 

correspond to (101) and (002) crystal planes, respectively. After 5 mins of oxygen plasma 

functionalisation of TiO2, peaks at 2θ values of 25.0°, 37.9°, 48.1° were indexed to (101), 

(004), (200) crystal planes of anatase TiO2, respectively. This confirms successful deposition 

of TiO2 onto cellulose fibres. The most intense peak was at 2θ = 25°, which indicates that the 

(101) crystallographic plane of anatase TiO2 was dominant. The new peaks shown in pC05 

were however absent from TpC05 samples. The absence of peaks in TpC05 could be because 

the energised oxygen particles were not enough to cause the formation of new planes in the 

fibres as they were also responsible for in-situ TiO2 activation.  

 To further investigate if in-situ plasma treatment caused any structural changes on the 

TiO2, the average crystallite size along TiO2 (101) orientation was calculated and listed in  

Table 5.1. This was calculated using the Scherrer’s equation (5.1): 

𝑑 =  
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
   (5.1) 

 Where, d is the average mean diameter of TiO2 NP’s, λ is the wavelength, and β is the 

angular full width at half maximum of the peak. The average crystallite size of TiO2 was 

found to be 13.5 nm. After exposure of TiO2 to He/O2 plasma for 3 mins (TpC03), the 

crystallite size decreased considerably to 12.2 nm. However, after exposure to He/O2 for 

5mins to 10 mins, there was an increase from 12.2 nm to 14.2 nm, respectively. Pristine TiO2 
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and TpC05 also showed approximately similar crystallite size, which conformed to the 

optimum crystallite size used for various photocatalytic reactions between 7-13 nm453 As the 

plasma printed particle sizes were similar to that of P25, we expect the active surface area of 

the catalyst was also comparable.   

An increase in full width at half maxima (FWHM) of TiO2 anatase was seen for TpC03, 

TpC05 and TpC10 as compared to pristine TiO2. Larger FWHM of the TiO2 anatase 

diffraction peaks suggests the formation of small crystals in these hybrid membranes. As 

discussed, the crystallite size, calculated based on the broadening of (101) TiO2 reflection (2θ 

= 25.5°, FWHM =0.55), increased from 13.2 nm to 14.2 nm. The variation in crystallite size 

could be as result of Ostwald ripening in which individual atoms detach from small clusters 

and diffuse to become larger particle as a result of oxygen plasma treatment.454 455 This is 

evidenced from the slight increase in particle size from SEM results in Figure 5.5.    

5.2.1.4 Crystallinity analysis (CI) from XRD 

 The crystallinity index (CI) is an important factor that is used to measure the relative 

amount of crystallinity of cellulosic materials.456 457 CI has been measured from various 

techniques including solid state 13C NMR, Raman spectroscopy with X-Ray diffraction being 

the most widely used and accurate.458 Mostly the CI calculated from XRD is compared with 

that of the Raman spectroscopy. Segal et al in his work proposed the crystallinity index based 

on the X-Ray diffraction which comprises of crystalline and non-crystalline components of 

cellulose.459  The relative degree of crystallinity (%) was calculated using the equation (5.2) 

460; 

 

𝐼 =
𝐼(200)− 𝐼𝑎𝑚

𝐼(200)
 𝑥 100%  (5.2) 

 

where, I200 is the peak intensity corresponding the maximum diffraction peak (200) measured 

as the height of the crystalline region at 2θ = 22.3°, Iam is the minimum diffraction intensity 

between (110) and (200) lattice diffraction. 

The CI method would give further clarification to how the crystallinity of the cellulose 

material is affected as the polymorphic changes occur in cellulose after the oxygen plasma 

functionalisation. Pristine cellulose showed a CI of 64.0% which is within the range of degree 

of crystallinity for plant-based cellulose.446 This CI value further confirms that after treating 

the cellulose with crosslinkers (succinic acid), the structure of the cellulose was still 

maintained. pC01, pC03, pC05 and pC10 showed 41.2%, 48.7%, 65.3% and 58.8%, 
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respectively. These results show that exposure of the surface of cellulose decreased the 

crystallinity for pC01, pC03, pC10 with pC05 showing the highest crystallinity index. 

Recently Han et al. published a similar trend and reported the transformation of the 

amorphous regions of cellulose into crystalline phase using a nonthermal plasma processing 

technique via re-crystallization for food applications461. Gong et al. explained that the 

degradation of amorphous and disordered region of the cellulose increased the level of 

crystallinity 448. These studies confirm the hypothesis that inherent crystalline regions are 

created when cellulose fibres are treated with plasma; hence, TpC05 showed a high level of 

photodegradation. 

 

 

Figure 5.2 XRD pattern of plasma treated cellulose fibres (a) pC01, pC03, pC05 and pC10 

composites XRD pattern of plasma deposited TiO2 on cellulose fibres (b) XRD pattern of 

plasma treated cellulose fibres (a) pC01, pC03, pC04, pC05, pC06, pC07, pC08, and pC10  

and pC10 composites XRD pattern of plasma deposited TiO2 on cellulose fibres (c) TiO2 

NP’s, cellulose, TpC01, TpC03, TpC05 and TpC10 composites and (d) XRD pattern of TiO2 

NP’s, cellulose, TpC01, TpC03, TpC05 and TpC10 showing peak shift in (101) TiO2 anatase 

phase. 
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Table 5.1 Summary of change in FWHM and crystallite size of (101) TiO2 anatase phase 

deposited over cellulose fibers using APPJ techniques. 

Photocatalyst 2θ (TiO2) FWHM Crystallite size of TiO2 NP’s 

(nm) 

TiO2 25.50 0.55 13.50 

Cellulose -  - 

TpC01 -  - 

TpC03 25.10 3.55 12.20 

TpC05 25.01 3.43 13.20 

TpC10 25.10 3.29 14.20 

 

5.2.2 Raman Spectroscopy 

Raman spectra obtained for plasma treated cellulose (pC01, pC03, pC05 and pC10) and TiO2 

plasma activated treated cellulose (TpC01, TpC03, TpC05 and TpC10) are shown in Figure 

5.3. The spectra are dominated by bands at 380 cm-1, 1092 cm-1, 1120 cm-1. An estimation of 

the degree of crystallinity of cellulosic materials can be calculated using the 380-Raman as 

proposed by Agarwal et al.462 calculated using following equation (5.3): 

𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙ⅈ𝑛ⅈ𝑡𝑦 ⅈ𝑛𝑑𝑒𝑥, 𝑋 =  

𝐼380
𝐼1096

−0.0286

0.0065
   (5.3) 

  

Here, I380 and I1096 and are the intensity of peaks at 380 and 1096 cm-1 bands, respectively. 

Table 1 shows the degree of crystallinity after plasma treatment of cellulose and TiO2 plasma 

activated sprayed cellulose.  

The Raman spectra was acquired for plasma functionalised TiO2 deposited on cellulose 

fibres, which corresponds well with XRD data. Raman shifts observed at 145 cm-1(Eg), 395 

cm-1 (B1g), 514 cm-1(B1g) and 638 cm-1 (Eg) modes relate to tetragonal TiO2 anatase phase 463 

464. Active modes Eg (145cm-1 and 638cm-1) refer to O-Ti-O symmetric stretching vibrations, 

B1g (395cm-1) refer to O-Ti-O symmetric bending vibrations and B1g (515 cm-1) refer to anti-

symmetric bending vibration. The active anatase bonds corresponding to the most crystalline 

phases of anatase TiO2 were present after 3 mins of in-situ plasma functionalisation of TiO2 
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onto cellulose fibers (TpC03), which agrees well with XRD data. The absence of TiO2 in 

TpC01 composite was because plasma exposure deposition time was too short to show any 

TiO2 peaks, which also agrees well with the XRD data. A blue shift by 0.8 cm-1 of Eg (145 

cm-1) for TpC05 and TpC10 composite was observed in Figure 5.3. This shift in Eg could be 

attributed to two reasons: (i) phonon confinement and non-stoichiometry, i.e., oxygen 

deficiency 465, and/or (ii) XPS also confirmed the existence of Ti-O-C bonds, and these bonds 

suppress the TiO2 lattice, hence causing the shift 466.  

Table 5.2 and Table 5.3 shows the degree of crystallinity after plasma treatment of cellulose 

and plasma deposition of TiO2 on cellulose fibres, respectively. For both plasma treated 

cellulose fibres and plasma deposition of TiO2 on cellulose fibres, the degree of crystallinity 

tends to increase as compared to the pristine cellulose. The degree of crystallinity then 

reaches a plateau at TpC05 then shows a decline in value at TpC10. This could be because 

APPJ distorted the crystallisation region of pristine cellulose until 3 mins then 

recrystallisation started to occur which resulted in an increase in crystalline phases thereby 

increasing the CI as shown in Table 5.2.467 These studies validate results shown in XRD data 

above in Figure 5.2. 

 

Figure 5.3 Raman spectra of (a) cellulose, pC01, pC03, pC05 and pC10 composites and (b, c) 

cellulose, TpC01, TpC03, TpC05 and TpC10 composites. 

 

Table 5.2 Calculated ratio and estimated crystallinity of untreated and plasma treated 

cellulose fibres (pC01, pC03, pC05 and pC10 nanocomposite) samples using 380-Raman 

method. 
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Sample 𝐼380

𝐼1096
 

Degree crystallinity (%) 

Cellulose 0.29 41.7 

pC01 0.28 41.7 

pC03 0.64 48.7 

pC05 0.62 92.0 

pC10 0.56 80.0 

 

 

 

 

Table 5.3 Calculated ratio and estimated crystallinity of untreated and plasma functionalized 

TiO2 on cellulose samples (TpC01, TpC03,T pC05 and TpC10 nanocomposite)  using 380-

Raman method 

Sample 𝐼380

𝐼1096
 

Degree crystallinity (%) 

Cellulose 0.29 41.7 

TpC01 0.28 41.7 

TpC03 0.61 90.0 

TpC05 0.57 83.0 

TpC10 0.36 51.0 

 

5.2.3 Fourier-transform infrared (FTIR) spectroscopy 

The presence of various functional groups in pristine cellulose and all TiO2/cellulose 

bionanocomposites was confirmed by Fourier-transform infrared (FTIR) measurements 

(Figure 5.4). As expected, the pristine cellulose showed adsorption of inter- intra-molecular 

hydrogen bonding (O-H) stretching, C-H stretching modes (2750 to 2950 cm-1). The C=O 
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binding (1702 cm-1), asymmetric -CH2 wagging indicating the crystallinity of the cellulose 

material (1420 cm-1), C-OH in plane bending vibrations (1334 cm-1), anti-symmetric bridge 

C1-O-C4 stretching (1160 cm-1), vibrations of C-C (1060 cm-1) and C-O-C stretching of β-(1-

4) glycosidic linkage.   

In Figure 5.4(a), which shows plasma treated cellulose, the adsorption intensity of the 

hydroxyl group crest in the region from 3735 – 2985 cm-1 was significantly reduced in 

comparison to pristine cellulose. These observations show that many hydroxyl groups in the 

pristine cellulose were successfully substituted by the -COOH groups. For pC05, it was 

observed that peaks at 1702 cm-1 became intense and sharper. These transformations were 

due to the strong carboxylic C=O bond arising from oxygen incorporation. Note that the peak 

at 1420 cm-1, which indicates the crystallinity of cellulose, also increased for pC05 and pC10 

nanocomposites. These results validate XRD data, which showed similar increase in 

crystallinity. The peak at 813 cm-1 decreased as compared to pristine cellulose and further 

increased.467 As stated earlier, oxygen plasma contains a cocktail of oxygen radicals that can 

create double bonds 468. Oxidation reactions can cause an increase in the number of 

carboxylic or/and carboxylate groups.452 469 470 For plasma functionalized with TiO2 on 

cellulose fibres, as shown in Figure 5.4(b), a similar reduction in the signal of 3735-2985 cm-

1 relating to the hydroxyl (O-H) crest was shown. There was also a reduction in the C=O 

bond at the surface of the treated fibres at 1702 cm-1 due to TiO2 depositing successfully as a 

result of plasma deposition. 

 

 

Figure 5.4 . FTIR spectra of (a) pC01, pC03, pC05, pC10 (b) TiO2, cellulose, TpC01, TpC03, 

TpC05 and TpC10 nanocomposites 
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5.2.4 Surface morphology – Scanning Electron Microscopy 

The surface morphology of as-synthesized TpC01, TpC03, TpC05 and TpC10 were 

investigated by scanning electron microscope (SEM) measurements and corresponding 

micrographs in Figure 5.5. These images were representative of pure cellulose treated fibres 

and plasma functionalised with TiO2 on the surface of the cellulose fibres for 5 mins 

(TpC05). For comparison, commercial TiO2 used for plasma activated spraying has an 

average particle size distribution of 38 nm. Upon exposure to varying plasma exposure times, 

there was a considerable increase in particle size distribution as shown in Table 5.1. It is 

noted that the introduction of cellulose nanofibers tends to mitigate the agglomeration of TiO2 

nanoparticles, which improves the dispersion and even distribution of TiO2 nanoparticles on 

the surface of the fibres. This distribution improvement is shown in Figure 5.5 (e). The TiO2 

nanoparticles tend to be strongly attached onto the surface of the fibres after ultrasonicating 

for 5 mins to remove adsorbed TiO2. Table 5.4 show EDS analysis of pure cellulose fibres 

and plasma activated sprayed TiO2 on treated cellulose at different plasma exposure times. 

This figure shows that an increase in plasma exposure time led to an increase in TiO2 

nanoparticles on the surface This was because plasma exposure and TiO2 spraying was done 

concurrently; hence, the longer the spraying exposure time, the more TiO2 was deposited on 

the fibres. TpC05 showed an increase in the particle size to ~112.4 nm, which could be due to 

agglomeration, as shown in SEM image in Figure 5.5 (d & e). This agglomeration could be as 

a result of Ostwald ripening due to oxygen plasma treatment showing larger growth of TiO2 

nanoparticles similarly observed above in Figure 5.2.455The increase in fibre diameter size 

was calculated as a function of plasma deposition of TiO2 nanoparticles using Image J 

software analysis, as shown inTable 5.5. Interestingly, TpC01 showed fibre diameter of 

145mm along the horizontal direction. With increased spraying time, there was a substantial 

increase in fibre diameter, i.e., TpC03 (154 mm), TpC05 (197mm) and TpC10 (206mm). This 

increase in fibre diameter evolution could be attributed to the impregnation of TiO2 NPs. 
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Figure 5.5 (a) SEM images of pristine cellulose (20µm) (b) magnified SEM image of pristine 

cellulose (1µm) (c) EDAX of pristine cellulose showing the atomic weight percentages (%) 

and the presence of C,O (d) SEM images of plasma functionalised TiO2 on cellulose fibres 

(TpC05) (e) magnified SEM image of TpC05 (f) EDAX of TpC05 showing the atomic 

weight percentages (%) and the presence of Ti, C, O and (g - i) elemental mapping of the 

TpC05 nanocomposite 
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Table 5.4 SEM-EDS  showing C, O and Ti at different plasma functionalisation time 

Photocatalyst 

 

C O Ti 

Cellulose 

 

56.71 ± 1.15 

 

36.08 ± 2.51 - 

 

TpC01 61.08 ± 10.16 

 

37.72 ± 8.13 2.81± 0.15 

 

TpC03 

 

65.93 ± 3.93 

 

31.09 ± 3.98 

 

2.95 ± 0.40 

 

TpC05 

 

55.04 ± 8.30 

 

35.54 ± 1.61 

 

8.59 ± 1.78 

 

TpC10 

 

41.28 ± 16.61 

 

37.47± 6.58 

 

20.37 ± 8.44 

 

 

Table 5.5 Table of diameter of fibre obtained from SEM Image J 

Sample 

 

Diameter of fibre (mm) 

Cellulose 

 

202 

TpC01 

 

145 

TpC03 

 

154 

TpC05 

 

197 

TpC10 

 

206 

 

5.2.5 Surface analysis – X-Ray Photoelectron Spectroscopy 

To better understand the surface and electronic compositions of the composites, X-Ray 

Photoelectron spectroscopy (XPS) data for TiO2, TpC05 and cellulose were compared and 

analysed. The survey spectrum of TiO2, cellulose and TpC05 show the presence of C, O and 

Ti in Figure 5.6(a) which coincides clearly with the results from SEM- EDS mapping in Table 

5.4. The O/C ratio was calculated from the survey spectra to show the level of oxidation after 

oxygen plasma functionalisation as shown in Table 5.6. An increase in the O/C ratio after 
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plasma functionalisation was observed, showing an increase in surface oxidation caused by 

oxygen reactive species. This increased oxidation could be attributed to the introduction of 

oxygen polar functional groups on the surface of cellulose fibres.  

The spectra for Ti 2p for commercial TiO2 powder in Figure 5.6(b) used for plasma activated 

deposition was fitted into two main peaks at 459.1± 0.2 eV and 464.8 ± 0.2 eV, which is 

attributed to Ti4+ 2p3/2 and Ti4+ 2p1/2 respectively471. On the other hand, plasma functionalized 

TiO2 on cellulose fibres (TpC05) bionanocomposite in Figure 5.6(c) deconvoluted into 6 

distinct peaks. Two obvious characteristic peaks can be observed at around 458.6 ± 0.2 eV 

and 464.9 ± 0.2 eV, which are assigned to Ti4+ 2p3/2 and Ti4+ 2p1/2 in TiO2 lattice. There were 

two other new characteristic peaks at around 459.9 ± 0.2eV and 463.9 ± 0.2eV, which are 

attributed to Ti3+ 2p3/2 and Ti3+ 2p1/2 in the TiO2 lattice and indicate the formation of Ti (III) 

oxide from Ti (IV) oxide derived from oxygen vacancies 401 472. The presence of Ti3+ 

confirms the presence of oxygen vacancies in the TiO2 structure proving the ability of in-situ 

oxygen plasma functionlisation410.  Another two new distinct peaks were seen at a much 

lower binding energies, 456.6± 0.2eV and 461.8 ± 0.2 eV, which is assigned to the formation 

of Ti-O-C bond proving the strong chemical bond formed between TiO2 and cellulose 

therefore confirming the strong anchoring of TiO2 to cellulose fibres support. 473 474 The 

formation of the Ti-O-C chemically bonded interface in TpC05 can shorten the mean free 

charge transfer path and make a direct charge transform from interface to surface. 475 476 The 

Ti-O-C bond makes the TiO2 lattice more compressed 466.  

The deconvoluted high spectrum C1s spectra showed 3 main chemical environments 

for pristine cellulose in Figure 5.6(d) which includes: (i) a peak at 285.2 ± 0.2 eV, 

corresponding to C-C bonds; (ii) a second peak at 286.8± 0.2 eV, corresponding to C-O bond; 

and (iii) a third peak at 288.8 ± 0.2 eV, corresponding to C=O bond.477 TpC05 in Figure 

5.6(e), on the other hand, showed 6 C1s distinctive peaks at 282.6 ± 0.2 eV corresponding to 

C-O-Ti, 284.8± 0.2eV (C-C), 286.3± 0.2eV (C-O), 288.0 ± 0.2 eV (C=O), 289.4 ± 0.2eV (O-

C=O) and 291.2 ± 0.2eV (π - π*).478–480 The formation of C-O-Ti from the C1s contribution 

proves the strong chemical bond between TiO2 and cellulose as seen in the Ti 2p contribution 

in Figure 5.6(c)above. 

Deconvolution of O1s spectrum is shown in Figure 5.6(f-h). The O1s spectrum of cellulose in 

Figure 5.6(f) shows peaks at 53.1eV, 532.3 eV and 533.4 eV, which are O-H, O-C and 

adsorbed water, respectively. Pristine TiO2 in Figure 5.6(g) also showed 3 distinct peaks, 

which were assigned to Ti -O (530.4 ± 0.2eV), -O=C (532.3 ± 0.2eV) and O- C (533.4 ± 



142 
 

0.2eV). On the other hand, TpC05 in Figure 5.6(h) showed additional peaks with binding 

energies at 529.8 ± 0.2eV, 531.2 ± 0.2eV, 532.7 ± 0.2eV, 533.6 ± 0.2eV, corresponding to Ti-

O bond of typical lattice oxygen (Ti4+ - O), surface hydroxyl (OH) and TiO2-x (O atoms in the 

vicinity of O vacancy), adsorbed water, O-C-O and chemisorbed water and/or oxygen, 

respectively. The formation of TiO2-x (O atoms in the vicinity of O vacancy) at 532.7 ± 0.2eV 

confirms the formation of defects associated with electronic charge transfer from the oxygen 

(anion) to titanium (cation), thereby increasing the binding energy of oxygen. The formation 

of defective Ti showed that effect of oxygen plasma functionalisation could have on both 

TiO2 and cellulose simultaneously. Oxygen plasma could knock out oxygen within the lattice 

of Ti to leave a defective titanium. These defectives states could however affect the electronic 

and optical properties of as synthesised bionanocomposites. 

 

Table 5.6 XPS elemental analysis obtained from survey spectrum showing the elemental 

concentration in atomic weight percentages (at%) and the ratio of O/C which validates 

surface oxidation. 

 

Sample O(at%) C (at%) Ti (at%) O/C ratio 

Cellulose 22.2 77.7 - 0.2 

TpC01 23.3 76.3 - 0.3 

TpC03 27.8 69.7 2.4 0.4 

TpC05 49.9 42.6 7.4 1.2 

TpC10 22.9 77.0 - 0.2 
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Figure 5.6 XPS spectra of (a) elemental survey for TiO2, cellulose and TpC05 

nanocomposite, (b) core level spectra of Ti 2p of TiO2 (c) core level spectra of Ti 2p of 

TpC05 nanocomposite, (d) core level spectra of C1s of cellulose, (e) core level spectra of C1s 

of TpC05 nanocomposite, (f) core level spectra of O1s of cellulose, (g) core level spectra of 

O 1s of TiO2 and (h) core level spectra of TpC05 nanocomposite. [N.B. refer to Attributions] 
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5.2.6 Optical study – (Ultraviolet visible Spectroscopy – Diffuse Reflectance Spectroscopy 

UV-VIS DRS)  

To further investigate the optical bandgap of prepared samples, UV-Vis diffuse reflectance 

spectroscopy (DRS) measurements were performed in the range of 200 – 1200 nm as shown 

in Figure 5.6 (a, b). From Figure 5.7(a), the reflectance spectra of TiO2 pristine powders 

showed light absorption between 200-400 nm, which has been reported for the commercial 

TiO2 used.481 However, after oxygen plasma functionalisation of TiO2 on cellulose fibres, the 

absorption edges shifted to longer wavelengths (200-650 nm), showing the TiO2/cellulose 

bionanocomposite were transparent in visible region. An increase in the absorption band 

edges infer a decrease in the bandgap energy of TiO2.
482  To further explore the bandgaps as 

evaluated from the absorption edges of the reflectance spectra, all samples were estimated via 

Tauc plot, following Kubelka and Munk and the equation (5.4)483 410:  

(αhν)2 = C’ (hν – Eg)   (5.4) 

Here, α is the absorption coefficient of the material, λ is the wavelength, h is Planck’s 

constant, C’ is the proportionality constant, ν is the frequency of light and Eg is the bandgap 

energy. Extrapolating the linear graph of (αhν)2 vs hν from equation (5.4), the x-axis intercept 

provides a good approximation of the bandgap energy, as shown in Figure 5.6(b). The 

bandgap energies of the materials are listed in Table 5.7. 

As shown in Figure 5.7(b) & Table 5.7, TiO2, TpC01, TpC03, TpC05 and TpC10 

nanocomposite were determined through the Tauc plot as 3.34, 3.10, 3.15, 3.05 and 3.10 eV, 

respectively. These results show that the introduction of oxygen plasma species reduced the 

bandgap values with TpC05 nanocomposite showing the least value of 3.06 eV. The 

formation of oxygen vacancies tends to create different ionic sates of Ti as seen from XPS 

data in Figure 5.6 which tends to lower the bandgap values and could significantly enhance 

the separation efficiency of photogenerated electron – hole (e- - h+) pairs and its ability to 

harvest visible light, and thereby improve photocatalytic degradation activity. The valence 

band (VB) and conduction band (CB) energies of photocatalytic materials are key factors in 

studying materials’ catalytic properties. Further to the above bandgap study, the band edges 

position and narrowing of the bandgap was further investigated using the XPS valence band 

spectra, as shown in Figure 5.7(c and d) using the following equation (5.5): 

EVBM = ECBM + Eg   (5.5) 

 Here, EVBM and ECBM are the valence band maximum and the conduction band 

maximum, respectively and Eg is the band gap of the nanocomposites. The XPS VB spectra 



145 
 

of TpC05 is 2.53 eV (versus normal hydrogen electrode, NHE, pH7) while the CB bottom is -

0.5 e V (versus NHE at pH7).  It is shown that the bandgap of TpC05 nanocomposite is 

smaller than that of TiO2 (bandgap of TiO2 = 3.37 eV and bandgap of TpC05 = 3.06 eV). It 

has been reported that significant changes in the lattice of TiO2 could occur in the range of 

the valence band maximum (EVBM) between bonding and nonbonding O2p states by 

bombardment of high energised particles.484 485 As plasma consists of highly energised 

particles, defects could be induced which will cause significant changes to the valence band 

edge's electronic charge distribution due to superposition of several local environments 

formed from the O2p and Ti3d states.486 The interaction of Ti3d and O2p orbitals indicate the 

presence of Ti3+ states. The presence of the Ti3+ leads to bandgap narrowing, while the 

vacancies suppress the recombination of electron-hole pairs. This improved photodegradation 

activity is expected due to lattice distortions, which induce the formation of Ti3+ and extend 

the light absorption of TpC05 nanocomposite.487 

 

 

 

Figure 5.7 (a)UV VIS DRS spectra of TiO2, TpC01, TpC03, TpC05 and TpC10 (b) Plot of the 

transformed Kubelka Munk function vs the energy of light for TiO2, TpC01, TpC03, TpC05 

and TpC10 (c)XPS valence band spectrum of TiO2, TpC01, TpC03, TpC05 and TpC10 (d) 
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schematic illustration of bandgap and band position for TiO2, TpC01, TpC03, TpC05 and 

TpC10 

Table 5.7 Table showing decreased bandgap with increased plasma functionalised exposure 

time 

Sample 

 

Bandgap (eV) 

TiO2 3.34 

TpC01 3.10 

TpC03 3.15 

TpC05 3.06 

TpC10 3.10 

 

5.2.7. Photocatalytic pollutants degradation  

Photocatalytic degradation performance of TiO2 plasma activated sprayed at different 

plasma exposure times (TpC01, TpC03, TpC05 and TpC10) was demonstrated by using 

cationic methylene blue (MB) and anionic indigo carmine (IC) and industrial dyes.  

Furthermore, the representative nanocomposite was used for the degradation of the industrial 

wastewater obtained from Konya in Turkey. The degradation reaction of MB, IC and real 

wastewater was monitored by observing the decrease in characteristic absorption peak of 664 

nm (500-800 nm) for MB, IC and real wastewater with respect to irradiation time. 

 

5.2.7.1 Cationic dye, Methylene Blue  

 MB is widely used as a model pollutant to demonstrate the photodegradation potential 

of various catalysts as its concentration can be monitored by UV-Vis spectroscopy.488 Prior to 

the photocatalytic degradation, adsorption-desorption equilibrium tests were performed to 

reveal the adsorption capacity of the cellulose, TpC01, TpC03, TpC05 and TpC10 

nanocomposites for MB (Figure 5.8a). The adsorption capacity of all samples increased 

rapidly within the first 90 mins of contact, followed by a relatively stable adsorption capacity 

up to 120 mins. These results suggest that after 120 mins, adsorption reached equilibrium. 

The fast adsorption process within the first 90 mins could be attributed to the presence of 

negatively charged hydroxyl (-OH) and carboxyl (-COOH) groups on the surface of the 

cellulose fibres that adsorbs the positively charge MB dye molecules. The order of MB 

adsorption is cellulose (25%), which further increased from 57% (TpC01), 66.7% (TpC03) 
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and 68.8% (TpC10) after 3 consecutive adsorption-desorption cycles. All irradiation was 

performed after 120 mins exclude any contribution of adsorption during photocatalysis.   

During photocatalytic degradation, the characteristics absorbance band of MB at 664 nm with 

time can be calculated by applying the following equation (5.6):  

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡ⅈ𝑜𝑛 𝑟𝑎𝑡𝑒 =  (1 −  
𝐴𝑡

𝐴0
)  𝑋 100 (5.6) 

Here, A0 is the absorbance of the pollutant corresponding to the initial concentration and At is 

the absorbance of the pollutant after light irradiation at time t. Upon UV light irradiation, the 

pristine cellulose material showed a photocatalytic degradation of 14.29%, which increased 

substantially to 57.78% as shown in Figure 5.8(b & c). The order of the photocatalytic 

degradation of MB is cellulose (14.29%) < TpC03(52.78%) < TpC10(53.33%) < 

TpC01(57.78%) < TpC05(71.27%). This ordering could be attributed to the presence of TiO2, 

which is a semiconductor activated by the UV light. The degradation rate enhanced and 

reached a maximum of 71.27% over the increased plasma functionalisation deposition time 

of 5mins. The reaction further decreased in activity to 53% for pMX10, the degradation rate 

could be related to the plasma exposure spraying time, which could increase the amount of 

TiO2 surface active sites for degradation. However, this argument is invalid here since we 

will expect TpC10 (i.e., 10 mins of plasma exposure time + spraying) should exhibit higher 

photocatalytic activity due to higher plasma spraying and exposure time. The reduction in the 

activity could be as a result of blocking of the active sites of the fibres due to an increased 

amount of TiO2 on the surface of the fibre therefore causing only the available TiO2 to 

degrade the dye molecules. Therefore, an increase in the amount of TiO2 on the fibres alone is 

not enough to imply an increase in photocatalytic activity. From photocatalytic degradation, 

TpC05 exhibited the highest photocatalytic activity among all prepared bionanocomposites, 

which could be further attributed to the following: (i) presence of Ti3+ states which broaden 

the light absorption region of TiO2 with the least bandgap,  recorded as 3.05eV as seen in the 

valence and DRS plots in Figure 5.7; (ii) the presence of interfacial covalent Ti-O-C bond in 

TpC05 nanocomposite shown from XPS results in Figure 5.6 could have served as a fast 

migration channel for interfacial photo-carriers diffusion; and (iii) inherent crystallinity 

generated as cellulose was treated with plasma, which provided a higher surface area for 

improved photocatalytic activity.489 However, most of these crystalline phases are not evident 

in TpC05 nanocomposite due to the complete coverage of the fibres by TiO2 NP’s. These 

factors have significant effects on the transfer of photogenerated carriers across Ti3+/TiO2 

junction, which eventually boosts the photocatalytic degradation process. 
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In order to understand the reaction kinetics of the photocatalytic degradation of MB over 

various photocatalyst under UV light irradiation, the experimental data were fitted using 

pseudo first order kinetic as given by the following equation (5.7)490:  

ln (Ct/C0) = kt      (5.7) 

Here, k is the reaction rate constant with time (min-1), C0 and Ct is the concentration of MB at 

times t = 0 and t = t, respectively. The degradation rate after 180 mins, pseudo-first-order rate 

constant (k) and liner regression coefficient (R2) for all catalysts under UV light irradiation 

are presented in Table 5.8 showing the linear relationship between ln(C/C0) and irradiation 

time. The rate of the photocatalysis can be compared by the rate constant, k values. Under the 

UV lamp irradiation, the k values were 0.0026, 0.0066, 0.0089, 0.1100 and 0.0081 min-1 for 

cellulose, TpC01, TpC03, TpC05 and TpC10 nanocomposites, respectively (Figure 5.8d). 

The rate constant of TpC05 nanocomposite was about two times higher than other 

photocatalysts. Hence, these results clearly show the remarkable photocatalytic enhancement 

due to the oxygen vacancies and Ti3+ formed. 

In addition to the photocatalytic efficiency, photocatalyst reusability is another key factor. 

The reusability of representative photocatalyst (TpC05), which showed the highest 

photocatalytic activity under solar simulator, was investigated by performing four 

consecutive degradation cycles. There was a gradual increase in the catalyst activity after the 

first cycle from 71% to 82%, then a further decrease in the catalyst activity to 63% then to 

40%. This decreasing trend could be attributed to the loss of the catalysts during recovery of 

the catalysts. Recovery was done by washing the catalysts with water then further dried it in 

the oven at 40°C for the next photocatalytic cycle. Also, the majority of the degradation 

efficiency decline is expected to have been because the dye adsorption saturated the catalyst 

surface. 
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Figure 5.8 (a) Adsorption rate of MB over the different samples under UV lamp (13.6% UV-

A & UV-B) (b) variation of concentration curves of MB in the presence of cellulose, TpC01, 

TpC03, TpC05 and TpC10 under spectrum of light (inset: image of fibres after adsorption -

desorption equilibrium and photodegradation) (c) photocatalytic efficiency of methylene blue 

(MB) (%) (d) plot of photocatalytic degradation kinetics under light illuminated condition (e) 

histogram of comparison of degradation rate (%) of MB (f) reusability performance of 

benchmarking photocatalyst sample TpC05 composite in MB dye (25mg L-1) after 3 cycles. 

Note that the light irradiation condition is UV lamp and catalysts loading 25 mg with 50 mL 

dye solution. 

 

 

 

 

 

 

 

 



150 
 

Table 5.8 The pseudo first order rate constant (k) and liner regression coefficient (R2) for all 

catalyst under UV light irradiation 

Photocatalyst Degradation rate (%) 

at 180mins 

Rate constant k (min -1) R2 

Cellulose 14.48 0.0026 0.75 

TpC01 49.72 0.0066 0.75 

TpC03 46.87 0.0089 0.99 

TpC05 63.36 0.011 1 

TpC10 50.00 0.0081 0.99 

 

 

5.2.7.2 Anionic dye, Indigo carmine (IC) 

The optimised photocatalyst, TpC05 was tested for photodegradation of an anionic 

imperative dye (IC) mostly used for manufacturing jeans, food and cosmetics. The adsorption 

and photocatalytic process was followed by the decrease in the UV-visible spectrophotometer 

at λmax = 610 nm under the same conditions as MB. The adsorption-desorption data showed 

there was negligible adsorption of IC, even after 360 mins in presence of TpC05 

nanocomposite (Figure 5.9a). This is because cellulose fibres build up negative charges when 

immersed in water resulting in an inverse effect on exhaustion of anionic dye.491 Upon light 

irradiation in Figure 5.9b, the intensity of the characteristic absorption peak of IC gradually 

decreased and disappeared after 90mins in the presence of TpC05 photocatalyst. A kinetic 

profile for the photocatalytic degradation was calculated with respect to time as shown in 

Figure 5.9c. Reaction of IC followed the first order kinetics, which proceeded faster with a 

rate of 0.0028 min-1 than MB (0.011min-1). The higher degradation efficiency experienced by 

IC was likely due to the presence of the hydrogen bonding in the IC structure. 492 The 

intramolecular hydrogen bond formation with the solvent molecule dislocates the molecular 

planarity, resulting in fast deactivation of IC as a result of breaking the main C-C bonds. One 

striking result showed that the fibre surface was clean after several uses (Figure 5.9b inset). 

Hence, the fibres did not need any cleaning between uses can immediately be used for the 

next cycle. This is because of the repulsive force between the negative dye fragment 
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molecules and oxygen atoms on the catalyst surface. Also, to understand the stability of 

TpC05 nanocomposite without losing its activity, three consecutive cycles without further 

addition of the sample were conducted (see Figure 5.9d). This figure shows that the 

photocatalytic efficiency decreased by 20% after the first cycle and was then constant for the 

next two cycles. This trend indicates high stability of the catalyst. As the catalyst efficiency 

remained constant after the 2nd and 3rd cycles, it may be economically applied many times for 

IC treatment. The activity of our best synthesised photocatalyst, TpC05, is compared with 

TiO2/cellulose fibres reported so far under UV light irradiation as shown in Figure 5.10. In 

several previous studies as shown in Table 5.9, most processes have adapted a two-step 

process, where electrospinning was used in cellulose fibres production, followed by 

nanoparticle immobilisation. The electrospinning-immobilisation process requires several key 

parameters such as high voltage, specific polymer concentration, solvent volatility, solution 

conductivity and polymer flow rate to induce significant defects. 493 In a study reported by 

Arantxa et al where plasma treatment was used to etch the surface of polyvinylalcohol to 

expose embedded TiO2 nanoparticles, the reaction rate was 0.0017 min-1. 494 Comparing to 

Arantxa’s work and other literatures reported in Table 5.9, our study proposes a one-step 

method in creating the TiO2/cellulose bionanocomposite with the optimised photocatalyst in 

this work TpC05 showed a much faster degradation kinetics rate owing to improved 

crystallinity, lower bandgap and strong anchoring of TiO2 nanoparticles onto the cellulose. 

.  
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Figure 5.9 (a)UV-VIS absorption spectra representing the absorption of IC (b) UV-VIS 

absorption spectra for representing the photocatalytic degradation of IC using TpC05 (c) plot 

of photocatalytic degradation kinetics under light illuminated condition (d) reusability 

performance of TpC05 composite towards IC after 3 cycles (e) active species trapping 

experiment of TpC05 using IPA, chloroform, methanol, H2O2 under UV light irradiation 
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Table 5.9 Literature reporting the use of TiO2/cellulose bionanaocmposites for wastewater 

dye degradation.  

Photocat

alyst 

Mode of 

processing 

Catalyst loading Contaminant Concentration  Light 

irradiation 

type 

Light 

intensity 

% 

degradation 

Degradation 

time (min) 

Ref 

TiO2 - 

PVACs 

Air jet spinning 

(in-situ TiO2 NPS 

immobilised onto 

individual fibres) 

 

- 

Methylene blue 

(MB) 

0.0015 mg L-1 

(200 ml in 

volume) 

Natural 

light 

16.21 MJ/m2 85% which 

later 

decreased to 

73% 

180 495 

Cellulose

/GO/TiO

2 

Doping 

 

5g 

120 x 80 x 0.5 

mm3 

Methylene blue 

(MB) 

10 mg L-1 Mercury 

lamp - UV 

125W 93% (after 10 

cycles) 

120 496 

1 wt% 

TiO2/pol

yvinyl 

alcohol 

(PVA) -

plasma 

treated 

Electrospinning & 

plasma treatment 

(plasma treatment 

was used to etch 

the PVA surface to 

expose the 

embedded NPs 

Plasma 

conditions 

200W RF power 

for 5mins, 

vacuum with O2 

gas 

Methylene blue 

(MB) 

2.5 mg L-1 UV lamp 

A 

5 x 6 W 73% 

k = 0.0017 

min-1 

R2 = 0.98 

360 494 

Plasma 

functiona

lised 

TiO2/cell

ulose 

fibres 

 He: O2 

3000 : 30 sccm 

Methylene blue 

(MB) 

25 mg L-1 Osram 

lamp 

16.3 W UV-

A & B 

71% 

k = 0.011 

R2 = 0.99 

120 - 180 This 

work 

 

5.2.7.3 Practical application to real wastewater 

For practical application of the optimised photocatalyst, TpC05, real wastewater was 

obtained from a textile industry from Konya, Turkey. The real wastewater had a complex 

composition, but exhibited indigo carmine (IC) dye with total suspended solids 

approximately of 3769 mg/L. Before light irradiation, the wastewater was pretreated with 

Fe3O4 treated fibres at pH = 3 with 2-20mg of Fe as a source for photo-Fenton process. 

Figure 5.9(a) shows the degradation profile of wastewater using TpC05 nanocomposite after 

10mins of light irradiation. The degradation efficiency reached 99.9% after 10mins of light 

exposure. Figure 5.9(b) shows striking clarity in the colour of water degraded after 

photocatalytic treatment. It is important to note that the wastewater treatment conditions were 

optimised significantly. These conditions were as a result of; the real wastewater was highly 

turbid which seriously affected the light absorption making photocatalysis inhibited hence 

pretreatment was necessary to reduce the turbidity. 
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Figure 5.10 (a) Photocatalytic degradation of real wastewater using TpC05 using UV light 

irradiation in the presence of H2O2, 2-20 mg Fe leached from Fe3O4 coated on fibres at pH3. 

Catalyst loading was 4.0 g L-1, (b) photographs of pre-treated real wastewater and 

photocatalytic treated wastewater treated for 10 min. 

 

Following the above experimental results, a plausible photocatalytic mechanism scheme is 

outlined in Figure 5.11. The calculated bandgap of TpC05 nanocomposite (3.05 eV) 

corresponds to visible light absorption. Importantly, the introduction of TiO2-x produces 

abundant oxygen vacancies, which promote the photocatalytic performance of the composite 

in three ways: (i) by introducing the donor level under the LUMO (CB) level and reducing 

the bandgap, thus extending the  light absorption to visible light range; (ii) by breaking the 

coordination saturation of TiO2, thus improving the activation ability of oxygen molecules 

through oxygen plasma functionalisation; (iii) by tuning the electronic structure of the 

catalyst surface and enhancing the electron density, thus effectively improving the carriers 

migration efficiency 472,497.  When TpC05 is irradiated under light (380nm ≤ λ ≥ 400nm), the 

photoelectrons of TpC05 are excited from the valence band (VB) to the conduction band 

(CB), leaving holes in the VB of TpC05. These excitons react with adsorbed O2 to produce 

O2
-, and with H2O to produce hydroxyl radicals (OH●). These OH● radicals are powerful 

oxidants and are responsible for pollutant (MB & IC) degradation. The O2 ׄ
- (ads) are 

superoxides, also supporting oxidants. 

TiO2 + hν (UV) -> TiO2(e
-(CB) + h+(VB)) 
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H2O (ads) + h+ (VB) -> OH. (ads) + H+ (ads) 

O2 + e-(CB) -> O2 ׄ
- (ads) 

The defects shown in the XPS results in Figure 5.6 of TpC05 served as trapping 

centres, which extended the life span of electrons or holes. Surface trapping can impact the 

life span of e¯
cb/e¯vb and alter the photocatalytic performance.  By interacting with O2 and 

H2O molecules, the produced charge carrier ecb/evb formed superoxide anion (O2¯) and 

hydroxyl radicals (OH●). The adsorbed pollutant (IC) dye on the surface of photocatalyst can 

interact with the OH● and radicals and on complete oxidation leads to the formation of water 

(H2O) and mineral acids. The mechanism of photocatalytic activity was supported by an 

active species trapping experiment using different scavengers under UV light irradiation in 

the presence of TpC05. Hydroxyl radical (OH), superoxide radicals (O2¯), holes (h+) and 

electrons (e¯) are relevant active species. Accordingly, four different scavengers: hydrogen 

peroxide (H2O2), methanol (MeOH), chloroform and isopropyl alcohol (IPA) were used as 

scavengers to trap electrons: (e¯), holes (h+), superoxide anion (O2¯) and hydroxyl radical 

(OH●), respectively. Figure 5.9d shows the percentage degradation of IC in the presence of 

scavengers using the aforementioned degradation conditions and scavenger-free reactions. 

The photocatalytic degradation rection in scavenger free condition exhibited 77.0% 

degradation for IC dye. An increase to 98.0% and 89.4% degradation rate was seen for 

reactions that involved the use of H2O2 (e
-) and chloroform (superoxide anion), respectively.  

Conversely, the least degradation (68.6% and 74.5%) occurred while using IPA and methanol, 

indicating that hydroxyl radicals and holes are most actively involved in the photodegradation 

reactions. 
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Figure 5.11 Possible mechanism for the photocatalytic removal of IC and MB dye under solar 

simulator using TpC05 nanocomposite. 

 

5.3. Cytotoxicity analysis 

For synthesised TiO2/cellulose bionanocomposite to be used for environmental applications, 

in this case wastewater treatment, these catalysts must be non-toxic in nature. As explained in 

the introduction chapter, the European commission has instituted a regulation on the 

maximum concentration of TiO2 to be allowed for use as a nanomaterial. It is thus important 

to check the toxicity and biocompatibility of these synthesised TiO2/cellulose catalysts. The 

cell proliferation reagent, WST-1 and BrdU (base analogue 5-bromo-2'-deoxyuridine) assay 

analysis were employed. WST-1 assays were conducted to check the metabolic activity of 

cells when synthesised catalysts were added. The rate of metabolism was observed when a 

tetrazolium salt, WST-1, is metabolised to formazan in the mitochondria of metabolically 

active healthy cells. BrdU assay was also conducted for the quantification of cell proliferation 

based on the colorimetric measurement of BrDU incorporation during DNA synthesis. The 

morphology of the cells was then analysed via microscope after 24h and 72h extract 

incubation. Both cytotoxicity studies (WST-1 and BrDU) shown in Figure 5.12, Figure 5.13, 

Table 5.12 and Table 5.13 of pristine cellulose and all TiO2/cellulose bionanocomposite 

(TpC01, TpC03, TpC05 and TpC10) showed a strong inhibition of metabolic activity 

(formazan formation) between 75% and 100% with respect to untreated human lung 

fibroblasts (MRC-5) cells. According to the definition of ISO 10993, an inhibition of 
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metabolic activity (formazan formation) by more than 30% is considered cytotoxic. Similar 

trend could be detected using the BrdU assay for investigating the effect on cell proliferation. 

In contrast the TiO2 particles in a very high concentration of 2 mg/mL resulted in a relative 

formazan formation of 73 ± 15.2 % (24h) and 64 ± 7 % (72h) as well as in a relative 

proliferation of 68 ± 4.7 % (24h) and 73 ± 3.3 % (72h). This result shows that the released 

TiO2 nanoparticles do not trigger any cytotoxic effects and that the coated fiber material in 

the form produced is biocompatible with the described protocol according to ISO 10993 

definition. However, the pristine cellulose fibre used in its raw form showed a much stronger 

cytotoxicity effect. The stronger cytotoxicity was due to the presence of saponins and 

sapogenins in plant based cellulose materials. The removal of saponins and sapogenins was 

further conducted by washing the cellulose fibres in ethanol for 5 washing cycles due to its 

solubility. Figure 5.15 show the WST-1 assay results showing the viability of cells after 

exposure to extract after 1, 2, 3, 4, and 5 washing cycles. A significantly low cell viability 

was seen when the raw extract of cellulose was used. However, after each washing step, the 

viability of the cells increases appreciably reaching about 80% after 5-times of washing. 

 

  

Cell culture medium 24 h Cell culture medium 72 h 

200 µm 200 µm 
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Negative control (RM-C) 24 h Negative Control (RM-C) 72 h 

  

Positive control (HEMA) TiO2-particles (2 mg/mL) 

  

 Cellulose fibres 24 h  Cellulose fibres 72 h 

200 µm 200 µm 

200 µm 200 µm 

200 µm 200 µm 
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 TiO2 plasma sprayed 1 min (TpC01) 24 h  TiO2 plasma sprayed 1 min (TpC01) 72 h 

  

 TiO2 plasma sprayed 3 min (TpC03) 24 h  TiO2 plasma sprayed 3 min (TpC03) 72 h 

  

TiO2 plasma sprayed 5 min (TpC05) 24 h TiO2 plasma sprayed 5 min (TpC05) 72 h 

200 µm 200 µm 

200 µm 200 µm 

200 µm 200 µm 
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TiO2 plasma sprayed 10 min (TpC10) 24 h TiO2 plasma sprayed 10 min (TpC10) 72 h 

 

Figure 5.12 Microscopic images of human lung fibroblasts (MRC-5) after 24h or 72h 

incubation of the TiO2-fiber extract or TiO2 particles. Negative control: cell culture medium 

and High-Density Polyethylene Film; positive control: Hydroxyethylmethacrylat. 

 

 

 

Figure 5.13 Relative metabolic activity of human lung fibroblasts (MRC-5) after 24h or 72h 

incubation of the TiO2-fiber extract and TiO2 particles. Reference control: cells cultured in 

96-well plate with Cell culture medium; negative control: High Density Polyethylene Film 

(ISO-confrom reference material); positive control: Hydroxyethylmethacrylat; Data is 

presented as mean ± SD. [N.B. refer to Attributions] 
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Table 5.10 Table showing relative metabolic activity of human lung fibroblasts (MRC-5) after 

24h incubation of the TiO2-fiber extract and TiO2 particles. [N.B. refer to Attributions] 

 Reference 

control 

Negative 

control 

Positive 

control 

cellulose TpC01 TpC03 TpC05 TpC10 TiO2  

WST-I_24h 100 101 6 0 18 16 10 6 73 

Standard 

deviation 

13.6 14.3 0.6 0.4 0.5 0.8 0.8 0.7 15.2 

Number n=12 n=12 n=12 n=12 n=6 n=6 n=12 n=8 n=12 

 

Table 5.11 Relative metabolic activity of human lung fibroblasts (MRC-5) after 72h 

incubation of the TiO2-fiber extract and TiO2 particles. [N.B. refer to Attributions] 

 Reference 

control 

Negative 

control 

Positive 

control 

cellulose TpC01 TpC03 TpC05 TpC10 TiO2  

WST-

I_72h 

100 102 7 0 23 25 23 13 64 

Standard 

deviation 

7.2 7.1 0.7 0.3 4.4 5.4 4.4 1.2 7.0 

Number n=12 n=12 n=12 n=12 n=6 n=6 n=12 n=6 n=12 

 

 

 

 

Figure 5.14 Relative proliferation rate of human lung fibroblasts (MRC-5) after 24h or 72h 

incubation of the TiO2-fiber extract or TiO2 particles. Reference control: cells cultured in 96-

well plate with Cell culture medium; negative control: High Density Polyethylene Film (ISO-

confrom reference material); positive control: Hydroxyethylmethacrylat; Data is presented as 

mean ± SD. [N.B. refer to Attributions] 
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Table 5.12 Relative proliferation rate of human lung fibroblasts (MRC-5) after 24h 

incubation of the TiO2-fiber extract or TiO2 particles. [N.B. refer to Attributions] 

 Reference 

control 

Negative 

control 

Positive 

control 

cellulose TpC01 TpC03 TpC05 TpC10 TiO2  

BrdU_24h 100 96 2 4 16 17 10 9 68 

Standard 

deviation 

5.1 2.1 0.3 0.4 0.2 1.1 0.5 1.2 4.7 

Number n=12 n=12 n=12 n=12 n=6 n=6 n=12 n=8 n=12 

 

Table 5.13 Relative proliferation rate of human lung fibroblasts (MRC-5) after 72h 

incubation of the TiO2-fiber extract or TiO2 particles. [N.B. refer to Attributions] 

 Reference 

control 

Negative 

control 

Positive 

control 

cellulose TpC01 TpC03 TpC05 TpC10 TiO2  

BrdU_72h 100 96 1 3 16 17 10 14 73 

Standard 

deviation 

6.3 6.2 0.3 0.7 1.9 1.3 2.1 1.2 3.3 

Number n=12 n=12 n=12 n=12 n=6 n=6 n=12 n=6 n=12 
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Figure 5.15 WST-1 assay results showing the viability of cells after exposure to extract after 

1, 2,3,4, and 5 washing cycles.[N.B. refer to Attributions] 

 

5.3. Conclusion 

In summary, plasma functionalised TiO2/cellulose fibres were successfully fabricated for high 

photocatalytic activity. An optimised photocatalyst was designed, TpC05: with 5mins of 

plasma exposure functionalisation on cellulose fibres, which exhibited different polymorphs 

of cellulose, strong adherence, enhanced light absorption and prominently enhanced 

photocatalytic activity. The improved photocatalytic activity could be attributed to the 

presence of defect (Ti3+ generated from oxygen vacancies); presence of Ti-O-C chemical 

bond, which helped to improve charge carrier separation; and electron transfer to achieve 

superior photocatalytic performance. The photodegradation of industrial dye, indigo carmine, 

was achieved with TpC05 nanocomposite as photocatalyst under UV light irradiation. Based 

on the experimental results, a proposed mechanism for the enhanced photocatalytic activity 

under UV irradiation was presented. In addition, the hydroxyl radical (●OH) and holes (h+) 

are the major species responsible for the photocatalytic degradation. This work presents an 
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efficient technique to engineer the catalytic properties of TiO2/cellulose fibres through defect 

engineering. 

Photocatalytic degradation performance of TiO2 plasma activated sprayed at different 

plasma exposure times was demonstrated by using cationic (MB) and anionic (IC) industrial 

dyes.  Furthermore, the representative nanocomposite was used for the degradation of the real 

industrial wastewater. The degradation reaction of MB, IC and real wastewater was 

monitored by observing the decrease in characteristic absorption peak of 664 nm (500-800 

nm) for MB, IC and real wastewater with respect to irradiation time. 
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Chapter 6 Conclusion and future work 

This chapter provides an overview of the contributions made through this thesis and the 

perspectives of work to be conducted for future research applications. 

6.1 Thesis summary 

The work presented in this thesis focuses on the design and development of plasma 

functionalised semiconducting photocatalysts having broad range light absorption property 

for application in wastewater treatment. 

Chapter 1 summarises the conventional semiconducting photocatalysts currently used for 

industrial applications, their drawback which presents the motivation for their surface 

modification and functionalisation with novel materials using low power atmospheric 

pressure plasma technique. A summary of the acquired insights from the experimental results 

of this thesis is presented below: 

Chapter 3 addresses the shortcomings of one of the most widely used semiconducting 

photocatalyst, TiO2, by synthesising TiO2 from Ti2C MXene, which has not been done before. 

A low power atmospheric pressure plasma jet (APPJ) technique was employed to in-situ 

functionalise Ti2C MXene to produce a rutile TiO2/Ti2C MXene, thereby tuning its properties 

using an environmentally friendly solvent free approach. Time dependent systematic 

investigation of the effect of plasma was done and resulted in an improvement in 

photocatalytic degradation of methylene blue dye from 43% for pristine MXene to 79% after 

5 mins of oxygen plasma functionalisation. Various characterisation techniques were 

performed to study the surface and interface characteristics of the TiO2/Ti2C heterostructure 

and their effect on the structural, morphological, and electronic properties. XRD diffraction 

and morphological studies with SEM and HRTEM confirmed the nucleation and growth of 

TiO2 nanoparticles embedded in the MXene nanosheets, including the presence of vacancies 

and defects in the structure. Monochromatic XPS was used to understand the electronic 

properties of TiO2/Ti2C composite which showed different ionic states of Ti before and after 

oxygen plasma functionalisation. Additional density of states was observed in the valence 

band which further confirmed from DFT theoretical calculations. This work opens the 

possibility of using APPJ for surface functionalisation of Ti2C as a promoter for improved 

photocatalytic performance for wastewater treatment. 
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To further improvise the photocatalytic performance of the in-situ TiO2/Ti2C MXene 

discussed in Chapter 3, graphitic carbon nitride, a visible light active photocatalyst was 

conjugated effectively. Chapter 4 discusses the formation of a ternary in-situ TiO2/Ti2C/g-

C3N4 Schottky heterostructure which improved the photocatalytic properties of TiO2/Ti2C 

MXene thin films for removal of pollutant dye molecules. The oxygen plasma 

functionalisation was shown to increase a high degree of strain in the lattice due to the 

Schottky junction heterostructure formation. Surface and morphological studies confirmed 

the successful formation of a heterostructure between g-C3N4 and MXene. XPS investigations 

also showed an increase in FWHM which can be owed to the formation of different ionic 

states. Overall, two times (2x) improved photocatalytic degradation was achieved for the 

industrial dye, methylene blue using TiO2/Ti2C/g-C3N4 as compared to only TiO2/Ti2C 

MXene. 

Use of semiconducting photocatalysts in a homogenous form can be detrimental to its 

applicability due to the need for post treatment removal steps. Therefore, successful 

immobilisation of TiO2 onto robust and highly adsorbent cellulose nanofibers was achieved 

using a low power APPJ functionalisation. The as synthesised nanocomposite was thoroughly 

characterised by various techniques to understand the structural, morphological, and 

electronic properties. The plasma spraying process induced a polymorphic change of the 

naturally occurring cellulose, thereby increasing the crystallinity index leading to the superior 

photocatalytic performance. Strong formation of Ti-O-C bond was observed after 5 mins of 

oxygen plasma functionalisation which aided in shortening of the mean free path thereby 

enhancing the photocatalytic activity. The improved photocatalytic activity was also due to a 

reduced bandgap after 5 mins of oxygen plasma functionalisation which enhanced the light 

absorption, inhibited recombination of electrons and holes thereby facilitating the effective 

separation and enhancing of photocatalytic performance. 

The findings obtained in this thesis will pave way for use of APPJ for deposition and in-situ 

functionalisation to enhance the photocatalytic degradation of wastewater. 

6.2 Future work 

6.2.1 Synthesis using dry etching process. 

The most widely reported synthesis procedure of MXene involves the use of HF, in-situ HF 

(LiF + HCl) for selective etching of the ‘A’ phase from the precursor MAX phase. However, 

this process requires use of dangerously high concentrations of HF which can be harmful to 
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human health. However, no work has been done to investigate the use of dry etching process 

for MXene synthesis. This is expected to provide ease of surface modification and 

functionalisation of readily available surface terminal groups and produce high quality 

MXene with increased yield. This can be the next step in the development of a novel and up 

scalable synthesis method for practical applications. 

6.2.2 Functionalisation of MXene 

Unlike the surfaces of other two-dimensional materials, MXene is well known for having 

abundant surface terminal groups (-OH, -O, -F) depending on the synthesis process that can 

be chemically modified. Selective termination of MXenes with the different surface terminal 

groups can lead to astounding properties such as bandgap engineering, room temperature 

electron mobility greater than 104 cm2/V. s, enhanced work function tunability, all which aid 

in improving their photocatalytic efficiency. Chlorine terminated MXenes have been found to 

be more stable than fluorine terminated MXenes with wide application in the energy storage, 

albeit less explored. This could be worth exploring for tuning of properties using surface 

terminal groups for improved photocatalytic efficiency. 

6.2.3 APPJ functionalisation 

Use of APPJ technique was used in this work as a printing technology for deposition and in-

situ plasma functionalisation. However, there is a wide scope in this technology that is worth 

exploring. APPJ has an upper hand over conventional techniques such as chemical, thermal, 

and low-pressure plasma due to its environmentally friendly nature, reliability and low cost 

making it a perfect candidate for large scale applications. 

6.2.3.1 Effect of reactive gases 

In this thesis, oxygen gas was used for surface functionalisation and modification of 

nanomaterials tune their properties for enhanced photocatalytic activity. Various gases, 

including nitrogen and hydrogen can be explored for tuning of the surface and interface 

properties of photocatalytic nanocomposites for efficiency. TiO2 nanoparticle size could be 

further reduced upon interaction with other reactive gases, which could enhance the 

photocatalytic activity. Reduced TiO2 (black TiO2) which could be produced from reaction 

with hydrogen gas, has been proven to achieve extremely high photocatalytic property. 

6.2.3.1 In-situ measurements 

Near -edge X-ray absorption fine structure spectroscopy (NEXAFS) should be explored to 

probe the electronic states of material after oxygen plasma functionalisation. the reaction 
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between the plasma the material needs further understanding, particularly in the active 

region.i.e., between   electrodes as well as beyond the electrodes.
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