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Abstract 

Regulatory limitations of TiO2 and ZnO (≤ 25 % in sunscreen formulations) means the 

UV protection they can supply alone is limited. Carbon dots are desirable in many 

fields as they have good UV absorption, water solubility, ease of preparation, 

biocompatibility, and small size. Though, their use as UV filters in sunscreen 

formulations is largely unexplored. This thesis investigates carbon dots as potential 

active components in sunscreens and for the structural advancement of known UV 

filters: TiO2 and ZnO, during their synthesis. 

A series of carbon dots was prepared. Based on preliminary screening of UV data; 

three compounds made from precursors vanillin, ethanolamine, urea, and citric acid 

were deemed good candidates, and are referred to as VanCitCD, EthCitCD and 

UreCitCD, respectively. These were characterised by FT-IR, TEM, and Fluorescence 

spectroscopy. The radical scavenging activity using DPPH assay was studied for all 

carbon dots, and VanCitCD, UreCitCD and EthCitCD were the most effective. 

EthCitCD and UreCitCD, were most promising overall, and were carried forward for 

formulation and SPF testing. UreCitCD improved the SPF at higher loadings in two 

formulations, while EthCitCD was effective in one at a lower loading. There are 

currently no sunscreens that utilise carbon dots in this manner, so this previously 

untapped area, may be a useful advancement in the sun care industry. 

Subsequently, TiO2 and ZnO, were grown in the presence of carbon dots, through 

hydrothermal reactions, to investigate the impact on their morphology, crystallinity, and 

optical properties. Current literature investigates the inclusion of carbon dots after the 

preparation of the metal oxides; therefore, this area is largely unknown. 

For TiO2, 6.25 % inclusion of three selected carbon dots led to an improvement in the 

UV-vis absorption of the composites and enhanced the stability of the suspension. 

Lastly, the carbon dots successfully controlled the morphology of ZnO and through 

growth with EthCitCD, broad attenuation was achieved in the HEVL region.



v 
 

Contents 

Acknowledgments...................................................................................... iii 

Abstract ....................................................................................................... iv 

Table of Figures.......................................................................................... ix 

Summary of Tables ................................................................................... xv 

Abbreviations .......................................................................................... xvii 

1. Introduction ............................................................................................. 1 

1.1. Skin: structure, function, and protection ......................................... 1 

1.1.1. Natural sunlight ................................................................... 3 

1.1.2. UV radiation ........................................................................ 4 

1.1.3. Benefits of UV radiation ....................................................... 6 

1.1.4. Visible light .......................................................................... 7 

1.1.5. Infrared radiation ................................................................. 7 

1.2. Solar damage ................................................................................. 8 

1.2.1. Absorption of harmful UVR .................................................. 8 

1.2.2. Reactive oxygen species ..................................................... 9 

1.2.3. Damage from NIR ............................................................. 10 

1.3. Sunscreens: photoprotection with organic and inorganic filters .... 11 

1.3.1. Topical photoprotection ..................................................... 12 

1.3.2. Mechanisms of UV attenuation ......................................... 15 

1.3.3. Common UV filters in sunscreens and their challenges .... 17 

1.4. Natural antioxidants to combat ROS ............................................ 22 

1.5. Regulations within the cosmetics industry .................................... 23 

1.5.1. Recent changes to Regulation (EC) 1223/2009 ................ 24 

1.5.2. Regulations for methods of sunscreen evaluation ............. 25 

1.6. Project aims ................................................................................. 25 

2. Investigation of carbon dots as UV-vis filters..................................... 27 

2.1. Introduction .................................................................................. 27 

2.1.1. Synthesis of carbon dots ................................................... 28 

2.1.2. Carbon dots derived from citric acid .................................. 31 

2.1.3. Carbon dots as UV filters .................................................. 32 

2.2. Aim ............................................................................................... 35 

2.3. Strategy and development of carbon dots .................................... 35 

2.4. Initial UV assessment ................................................................... 40 



vi 
 

2.4.1. O-Doped carbon dots ........................................................ 40 

2.4.2. N-doped carbon dots ......................................................... 42 

2.5. EthCitCD investigations ................................................................ 44 

2.5.1. Characterisation ................................................................ 44 

2.5.2. Controlling reaction conditions .......................................... 50 

2.6. UreCitCD investigations ............................................................... 52 

2.6.1. Characterisation ................................................................ 52 

2.6.2. Controlling reaction conditions .......................................... 55 

2.7. VanCitCD ..................................................................................... 56 

2.7.1. Characterisation ................................................................ 56 

2.7.2. Controlling reaction conditions .......................................... 58 

2.8. Radical scavenging activity .......................................................... 59 

2.9. Formulation studies ...................................................................... 66 

2.9.1. Photostability of carbon dots ............................................. 66 

2.9.2. Scaling up carbon dots ...................................................... 67 

2.9.3. Formulations and in vitro SPF ........................................... 68 

2.9.4. Summary ........................................................................... 72 

2.10. Conclusion ................................................................................. 73 

2.11. Experimental .............................................................................. 74 

2.11.1. Characterisation techniques ............................................ 74 

2.11.2. Reagents ......................................................................... 75 

2.11.3. Methods .......................................................................... 75 

2.12. Appendices ................................................................................ 82 

3. Investigations of titanium dioxide ....................................................... 86 

3.1. Introduction .................................................................................. 86 

3.1.1. Crystal structure ................................................................ 87 

3.1.2. Synthesis of TiO2 ............................................................... 88 

3.1.3. TiO2 with organic dopants ................................................. 92 

3.1.4. Carbon nanoparticles and TiO2 ......................................... 93 

3.1.5. Aim .................................................................................... 94 

3.2. Sol-gel investigations ................................................................... 94 

3.2.1. Analysis of crystallinity ...................................................... 95 

3.2.2. Analysis of optical properties ............................................. 96 

3.3. Characterisation of TiO2 with nanoscale organic additives ........... 97 

3.3.1. Pure TiO2 .......................................................................... 99 



vii 
 

3.3.2. EthCitCD-TiO2 ................................................................. 105 

3.3.3. UreCitCD-TiO2................................................................. 113 

3.3.4. VanCitCD-TiO2 ................................................................ 120 

3.3.5. Suspension stability......................................................... 127 

3.4. Conclusion ................................................................................. 128 

3.5. Experimental .............................................................................. 130 

3.5.1. Characterisation techniques ............................................ 130 

3.5.2. Materials .......................................................................... 130 

3.5.3. Sol-gel preparation of titanium dioxide ............................ 130 

3.5.4. Solvothermal preparation of TiO2 with organic additives . 131 

3.6. Appendices ................................................................................ 133 

4. Investigations of zinc oxide................................................................ 141 

4.1. Introduction ................................................................................ 141 

4.1.1. Crystal structure & synthesis ........................................... 142 

4.1.2. Control of morphology with hydrothermal reaction conditions

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

4.1.3. Controlling properties of ZnO with organic additives ....... 148 

4.1.4. Aims and objectives ........................................................ 149 

4.2. Using nanoscale organic additives ............................................. 150 

4.2.1. Analysis of morphology and crystallinity .......................... 151 

4.2.2. FT-IR and UV-vis spectroscopic analysis ........................ 154 

4.2.3. Summary ......................................................................... 156 

4.3. Using a biopolymeric organic additive ........................................ 157 

4.3.1. Preparation of ZnO–chitosan materials ........................... 157 

4.3.2. Characterisation by FT-IR ............................................... 160 

4.3.3. Analysis of crystallinity and morphology .......................... 161 

4.3.4. Evaluation of optical properties ....................................... 168 

4.3.5. Characterisation of supernatants..................................... 169 

4.3.6. Summary ......................................................................... 169 

4.4. Conclusion ................................................................................. 172 

4.5. Experimental .............................................................................. 172 

4.5.1. Characterisation techniques ............................................ 172 

4.5.2. Materials .......................................................................... 173 

4.5.3. Preparation of ZnO with nanoscale organic additives ..... 173 

4.5.4. Preparation of ZnO with a biopolymeric organic additive 174 



viii 
 

4.6. Appendices ................................................................................ 175 

5. Conclusion ........................................................................................... 177 

6. References ........................................................................................... 179 

 

  



ix 
 

Table of Figures 

Figure 1.1: Illustration of skin structure, made with BioRender.com (1, 7) ................. 1 

Figure 1.2: Relationship of energy, wavelength, and frequency in the electromagnetic 

spectrum, reproduced from (12) with copyright permission. ....................................... 3 

Figure 1.3: Pictorial representation of the depth at which solar light penetrates the skin. 

Adapted from B. Kaur (16), with BioRender.com. ...................................................... 5 

Figure 1.4: Synthesis of vitamin D where R = C9H17 or C8H17 for vitamin D2 or vitamin 
D3 series, respectively. [a] Provitamin D (7-dehydrocholesterol), [b] Previtamin D, [c] 

Vitamin D, [d] Tachysterol, [e] Lumisterol ................................................................... 7 

Figure 1.5: Possible outcomes of excessive ROS production in cells (36). .............. 10 

Figure 1.6: The interaction of UV light with UV filters in a layer of sunscreen on the 

skin, made using BioRender.com ............................................................................. 13 

Figure 1.7: Light attenuation for inorganic filters. Reproduced from Bernstein et al. (48) 

with copyright permission. ........................................................................................ 14 

Figure 1.8: A Jablonski diagram to show the possible pathways once UV light is 
absorbed in a molecule. VR is vibrational relaxation; IC is internal conversion and ISC 

is intersystem crossing. Made with BioRender. ........................................................ 16 

Figure 1.9: Promotion of an electron from the valence band to the conduction band, in 

a semiconductor (51). ............................................................................................... 16 

Figure 1.10: Common stabilisers of avobenzone: octocrylene [3], bisoctrizole [4] and 

bemotrizinol [5]. ........................................................................................................ 20 

Figure 2.1: Depiction of carbon dots with carboxylic acid functionality as adapted from 

Baker et al. (84) ........................................................................................................ 27 

Figure 2.2: A schematic to show top-down and bottom-up carbon dot synthesis. 

Reproduced from (91) with copyright permission. .................................................... 28 

Figure 2.3: Photographs of Ormosil gel glass doped with various ratios of CDs under 
visible light, 365 nm illumination and 254 nm illumination (top - bottom). Reproduced 

from (120) with copyright permission........................................................................ 33 

Figure 2.4: Selected precursors for carbon dots reactions: urea, ethanolamine, 

adenine, glycerol, vanillin, glucose, and sucrose [1-7], respectively......................... 36 

Figure 2.5: Summary of carbon dot synthesis .......................................................... 37 

Figure 2.6: A flow chart to show the initial assessment of the carbon dots by UV-vis 

spectroscopy. ........................................................................................................... 40 



x 
 

Figure 2.7: UV-vis spectra of O-doped carbon dots, measured at concentration of 

0.003 % v/v. ............................................................................................................. 41 

Figure 2.8: UV-vis spectra of N-doped carbon dots measured at concentration of 

0.003 % v/v. ............................................................................................................. 42 

Figure 2.9: FT-IR spectrum and corresponding table of assignments, for EthCitCD. 44 

Figure 2.10: A-B) TEM images of EthCitCD at 100 nm and 50 nm scales, respectively, 
Ci) EDS analysis, Cii) average intensity of C, N and O over 5 sample areas and D) 

particle size distribution (n=100) ............................................................................... 46 

Figure 2.11: Fluorescence spectra of EthCitCD when excited between 300-400 nm, in 

10 nm increments (measured at concentration of 0.003 % v/v). .............................. 47 

Figure 2.12: Analysis of UV profiles for various fractions from the size exclusion 

column of EthCitCD (measured at concentrations of 3.2 %) .................................... 48 

Figure 2.13: UV-vis spectrum of EthCitCD where citric acid (CA): ethanolamine (Eth) 
molar ratios and solvent were varied as follows: 1) 1.1: 1 mmol, water; 2) 2.2: 1 mmol, 

water; 3) 1.1: 1 mmol, ethanol, measured at concentrations of 0.003 % v/v, in water 

and ethanol for 3). All three reactions took place at 200 °C, 5 h. ............................. 50 

Figure 2.14: UV-vis spectra (250 nm–500 nm) of EthCitCD where the amount of 
ethanolamine and citric acid was changed. Citric acid: ethanolamine (1:1 mmol; 

3:3 mmol, 5:5 mmol) measured at concentrations of 0.003 % v/v, in water. ............ 51 

Figure 2.15: FT-IR spectrum for UreCitCD. .............................................................. 52 

Figure 2.16: A-B) TEM images of UreCitCD at 50 nm and 5 nm scales, respectively, 
Ci) EDS analysis, Cii) average intensity of C, N and O over 4 sample areas and D) 

particle size distribution (n=100) ............................................................................... 53 

Figure 2.17: Fluorescence spectra of UreCitCD when excited between 300 – 400 nm, 

in 10 nm increments measured at concentrations of 0.003 % v/v. ........................... 54 

Figure 2.18: UV-vis spectrum of UreCitCD where citric acid (CA): urea molar ratio was 
increased from 1: 0.9 to 1: 10 mmol, measured at concentrations of 0.003 % v/v. Both 

reactions took place at 200 °C, 5 h. ......................................................................... 55 

Figure 2.19: FT-IR spectra of VanCitCD .................................................................. 56 

Figure 2.20: Fluorescence spectra of VanCitCD when excited between 340 nm – 

410 nm, in 10 nm increments, measured at concentrations of 0.003 % v/v. ............ 57 

Figure 2.21: UV-vis spectra of VanCitCD when the solvent and reaction time was 
varied. Each sample was measured at concentrations of 0.003 % v/v, in water. Ratio 
of citric acid: vanillin was 5.2 mmol: 4.7 mmol at 200 °C in: 1) water (10 mL), 5 h; 2) 

ethanol (10 mL), 5 h and 3) water (10 mL), 24 h. ..................................................... 58 



xi 
 

Figure 2.22: Average % RSA of the prepared carbon dots, at seven dilutions given as 
a percentage of carbon dots in the overall sample. A concentration range of 10 % - 

70 % carbon dots was investigated. ......................................................................... 61 

Figure 2.23: Percentage RSA of VanCitCD and its starting materials; combined and 

separated. A concentration range of 10 % - 70 % was investigated. ....................... 63 

Figure 2.24: Percentage RSA of UreCitCD and starting materials, combined and 

separate. A concentration range of 10 % - 70 % was investigated. ......................... 64 

Figure 2.25: Percentage RSA of EthCitCD and starting materials, ethanolamine, and 

citric acid. A concentration range of 10 % - 70 % was investigated. ........................ 65 

Figure 2.26: A) UV-vis spectra of UreCitCD taken over 60 minutes at 10-minute 
intervals, under UV radiation. Inset shows absorbance at 331 nm over time. B) UV-vis 

spectra of EthCitCD taken over 60 minutes at 10-minute intervals, under UV radiation. 

Inset shows absorbance at 319 nm over time. ......................................................... 66 

Figure 2.27: UV-vis of EthCitCD (A) and UreCitCD (B) scaled up to 100 mL reactions, 

compared with 10 mL reactions ............................................................................... 67 

Figure 2.28: In vitro SPF of EthCitCD and UreCitCD in Crodafos CES formulation at 

5 %, 10 % and 2.5 g inclusions. ............................................................................... 70 

Figure 2.29: In vitro SPF of EthCitCD and UreCitCD in Brij formulation at 5 %, 10 % 

and 2.5 g inclusions.................................................................................................. 71 

Figure 3.1: Crystal structure of anatase (left) showing planes (101), (200) and (004), 
and rutile (right) showing planes (101) and (110). Ti atoms are blue and O atoms are 

red. Made using Vesta software. .............................................................................. 87 

Figure 3.2: SEM (A) and TEM (B) images of TiO2 nanosheets. Reproduced from the 

research of Yu et al. with copyright permission. ....................................................... 89 

Figure 3.3: Representations of anatase shapes: a) slightly truncated tetragonal 
bipyramid, b) truncated tetragonal bipyramid, c) square sheet, d) elongated truncated 

tetragonal bipyramid and e) tetragonal cuboid. Reproduced from (168) with copyright 

permission. ............................................................................................................... 90 

Figure 3.4: The electronic interactions of the (001) facet of TiO2, with diethanolamine. 
DFT calculations showed a = 0.53 nm, b = 0.46 nm. Adapted with permission from 

Roy et al (169). Copyright © 2013, American Chemical Society. ............................. 92 

Figure 3.5: XRD patterns of pure TiO2 and TiO2 with EthCitCD, prepared by sol-gel 

route ......................................................................................................................... 95 

Figure 3.6: UV/vis of TiO2 and EthCitCD-TiO2, prepared by sol-gel method, measured 

at 0.003 % w/v in 60 % EtOH, normalised between 0 and 1. ................................... 96 

Figure 3.7: A scheme to show the preparation of TiO2 by hydrothermal synthesis, with 

and without an organic additive. Made with BioRender. ........................................... 97 



xii 
 

Figure 3.8: FT-IR spectra of pure TiO2 with 50 %, 6.25 % and 0.25 % water. .......... 99 

Figure 3.9: SEM images and XRD patterns of pure TiO2, with varying amounts of 
water. Ai-ii) 50 % water, Bi-ii) 6.25 % water and Ci-ii) 0.25 % water and D) XRD 
patterns of pure TiO2 (50 %, 6.25 % and 0.25 % water). Particle size distribution n=100.

 ............................................................................................................................... 101 

Figure 3.10: UV-vis spectra of TiO2 suspended in 60 % EtOH [0.025 mg/mL], prepared 
with 50 %, 6.25 % and 0.25 % water. Inset image shows suspensions of each sample 

in 60 % EtOH [0.2 mg/mL]. ..................................................................................... 104 

Figure 3.11: FT-IR spectra of EthCitCD and EthCitCD-TiO2 at 6.25 % inclusion. .. 105 

Figure 3.12: SEM images and XRD patterns of EthCitCD-TiO2, with varying amounts 
of EthCitCD solution. Ai-ii) 50 % EthCitCD, Bi-ii) 6.25 % EthCitCD and Ci) 0.25 % 

EthCitCD and D) XRD patterns of EthCitCD-TiO2 (50 %, 6.25 % and 0.25 % 

EthCitCD). .............................................................................................................. 107 

Figure 3.13: Percentage crystallinity of pure TiO2 and EthCitCD-TiO2 (50 %, 6.25 % 

and 0.25 %, respectively). ...................................................................................... 110 

Figure 3.14: UV-vis spectra of EthCitCD-TiO2 suspended in 60 % EtOH [0.025 
mg/mL], grown with 50 %, 6.25 % and 0.25 % EthCitCD. Inset image shows 

suspensions of each sample in 60 % EtOH [0.2 mg/mL]. ....................................... 112 

Figure 3.15: FT-IR spectra of UreCitCD and UreCitCD-TiO2 at 50 %, 6.25 % and 

0.25 % inclusions. .................................................................................................. 113 

Figure 3.16: SEM images and XRD patterns of UreCitCD-TiO2, with varying amounts 
of UreCitCD solution. Ai-ii) 50 % UreCitCD, Bi-ii) 6.25 % UreCitCD and Ci-ii) 0.25 % 
UreCitCD and D) XRD patterns of UreCitCD -TiO2 (50 %, 6.25 % and 0.25 % 

UreCitCD). .............................................................................................................. 115 

Figure 3.17: Percentage crystallinity of pure TiO2 vs UreCitCD-TiO2 ..................... 116 

Figure 3.18: UV-vis spectra of UreCitCD-TiO2 suspended in 60 % EtOH 
[0.025 mg/mL], grown with 50 %, 6.25 % and 0.25 % UreCitCD. Inset image shows 

each dried powder sample. .................................................................................... 119 

Figure 3.19: FT-IR spectra of VanCitCD and VanCitCD-TiO2 at 50 %, 6.25 % and 

0.25 % inclusions. .................................................................................................. 120 

Figure 3.20: SEM images and XRD patterns of VanCitCD-TiO2, with varying amounts 
of VanCitCD solution. Ai-ii) 50 % VanCitCD, Bi-ii) 6.25 % VanCitCD and Ci-ii) 0.25 % 

VanCitCD and D) XRD patterns of VanCitCD-TiO2 (50 %, 6.25 % and 0.25 % 

VanCitCD). ............................................................................................................. 122 

Figure 3.21: Percentage crystallinity of VanCitCD-TiO2 compared to pure TiO2 .... 124 



xiii 
 

Figure 3.22: UV-vis spectra of VanCitCD-TiO2 suspended in 60 % EtOH 
[0.025 mg/mL], grown with 50 %, 6.25 % and 0.25 % VanCitCD. Inset image shows 

suspensions of each sample in 60 % EtOH [0.2 mg/mL]. ....................................... 126 

Figure 3.23: UV-vis spectra of: A) Pure TiO2, B) EthCitCD-TiO2, C) UreCitCD-TiO2 and 
D) VanCitCD-TiO2 measured every hour for 68 h. The percentage decrease in 

absorbance is shown in red and the inset graphs show the percentage absorbance at 

the λmax, by time. .................................................................................................... 127 

Figure 4.1: Representation of ZnO crystal lattice, featuring lattice planes (100), (002) 

and (101), as well as views along the a axis, b axis and c axis. Made with Vesta. 142 

Figure 4.2: Pariona et al. showing three morphologies of ZnO by SEM and TEM for 
spheroidal (a-b), platelets (c-d) and rods (e-f). Reproduced with copyright permission.

 ............................................................................................................................... 146 

Figure 4.3: FESEM images of a) pH 9, batons b) pH 10, stars c) pH 11 flowers and d) 

pH 12, rods by Marlinda et al. (230). Reproduced with copyright permission. ........ 147 

Figure 4.4: SEM images and XRD patterns of pure ZnO and ZnO grown with organic 
additives. Ai-ii) Pure ZnO, Bi-ii) EthCitCD-ZnO, Ci-ii) UreCitCD-ZnO and D) XRD of 

Pure ZnO, EthCitCD-ZnO and UreCitCD-ZnO. ...................................................... 151 

Figure 4.5: Growth directions of ZnO wurtzite crystals and probable structures. Copied 
and adapted from (238) (open access) (239) (with permission from Springer) to show 

the 3-axis Miller Index. ........................................................................................... 152 

Figure 4.6: FT-IR spectra of pure ZnO and ZnO modified with organic additives 

(EthCitCD and UreCitCD). ...................................................................................... 154 

Figure 4.7: UV-vis spectra of pure ZnO and ZnO grown with organic additives. 

Measured at room temperature (0.05 mg/mL). ....................................................... 155 

Figure 4.8: An illustration of the solvothermal preparation of ZnO with chitosan as an 

organic additive. Reactants were pH 12 after reflux. .............................................. 158 

Figure 4.9: Images of modified brown coloured ZnO powders and their corresponding 

fluorescent supernatants (excited at 365 nm). ....................................................... 159 

Figure 4.10: FT-IR spectra of chitosan (CS), unmodified zinc oxide, and zinc oxide 

modified with chitosan at ratios of 1:5; 5:1 and 1:1................................................. 160 

Figure 4.11: A) XRD patterns of chitosan (CS), unmodified zinc oxide, and zinc oxide 
modified with chitosan at ratios of 1:5; 5:1 and 1:1. B) Representation of zinc oxide 

hexagonal unit cell and microrod crystal structure, as copied from K. Urs and V. 

Kamble. .................................................................................................................. 162 

Figure 4.12: Percentage crystallinity of pure and modified zinc oxide .................... 164 

Figure 4.13: SEM images of pure and modified ZnO. Ai - Aii) ZnO; Bi - Bii) 1Zn:1CS, 

Ci - Cii) 1Zn:5CS, Di - Dii) 5Zn:1CS ....................................................................... 165 



xiv 
 

Figure 4.14: UV-vis spectra and fluorescence spectra of chitosan (CS), unmodified 
zinc oxide and zinc oxide modified with chitosan at ratios of 1:5; 5:1 and 1:1. UV-vis 

measured at 0.8 mg/mL in 60 % EtOH and normalised between 0 and 1. Fluorescence 

measured at 0.2 mg/mL in 60 % EtOH and normalised between 0 and 1. ............. 168 

Figure 4.15: UV-vis spectra and corresponding fluorescence (λex 360) for chitosan 

CNPs, and supernatants of unmodified and modified ZnO. ................................... 170 

Figure 4.16: FT-IR of dried supernatants corresponding to reactions with no zinc 
acetate dihydrate, followed by 1:5, 5:1 and 1:1 ratios of zinc acetate dihydrate and 

chitosan (top to bottom). ......................................................................................... 171 

 



xv 
 

Summary of Tables 

Table 1.1: Sunscreen specifications (45) ................................................................. 12 

Table 2.1: Summary of carbon dot preparations and their corresponding UV 

absorptions. .............................................................................................................. 37 

Table 2.2: FT-IR assignments for EthCitCD ............................................................. 44 

Table 2.3: Assignments for FT-IR spectra of UreCitCD............................................ 52 

Table 2.4: Assignments for FT-IR spectrum of VanCitCD ........................................ 56 

Table 2.5: Variations in reaction conditions for EthCitCD ......................................... 76 

Table 2.6: Variations in reaction conditions for UreCitCD ........................................ 77 

Table 2.7: Variations in reaction conditions for VanCitCD ........................................ 78 

Table 3.1: FT-IR assignments for pure TiO2 with 50 %, 6.25 % and 0.25 % water .. 99 

Table 3.2: Crystallite size (nm) of pure TiO2, calculated using the Scherrer equation.

 ............................................................................................................................... 103 

Table 3.3: FT-IR assignments for EthCitCD, EthCitCD-TiO2 (6.25 %) and pure TiO2 

(6.25 %) .................................................................................................................. 106 

Table 3.4: Crystallite size of EthCitCD-TiO2 for plane (101) at 50 %, 6.25 % and 0.25 % 

inclusion ................................................................................................................. 109 

Table 3.5: Comparison of the d-spacings and 2θ° for prominent diffraction planes 

(101), (004) and (200). ........................................................................................... 111 

Table 3.6: FT-IR assignments for UreCitCD doped TiO2 at 50 %, 6.25 % and 0.25 % 

loading. ................................................................................................................... 114 

Table 3.7: Crystallite size of UreCitCD-TiO2 for plane (101) at 50 %, 6.25 % and 0.25 % 

inclusion ................................................................................................................. 117 

Table 3.8: Prominent XRD diffraction peaks of UreCitCD-TiO2 with d-spacing ...... 118 

Table 3.9: FT-IR assignments for VanCitCD doped TiO2 at 50 %, 6.25 % and 0.25 % 

loading. ................................................................................................................... 121 

Table 3.10: Crystallite size of VanCitCD-TiO2 for plane (101) at 50 %, 6.25 % and 

0.25 % inclusion. .................................................................................................... 124 

Table 3.11: Prominent XRD diffraction peaks of VanCitCD-TiO2 with d-spacing.... 125 

Table 4.1: Crystallite size (nm) of pure and modified ZnO, calculated using the 

Scherrer equation. .................................................................................................. 163 



xvi 
 

Table 4.2: d spacings for dhkl (100), (002) and (101) .............................................. 164 

 

  



xvii 
 

Abbreviations 

UV Ultraviolet 

Vis Visible  

IR Infrared 

CFCs Chlorofluorocarbons 

NIR Near infrared 

MIR Mid infrared 

FIR Far infrared 

DNA Deoxyribonucleic acid 

RNA Ribonucleic acid 

ROS Reactive oxygen species 

MAPK Mitogen-activated protein kinases 

MMP-1 Matrix metalloproteinase 1 

TIMP-1 TIMP metallopeptidase inhibitor 1 

HEVL High energy visible light 

PABA para-aminobenzoic acid 

FDA Food and Drug Administration 

IC Internal conversion 

ISC Intersystem crossing 

VR Vibrational relaxation 

EC European Commission 

SCCS Scientific Committee on Consumer Safety 

EU European Union 

ECHA European Chemicals Agency 

REACH Registration, Evaluation, Authorisation and Restriction of 

Chemicals 

SVHCs Substances of very high concern 

CMR Carcinogenic, mutagenic and reprotoxic 

SPF Sun protection factor 

PL Photoluminescence 

FT-IR Fourier-transform infrared spectroscopy 

XRD X-Ray diffraction 



xviii 
 

TEM Transmission electron microscopy 

EDS Energy dispersive spectroscopy 

GQDs Graphene quantum dots 

CQDs Carbon quantum dots 

CNDs Carbon nanodots 

PDs Polymer dots 

2D 2-Dimensional 

CDs Carbon dots 

3D 3-Dimensional 

QY Quantum yield 

N-doped Nitrogen-doped 

O-doped Oxygen-doped 

sol-gel Solution-gelation 

PVA Polyvinyl acetate 

EthCitCD Ethanolamine and citric acid carbon dots 

UreCitCD Urea and citric acid carbon dots 

AdeCitCD Adenine and citric acid carbon dots 

GlyCitCD Glycerol and citric acid carbon dots 

VanCitCD Vanillin and citric acid carbon dots 

GluCitCD Glucose and citric acid carbon dots 

SucCitCD Sucrose and citric acid carbon dots 

EthTarCD Ethanolamine and tartronic acid carbon dots 

AdeTarCD Adenine and tartronic acid carbon dots 

CA Citric acid 

DPPH 1,1-diphenyl-2-picrylhydrazyl 

MeOH Methanol 

RSA Radical scavenging activity 

ISO International Standardisation Organisation 

NS Not significant  

XT-300 XT-300 10 % TiO2 

ATR Attenuated total reflectance 

SEM Scanning electron microscopy 

HF Hydrofluoric acid 



xix 
 

BMIMBF4 1-butyl-3-methylimidazolium tetrafluoroborate 

TTIP Titanium (IV) isopropoxide 

AcOH Acetic acid 

TiO2-CD Titanium dioxide-carbon dot 

HRTEM High resolution transmission electron microscopy 

FESEM Field emission scanning electron microscopy 



1 
 

1. Introduction 

1.1. Skin: structure, function, and protection 

The skin is the largest human organ and has three key functions: protection, regulation 

and sensation (1). As the primary shield for most of the body, skin provides the first 

defence against external injury, microorganisms, and radiation (1-3). Moreover, as a 

regulatory organ its other responsibilities include maintaining body temperature and 

regulating fluid levels to prevent dehydration (3-5). Furthermore, its vast network of 

nerve cells enables the skin to detect and relay environmental changes, thus providing 

sensory information (6). By providing an interface between the outside world and the 

inner organism, the skin takes the brunt of environmental exposure, which it is 

designed to withstand to an extent (4). However, it is still vulnerable to damage and 

as its role is crucial to the human body, it is evidently worthy of protection.  

The skin has an intricate structure of tissues to facilitate its complex functions which 

can be divided into three main layers: the epidermis, the dermis and the subcutaneous 

tissue or hypodermis, as displayed in Figure 1.1 (1, 7). 

 

Figure 1.1: Illustration of skin structure, made with BioRender.com (1, 7)  
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The epidermis acts as the interface between the organism and its environment, and 

thus the barrier functions of the skin are predominantly limited to this area (2, 8). It is 

layered as follows: stratum corneum, granular layer, spinous layer and basal layer (1, 

8). Keratinocytes, cells abundant in proteins such as keratin, make up approximately 

95 % of this region (2, 9). Melanocytes, Langerhans cells and Merkel cells constitute 

the remainder of cells found within the epidermis (2, 9). Melanocytes are found at the 

bottom of the epidermis in the basal layer. They are responsible for synthesising 

melanin [1] which is a pigment produced naturally in the body that is capable of 

providing the skin with some protection from ultraviolet (UV) damage (2).  

 

The dermis is featured below the epidermis and with a thickness of 1-2 mm, it forms a 

major part of skin (8, 9). Collagen, elastin, dermal fibroblasts and glycosaminoglycans 

are all found in this region, which collectively form the extracellular matrix (9). Collagen 

and elastin are both proteins that contribute to the strength and flexibility of the skin. 

In modern-day cosmetics, their preservation is sought after to maintain a typically 

“youthful” appearance of skin that is associated with minimal wrinkles. Relative to the 

epidermis, the dermis is highly vascular and houses the sweat glands, adipose cells 

(fat cells) and white blood cells (9).  

The deepest layer of the skin is the hypodermis or the subcutaneous tissue. This is 

mainly made up of body fat for insulation and protection, as well as connective tissues. 

The function of this layer is predominantly to protect internal organs from damage by 

shock or changes in temperature.  

With an overview of the skin’s basic structure, and the function of each layer, we can 

better understand the impact that natural sunlight has on it and what exactly we are 

protecting when we use products like sunscreens.  
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1.1.1. Natural sunlight 

The skin itself is susceptible to environmental exposure such as solar radiation and 

pollution (10). Natural sunlight is comprised of three key components: ultraviolet (UV) 

light, visible (vis) light and infrared (IR) radiation (11). This refers to three energy bands 

in the electromagnetic spectrum (Figure 1.2), whereby energy increases from IR to vis 

to UV, while wavelength decreases in the same order (11).  

 

Figure 1.2: Relationship of energy, wavelength, and frequency in the 
electromagnetic spectrum, reproduced from (12) with copyright 
permission. 

 

The relationship between wavelength and frequency can be described by the following 

equation: 

Equation 1.1 

𝜆 =
𝑐

𝜈
 

where: 𝜆 is wavelength (nm) 

c is the speed of light (a constant of 299,792,458 m/s) 

𝜈 is frequency (Hz or s-1) (13) 
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In quantum theory, the Planck-Einstein relation describes the energy of a photon as: 

Equation 1.2 

𝐸 = ℎ𝜈 

where: E is energy (J) 

h = constant of proportionality (Planck’s constant of 6.626 x 10-34 J s) 

𝜈 is frequency (Hz or s-1) (13) 

Knowing the relationship between wavelength and frequency, as in Equation 1.1, the 

following equation can be derived, which shows that wavelength is inversely 

proportional to energy: 

Equation 1.3 

𝐸 =
ℎ𝑐

𝜆
 

where: E is energy (J) 

h = constant of proportionality (Planck’s constant of 6.626 x 10-34 J s) 

𝜆 is wavelength (nm) 

c is the speed of light (a constant of 299,792,458 m/s) (13) 

The wavelength is important as it also indicates how far each type of radiation can 

penetrate the skin, which will be detailed later in this section. It should be noted that 

although the sun emits significantly more IR (54 % of its energy) compared to UV 

(7 %), the photon energy of UV radiation is greater (11).  

1.1.2. UV radiation 

UV light is subdivided into UVA, UVB and UVC radiation corresponding to 315 nm – 

400 nm, 280 nm – 315 nm and 200 nm – 280 nm, respectively (14). The ozone layer 

in the Earth’s atmosphere absorbs all UVC radiation and approximately 90 % of UVB 

radiation, it therefore plays an important role in shielding the Earth as UVC (with the 

shortest wavelength) has the highest energy, and therefore is most damaging. UVA is 

generally not absorbed and so its transmission to Earth is not hindered (15). Of the 
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three types of UV radiation, UVA penetrates the skin the furthest, as shown in Figure 

1.3 (16).  

 

Figure 1.3: Pictorial representation of the depth at which solar light penetrates 
the skin. Adapted from B. Kaur (16), with BioRender.com. 

The ozone layer is vulnerable to depletion from anthropological activities. Such an 

example would be the release of chlorofluorocarbons (CFCs) into the atmosphere 

through refrigeration and air conditioning systems (17). In 1974, it was proposed that 

such compounds were breaking down in the stratosphere and releasing atoms such 

as chlorine (Cl) which could destroy ozone molecules (O3) (18). As a direct 

consequence of the weakened ozone layer, the transmission of UVB radiation to the 

surface of the Earth increased (19), and an increase in certain skin cancers, eye 

cataracts and immune deficiency disorders was reported (20). The threat to human 

health was severe so governments over the world agreed to phase out such ozone-

depleting substances in the late 1980s and the international treaty “The Montreal 

Protocol” was signed (20).  
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1.1.3. Benefits of UV radiation 

The absorption of UV radiation for the purpose of cutaneous vitamin D synthesis 

demonstrates one of the health benefits of exposing the skin to natural sunlight (21). 

Vitamin D is an important hormone in the body, tasked with the regulation of calcium 

absorption and, coupled with the parathyroid hormone, is responsible for bone 

mineralisation (22). A deficiency in vitamin D can be incapacitating as it can lead to 

diseases such as osteoporosis and osteomalacia, both of which weaken the bones 

(22, 23). The production of vitamin D within the body relies on UVB radiation, while 

UVA is ineffective in its synthesis (23).  

Figure 1.4 shows the synthesis of vitamin D (24, 25). On exposure to sunlight, UVB 

radiation penetrates the epidermis of the skin and homolytically cleaves the C-C bond 

in provitamin D3 [a] to form previtamin D3 [b]. Thermal isomerisation because of body 

temperature, then forms vitamin D3 [d]. Alternatively, previtamin D3 is photolyzed to 

form tachysterol [d] and lumisterol [e] (24, 26). While it is important to maintain 

appropriate levels of vitamin D, it is argued that the dangers of prolonged sun 

exposure, like UV-induced erythema, development of skin cancer and accelerate skin 

ageing (10), outweigh the benefit of self-producing vitamin D over using supplements. 
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Figure 1.4: Synthesis of vitamin D where R = C9H17 or C8H17 for vitamin D2 or 
vitamin D3 series, respectively. [a] Provitamin D (7-dehydrocholesterol), [b] 
Previtamin D, [c] Vitamin D, [d] Tachysterol, [e] Lumisterol 

 

1.1.4. Visible light 

Visible light includes wavelengths of 400 to 700 nm (27). It can penetrate the skin more 

deeply than UV to depths of 90 - 750 µm as outlined in Figure 1.3 (27). Some dermal 

conditions benefit from this property, and visible light lasers can be used as a form of 

treatment. However, there is also evidence that visible light can stimulate long-lasting 

pigmentation in those with dark skin, and erythema in light-skinned individuals not too 

dissimilar to the effects of UVB exposure (27).   

1.1.5. Infrared radiation 

IR radiation corresponds to wavelengths between 760 nm and 1 mm. As this covers a 

vast range, it is typically divided into three smaller subsections. This includes IRA or 

near-IR (NIR) which refers to 760 nm - 1440 nm, IRB or mid-IR (MIR) which consists 

of 1440 nm - 3000 nm and finally IRC or far-IR (FIR) which corresponds to 3000 nm – 

1 mm (11, 28, 29). More than half of the radiation emitted by the sun falls into the IR 
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region of the electromagnetic spectrum (11). There are also artificial sources of 

infrared radiation which can be used for therapeutic purposes such as treatment for 

rheumatoid arthritis (11). IRA makes up approximately 30 % of total solar energy and 

is capable of evenly penetrating deep within the layers of the skin, without generating 

a noticeable increase in temperature on the surface of the skin (30).  

1.2. Solar damage 

1.2.1. Absorption of harmful UVR 

Skin cell studies, both in vivo and in vitro, have revealed molecular and structural 

damage because of exposure to UV light. Upon contact with skin, UV radiation is 

partially reflected and partially absorbed by the layers within the skin. Melanin, DNA, 

RNA, proteins, urocanic acid and aromatic amino acids such as tyrosine and 

tryptophan, are among some of the chromophores present in the skin that are capable 

of absorbing UV radiation (31). The absorption of UV radiation prompts a complicated 

process of chemical reactions, which in turn can lead to the production of reactive 

oxygen species (ROS) (15). 

UVB radiation has the ability to cause DNA damage both directly and indirectly, 

through the production of dimers of DNA bases and through the formation of free 

radicals respectively (15). Mutations can occur as a result of both scenarios and 

typically, these are repaired by defence systems within the body. Those that are 

unrecoverable undergo apoptosis, essentially cell death, to prevent the multiplication 

of the mutated cell (15). However, if these mechanisms of protection and cellular repair 

are inadequate, a mutation can develop into a malignant tumour (32). It is in this 

manner that overexposure to UV radiation can lead to cancer.  

UVA radiation, while sometimes considered a lesser concern than UVB, can also 

damage DNA directly and indirectly. Predominantly, this is through irradiation of 

molecular oxygen to produce ROS (15). In addition, erythema, more commonly known 

as sunburn, is achieved through over-exposure to UVB radiation and is indicated 

through reddening of the skin (33). 
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1.2.2. Reactive oxygen species 

The skin is vulnerable to solar and environmental damage, due to direct and often 

constant exposure. Solar radiation can induce the production of free radicals and ROS 

within the body, via penetration of the skin. Together, these are encased under the 

term ROS (see Figure 1.5) (34, 35). Free radicals can be thought of as fragments of 

molecules or chemical species with a single unpaired electron (34). ROS are important 

for living organisms, for example phagocytes store free radicals to fight invading 

pathogens with them (36), which makes up an important aspect of immune response. 

ROS are produced and broken down by all aerobic organisms, to maintain normal cell 

function. However, if this process occurs excessively, the cell enters a state of 

oxidative stress. In this condition, oxidants and antioxidants are no longer in balance 

and the levels of ROS present in the cell increase on the whole (35). If oxidative stress 

is severe, it can damage cell membranes, lipoproteins and DNA, and in some cases 

lead to gene mutations and cancer, as outlined in Figure 1.5 (34). Typically, ROS pose 

little danger provided the cellular defence mechanisms, including enzymatic and non-

enzymatic antioxidant defences and repair processes, are efficiently able to limit the 

damage they can cause. However, as the body ages, the efficiency of these internal 

defence and repair mechanisms decline, thus increasing the risk of harm from 

ROS (34).  

UVA and UVB radiation can cause extensive damage on a cellular level, directly and 

indirectly. The next section will focus on some existing UV filters that provide a 

protective barrier between the skin and harmful UV light.  
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Figure 1.5: Possible outcomes of excessive ROS production in cells (36). 

1.2.3. Damage from NIR 

Photoageing in reference to the skin, describes the changes that become evident 

alongside chronological ageing (37). These typically include the production of 

prominent wrinkles, reduction in skin elasticity, as well as irregular skin pigmentation 

and impairment of skin barrier functions (11, 37). There is evidence to suggest that 
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IRA radiation has the ability to induce biological responses when absorbed by the skin 

which can lead to the breakdown of collagen, and signs of photoageing (28).  

Mitogen-activated protein kinases (MAPKs), which participate in multiple important cell 

activities such as differentiation, movement, division, and death, have been shown to 

be activated by IRA radiation (28, 38). This can provoke the production of ROS in 

mitochondria, which originate from the mitochondrial electron transfer chain (39). The 

resulting signalling response leads to an increased production of matrix 

metalloproteinase (MMP-1) which can break down type-1 and type-3 collagen, and 

elastic fibres, through proteolysis (40). The breakdown of these elements is 

synonymous with ageing skin and thus, IRA is deemed to have a role in photoageing 

of skin (28, 41). Additionally, the production of the tissue specific inhibitor of MMP-1, 

known as TIMP-1, is not encouraged in the same manner. Thus, the imbalance of the 

two is also thought to emphasise clinical symptoms of ageing such as a loss of skin 

elasticity as well as wrinkle formation (28).  

To summarise, natural sunlight is beneficial to the body through processes like the 

generation of vitamin D in vivo. However, the damage that can be caused to the skin 

has also been detailed and is more difficult to undo. From this, it is evident that the 

skin should be well-protected from solar exposure in order to maintain a healthy 

lifestyle. 

1.3. Sunscreens: photoprotection with organic and inorganic filters 

The discovery of UV rays by Ritter in 1801 was crucial in developing our understanding 

of photodamage and photoprotection (42). However, phenomena such as sunburn 

was still misunderstood and believed to be due to heat damage. It was not until 1820 

when Englishman Sir Everard Home exposed one hand to the sun and shielded the 

other with black fabric, that he observed sunburn on the exposed hand despite the 

covered hand registering a higher temperature on the thermometer (43). This was 

confirmed by Widmark, of Sweden, who published experimental evidence of UV-

induced erythema, in 1889 (44). Despite this, confusion over the damaging impact of 

UV radiation continued as late as 1900.  
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Presently, the negative impact of UV radiation and the emerging knowledge of the 

effects of HEVL and NIR, are more understood. With this, the personal care industry 

developed sunscreens, using various optical filters, to create skin protection products 

that are accessible for consumers. The definition of a sunscreen in Europe, is a 

cosmetic product that contains inorganic or organic UV filters, also known as physical 

or chemical filters (which describes their active mechanism), to reflect and/or scatter 

UVR or to absorb it (45). Such products are often formulated into creams, lotions, or 

gels, offering variety to the consumer. Ideally, a sunscreen will meet the requirements 

outlined in Table 1.1, although it is rare that a product will meet them all. 

Table 1.1: Sunscreen specifications (45) 

An ideal sunscreen should: 
 

✓ Enable broad spectrum protection against UVA and 
UVB, also HEVL and NIR 

✓ Utilise both chemical and physical filters for optimum 
protection 

✓ Some protection against environmental pollution 
✓ Good stability under high temperatures and intense 

sunlight (other cosmetics tend not to be subject to 
such harsh testing) 

✓ Formulations are not irritant to the skin 
✓ Possible degradation products should not be irritant 

to the skin 
✓ Neither the formulation nor degradation products 

should be able to penetrate the skin and be absorbed 
systemically 

✓ Should be easy to formulate with 
✓ Should not harm living organisms or the environment 
✓ Feel and colour should be pleasing to the consumer 

 

 

1.3.1. Topical photoprotection 

Topical protection of the skin is a popular and effective method used to counter solar 

radiation. However, it is noted that ROS can still form as a result of other stimuli, such 

as smoking (37). Topical protection generally works by absorption or scattering of the 

targeted radiation (see Figure 1.6). Sunscreens are an example of an existing 

consumer product that works in this manner and targets UV radiation. Sunscreens are 

cosmetic products designed to protect the consumer from harmful solar radiation, 

including UVA, UVB, high energy visible light (HEVL) and IR. Typically, the formulation 
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will include the active compound, designed to shield the skin through absorption, 

scattering, or a combination – in the case of UV protection this will often be a UV filter. 

In addition, further components are included such as preservatives, fragrances and 

emulsifiers to improve the longevity and appeal of the product (16).  

 

Figure 1.6: The interaction of UV light with UV filters in a layer of sunscreen on 

the skin, made using BioRender.com 

Inorganic sunscreens typically contain zinc oxide and titanium dioxide. They are often 

opaque and thick creams that can effectively protect from UVA and UVB radiation 

through scattering and absorption of UV light (21). In contrast, chemical sunscreens 

work solely by absorbing UVA and UVB radiation. They can contain multiple active 

ingredients such as para-aminobenzoic acid (PABA) and oxybenzone, combined with 

additives to stabilise the formulation (16, 46). In comparison to inorganic formulations, 

the chemical kind are not easily washed off. However, it is questioned whether 

chemical sunscreens can potentially be absorbed into the systemic circulation and 

induce toxic effects (16). This is one of the reasons it is important to consider the 

toxicity of compounds when developing novel consumer skincare products. 

HEVL resides in the violet-blue band of the electromagnetic spectrum (400–500 nm). 

Sources of such light include sunlight, flat digital mobile phone displays, computers, 
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and televisions. A fractionated vegetable derived melanin compound sold as 

Liposhield™ HEV Melanin from Vantage Specialty Ingredient, Inc is an example of a 

topical defence against HEVL (47). It prevents harmful HEVL from penetrating the skin 

through specific absorption, while allowing inoffensive visible light to pass through 

(16). 

Furthermore, a combination of red, yellow, and black iron oxides, alongside zinc oxide, 

has been shown to protect from HEVL somewhat, by Bernstein et al (48). Iron oxides 

are considered to be inactive ingredients meaning they are not FDA-approved UV 

filters, in a sunscreen formulation (49). As each iron oxide has a different light 

attenuation profile (see Figure 1.7) they combined these, with zinc oxide and titanium 

dioxide, in various formulations to find 71.9 % - 85.6 % attenuation between 415 and 

465 nm, while the products with no filters showed no significant HEVL attenuation. 

From Figure 1.7, HEVL attenuation by TiO2 is insignificant, while ZnO can attenuate 

up to 450 nm. Therefore, the inclusion of iron oxides into the formulation and their 

combination with ZnO and TiO2 is likely to be causing this increase in attenuation. 

 

Figure 1.7: Light attenuation for inorganic filters. Reproduced from Bernstein et 
al. (48) with copyright permission. 
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As stated earlier, IR radiation can lead to ROS production and cutaneous changes 

within the skin. Specifically, IR radiation targets mitochondria and causes the 

increased production of matrix metalloproteinase-1 (MMP-1) which is an enzyme that 

degrades collagen. It is thought that the topical application of antioxidants, such as 

coenzyme Q derivatives which target mitochondria specifically, can provide 

photoprotection from IR radiation (50). 

1.3.2. Mechanisms of UV attenuation 

There are three mechanisms of UV attenuation in sunscreens: absorption, scattering 

and reflection (backward scattering); with absorption and scattering being the two 

fundamental ways in which electromagnetic radiation interacts with matter (51).  

Scattering occurs when the separation of positive and negative electrical charges 

within a molecule or particle forms an electric dipole, which oscillates with the 

frequency of radiation it is exposed to (51). These oscillating dipoles then emit 

radiation of the initial frequency in diverse directions, which then dissipates in the 

incident direction, and this is known as scattering. In this case the radiation itself does 

not have resonance frequencies with the energy transitions of the molecule and so 

energy transfer does not occur (51). 

For absorption, the energy transition of the molecule and the exciting radiation 

resonate, which allows energy to be transferred to the molecule (51). When a photon 

of UV light is absorbed by an organic molecule, an electronic transition can take place; 

the molecule is excited from the electronic ground state (S0) to an excited state (Sn). 

From here, the energy absorbed can be dissipated in several ways: vibrational 

relaxations, non-radiative pathways (by internal conversion (IC) Sn→S0 or Tn→S0 

and/or intersystem crossing (ISC) or Sn→Tn) and radiative pathways 

(photoluminescence) (51).  
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Figure 1.8: A Jablonski diagram to show the possible pathways once UV light is 
absorbed in a molecule. VR is vibrational relaxation; IC is internal 
conversion and ISC is intersystem crossing. Made with BioRender. 

Inorganic UV filters like TiO2 and ZnO function by both absorption and scattering 

mechanisms. Both materials are semiconductors, and their bulk crystals have large 

bandgaps, meaning the energy required to promote an electron from the valence band 

to the conduction band is high. Here, this corresponds to a wavelength of 380–420 

nm. The particle size influences the bandgap energy, so that as the particle size 

decreases the bandgap energy increases. The mechanism of light attenuation applied 

will depend on the particle size. A larger particle size will mean scattering is preferred 

over absorption, while for nano-sized materials (often used in sunscreens), absorption 

is the dominating process (51).  

 

Figure 1.9: Promotion of an electron from the valence band to the conduction 
band, in a semiconductor (51). 
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1.3.3. Common UV filters in sunscreens and their challenges 

1.3.3.1. Titanium dioxide 

Titanium dioxide (TiO2) is a metal oxide that can be found as three crystalline 

polymorphs: anatase, rutile and brookite. Its high refractive index (2.4), stability and 

the fact it is insoluble in water, allows it to be used as a pigment first and foremost 

(52). In addition to a colourant, it can also be used as a UV filter in cosmetic products, 

at a maximum of 25 % of the formulation, and is authorised under entry 27 of Annex 

VI and entry 143 of Annex IV to Regulation (EC) No. 1223/20091 (53). Early sunscreen 

formulations containing titanium dioxide often had a thick consistency, did not blend 

easily with the skin, and produced a white layer due to its high refractive index (54). 

These properties formed a physical barrier and shielded the skin from UV light, acting 

as an effective filter by means of scattering and reflection. However, these same 

characteristics made it an unappealing cosmetic. The FDA (Food and Drug 

Administration) enabled nanoparticles to be used in sunscreens in 1999 (54). The 

advantage of using nanoparticles in such formulations, is that their size makes them 

more transparent, have improved texture which blends with the skin more effectively 

and produce a less viscous formula (54). However, there has been some uncertainty 

as to whether they are safe to be used on the skin, due to potential for systemic 

absorption, and whether they are hazardous in the wider environment as possible 

bioaccumulates. 

The safety of nano-TiO2 as a UV filter in sunscreens was reviewed by the Scientific 

Committee on Consumer Safety (SCCS) and in 2013 it was concluded that this 

material was safe to be applied to healthy or sunburnt human skin (53). However, in a 

separate Opinion, the SCCS showed concern for the safety of nano-TiO2 in spray 

products particularly, because of risk of exposure to TiO2 nanoparticles by inhalation. 

Following the receipt of industrial data, the SCCS deemed TiO2 to be safe in spray 

personal care products, at a lower concentration of up to 5.5 % (53). At this lower 

 

1 This Regulation outlines the rules a cosmetic product must comply with to be appropriate to market 

and ensures protection of human health as well as the function of the internal market. It defines a 

cosmetic product as “any substance or mixture intended to be placed in contact with the external 

parts of the human body (epidermis, hair system, nails, lips, and external genital organs) or with 

the teeth and the mucous membranes of the oral cavity with a view exclusively or mainly to 

cleaning them, perfuming them, changing their appearance, protecting them, keeping them in 

good condition or correcting body odours”. 
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percentage, the remainder of the formulation may have to compensate with additional 

filters and booster compounds, to reach the same SPF rating as a cream, which could 

be costly. There is potential for improvement here, for example by replacing existing 

nano-TiO2 in sprays with biocompatible alternatives.   

Additionally, titanium dioxide is known to form free radicals such as superoxide and 

hydroxyl radicals, when irradiated with UVA and UVB light, through its involvement in 

electron transfer reactions (55). Withstanding UV exposure is inherent for an active 

ingredient in a sunscreen, therefore sunscreen formulations often contain additives 

like antioxidants and radical scavengers, to supress any highly reactive radicals that 

are produced and form less dangerous products (56). This in turn prevents damage to 

biomaterials by free radicals and ROS (55). Minimising ROS contact on the skin, 

created within the sunscreen formulation, can be achieved by incorporating heavy 

metals (V and Ce) or antioxidants to combat the ROS, or alternatively by coating with 

silica. Both methods have their drawbacks. The inclusion of heavy metals and 

antioxidants may present toxicological issues and reduced transparency, while coating 

with silica is aesthetically undesirable for sunscreens as its high refractive index can 

compromise the transparency of the applied formulation (57).  

To summarise, TiO2 is a very effective UV filter due to its high refractive index and low 

cost, however as a component in sunscreens, it is not without limitations. As a 

suspected carcinogen by inhalation, its percentage inclusion in formulation is capped 

and it is also prone to forming damaging ROS under UV light. From this perspective, 

production of alternative UV filters is desirable.  

1.3.3.2. Zinc Oxide 

Zinc oxide is another physical UV filter, often used in sunscreens. As a metal oxide 

and semiconductor, like TiO2, it shares many of the same physical properties. 

Similarly, it is considered a carcinogen by inhalation. For this reason, the usage of zinc 

oxide and its nano equivalent, is limited to 25 % in formulation, except in applications 

where lung exposure is a concern (i.e., sprays). It must meet the criteria outlined by 

the EU commission, which states it is not to be used in such applications (58). 

Specifically for nano-ZnO the material must have a purity of ≥ 96 % and any impurities 

present should be CO2 and water, anything else should be less than 1 % in total (58). 

The nanomaterial should have a wurtzite crystalline structure and appear as clusters 
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of rods, stars or isometric shapes (58). Additionally, its water solubility should be less 

than 50 mg/L (58).  

ZnO is capable of broad-spectrum UV protection and can attenuate wavelengths up 

to 450 nm which enables it to offer some HEVL protection. However, as Figure 1.7 

shows, attenuation at these wavelengths is weak. Due to the criteria outlined by the 

European Commission and the restrictions placed on ZnO, extending its absorption to 

the visible light region while meeting the regulations, is a challenging feat. 

1.3.3.3. Avobenzone 

 

Avobenzone [2] is a typical UVA filter, with the trade name Parsol® 1789. It was 

patented in 1973 and approved by the EU and FDA in 1978 and 1988, respectively 

(51). It is currently approved for worldwide use but was discovered to be unstable 

when exposed to UV light. As a photoprotector, this was not only detrimental to its 

efficacy but also, it formed argyglyoxals and benzils as it degraded, of which 

photoallergenic and cytotoxic reactions can be attributed to (59). 

Octocrylene [3], capable of quenching triplet state of avobenzone, is also an effective 

way to stabilise it (51). However, the recent Opinion from the SCCS states that 

octocrylene may be potentially disruptive to the endocrine system and should be used 

at concentrations of no more than 10 % (60). Its environmental impact is also in 

question. 

Several photostabilisers were used in synergy with avobenzone, to mitigate its 

degradation: Mexoryl SX, Corapan® and butyloctyl salicylate, to name a few (61). 

Additionally, antioxidants have been studied for their ability to stabilise 

photodegradation of avobenzone, by quenching ROS formed. Afonso et al 

investigated vitamin C, vitamin E and ubiquinone, for this use (62). They found 

ubiquinone to be the most effective photostabiliser for avobenzone, though vitamin C 

and E showed promise. 
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Figure 1.10: Common stabilisers of avobenzone: octocrylene [3], bisoctrizole [4] 

and bemotrizinol [5].  

Bisoctrizole [4] and bemotrizinol [5] are UV filters that are both also used in conjunction 

with avobenzone, for stability (Figure 1.10). Bisoctrizole (Tinosorb® M) consists of 

colourless organic microfine particles that absorb, reflect and scatter UV light and is 

available as a 50 % aqueous dispersion. Bemotrizinol (Tinosorb® S) on the other hand 

is oil soluble for high water resistance and can be used in partnership with other 

organic and inorganic filters. It is also highly photostable, a broad-spectrum UV filter 

and meets the necessary safety requirements. 

The example of avobenzone showcases the importance of maintaining stability in a 

sunscreen formulation, and its lack of stability is one of its key limitations. Ideally the 

UV filter itself would be stable as well as able to attenuate UV light, without 

degradation. However, where this is not possible antioxidants and other 

photostabilisers can be incorporated. 

1.3.3.4. Oxybenzone  
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Oxybenzone [6] is an organic, UVA filter, with an absorption range of 270–350 nm 

(63). It is a benzophenone compound, grouped within the class of aromatic ketones, 

and was approved by the FDA for use in sunscreens in the early 1980s (63). However, 

it is controversial in the field of personal care because some studies showed it to be 

systemically absorbed (64) which raised the question of its toxicity to humans (65). 

Further to this, oxybenzone was identified in many water sources and has proved 

stubborn to remove by existing wastewater treatment plants. While industrial runoff 

was one of the culprits of this, it is believed the use of sunscreens and cosmetics that 

contain oxybenzone, add to the problem – for example oxybenzone can be washed 

off into open water sources or in the shower, and can be excreted in urine which also 

finds its way back into the environment. It is now thought to be a threat to coral reefs, 

through activation of coral viruses which in turn leads to oxidative stress, discharge of 

symbiotic algae (which are coloured and responsible for providing energy to coral) and 

finally bleaching of the coral, as proposed by Danovaro et al (66). As of 2021, Hawaii 

passed legislation which banned the unprescribed use of oxybenzone (and octinoxate) 

to offer some protection to the coral reefs2.  

Additionally, concentrations are regulated to 6 % in sunscreen and cosmetic 

formulations in the US, while this was recently reduced to 2.2 % in Europe (67). Japan 

and Australia have an upper limit of 5 % and 10 % respectively (67). As the effects of 

the likes of oxybenzone become more widely understood, it is likely to become more 

restricted as a consequence. The need for alternative UV filters that are biocompatible, 

biodegradable, all whilst maintaining their efficacy, is increasingly apparent.  

In this section, topical photoprotection, mechanisms of UV attenuation and some 

existing UV filters have been explored. Throughout the project, UV attenuation was 

often the first form of evaluation for the optical properties of new materials formed. 

Therefore, it was important to gain an understanding of the mechanisms on a 

molecular level. Additionally, investigating the challenges of common UV filters like 

avobenzone and titanium dioxide helps to establish where there is room for 

improvement. There is a drive for biocompatible, biodegradable, cheap materials that 

 

2 It is also banned in several Caribbean islands like Aruba and Bonaire, as well as 

Palau, The Marshall Islands, Thailand, the Northern Mariana Islands, and the US 
Virgin Islands. 
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are capable of broad-spectrum protection, stretching into the visible region, that must 

also be photostable. Currently, no existing UV filter meets all these demands all while 

following the regulations outlined later in the chapter. 

1.4. Natural antioxidants to combat ROS 

Antioxidants are radical scavengers which aim to protect molecular targets once ROS, 

such as excited singlet oxygen, have been formed (68). Typically, an antioxidant 

molecule can counteract several free radicals and thus reduce the risk of oxidative 

damage to cells (69). Antioxidants can be both enzymatic and non-enzymatic (35). 

Vitamin E and vitamin C are among the non-enzymatic antioxidants assisting 

photoprotection in the body (70). It is known that an increase in antioxidants can help 

to improve radical scavenging capability within the body, and thus prevent the harmful 

effects of ROS. Antioxidants can be found in many foods, and it is believed their 

concentration within the body can be increased with dietary changes in favour of foods 

rich in antioxidants.  

Polyphenols, found in plants, are a class of antioxidants which include phenols [7], 

phenolic acids [8] and flavonoids [9] (71). Generally, they have hydroxyl groups 

capable of hydrogen transfer for the purpose of reducing free radicals (69). Such 

compounds can be found in both red and white wine, green and black tea, as well as 

various fruits and vegetables (69). The consumption of foods rich in antioxidants is 

one method that is currently being used to counter the production of ROS. In addition, 

aromatic rings on flavonoids enable them to absorb UV radiation in the range of 200 

nm to 400 nm. Therefore, if topically applied to the skin, they could also attenuate UV 

light (21). 

 

Antioxidants are common additives in sunscreen formulations and often work in 

synergy with physical filters like titanium dioxide and zinc oxide. Therefore, it is 
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valuable to gain an insight to how some of their common classes like polyphenols, 

which are capable of counteracting ROS. 

1.5. Regulations within the cosmetics industry 

Sunscreens are considered a cosmetic product. To ensure the safety, efficacy, and 

security of the product, for use within the public, regulations are put in place in the 

cosmetics industry, and many other industries alike. 

The Food and Drug Administration (FDA) is responsible for this in the US. As part of 

the Department of Health and Human Services, it serves to protect public health and 

is responsible for regulating the safety, efficacy and security of human and veterinary 

drugs, cosmetics, food supply, radiative products, biological products, and medical 

devices (72). 

The European Commission provides a similar service for those countries in the 

European Union. It implements EU Commission, Regulation (EC) No. 1223/2009 

which is a European legislation for finished cosmetics products.3 Within this regulation, 

Annex VI outlines a list of 45 UV filters that are allowed in cosmetic products including 

titanium dioxide (rutile and anatase) as well as zinc oxide (73). It is applied nationally, 

and all member states are bound by these regulations. After the UK exited the EU on 

January 1st, 2021, the EU Cosmetics Regulation was no longer applicable there so the 

UK Cosmetics Regulation was established in its place. Both regulations are in 

alignment and have no significant differences to date.  

As the project is based in the UK, we will be focussing predominantly on European 

regulations as these are the most applicable. ECHA is the European Chemicals 

Agency. Within ECHA, various legislature exists to regulate the chemicals used within 

the EU. One important legislation is Regulation (EC) No. 1907/2006, also known as 

the REACH Regulation (Registration, Evaluation, Authorisation and Restriction of 

Chemicals), which in short aims to protect human health and the environment, from 

threats of chemical hazards, while also encouraging a competitive chemicals industry. 

 

3 This was last updated on 01/10/2021.  
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Additionally, REACH advocates for reducing the testing of hazardous substances on 

animals, through alternative methods (74).  

ECHA publishes a Candidate List of Substances of Very High Concern (SVHCs). This 

is part of the authorisation process, which aims to gradually replace SVHCs by less 

dangerous substances or better technologies. A substance might be proposed to be 

recognised as a SVHC if it is: carcinogen, mutagenic, toxic for reproduction (CMR) in 

accordance with Regulation (EC) No 1272/2008 of the European Parliament and of 

the Council (75), bioaccumulative or very persistent, to name a few reasons. After a 

45-day consultation, if a substance is identified as a SVHC it is placed on the 

Candidate List. Suppliers of such substances have an immediate responsibility to 

supply safety information such as SDS, how to use the substance safely and to notify 

ECHA if the article they produce contains more than 1 tonne per producer or importer 

per year at greater than 0.1 % concentration (w/w) (76).  

1.5.1. Recent changes to Regulation (EC) 1223/2009 

Furthermore, EU allowed UV Filters: Annex VI, Regulation 1223/2009/EC on Cosmetic 

Products, as corrected by Corrigendum to Commission Regulation (EU) 2021/850, 

contains relevant changes to regulations concerning titanium dioxide (77). 

Commission Delegation Regulation (EU) 2020/217, to be put in place from October 1, 

2021, states that those substances that have been identified as CMR substances 

should be removed from cosmetic products from the same date. Specifically, it refers 

to titanium dioxide in powder form, with ≥ 1 % of particles with aerodynamic diameter 

of ≤ 10 μm being classified as ‘Carcinogen Category 2 (inhalation)’ (77).  

Titanium dioxide is allowed for use as a colourant (entry 143 of Annex IV to Regulation 

(EC) No 1223/2009), as a UV filter in its nano form ≤ 25 % concentration (entries 27 

and 27a of Annex VI to Regulation (EC) No 1223/2009) but should not be used in 

applications that might lead to lung exposure. As an important component in cosmetic 

products, an exception was requested in January 2020 leading to the Scientific 

Community on Consumer Safety (SCCS) adopting an opinion on the matter. It was 

concluded that titanium dioxide in loose powder form, was safe for use in face products 

in a concentration of ≤ 25 % and in aerosol spray hair products ≤ 1.4 % (for consumer 

use) and ≤ 1.1 % (for professional use). With regards to the use of titanium dioxide 

(nano) as a UV filter, entry 27a of Annex VI to Regulation (EC) No 1223/2009 already 
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states that it should not be used where inhalation is a risk and could lead to lung 

exposure (77). 

1.5.2. Regulations for methods of sunscreen evaluation 

There are two main ways to assess a sunscreen’s ability to protect from solar radiation. 

The first is its Sun Protection Factor (SPF), which is a number assigned to each 

product that describes the level of exposure that can be endured before skin erythema 

occurs. The notion of an SPF factor was developed over decades in the 20th Century 

by Ellinger (1934), Schulze (1956) and finally popularised by Grieter (1978), through 

a growing need to evaluate the protection of sunscreens (78). When the industry 

recommended amount (2 mg/cm2) (79) of SPF 30 sunscreen is applied, for example, 

it will take 30 times longer to cause skin erythema than it would for unprotected skin. 

However, SPF refers to the efficacy of a UVB filter, rather than UVA or broad-spectrum 

filters (79). 

Therefore, the second assessment must refer to UVA protection in a sunscreen. This 

is much more difficult to standardise because, unlike SPF for UVB, the endpoint is not 

erythema and in reality, UVA protection can be calculated based on different 

endpoints, which  can cause variation in the protection factor (78). Boots UK Limited 

developed a UVA star rating system in 1992, which ranged from 0 to 5 (80). It 

describes the percentage of UVA radiation absorbed in comparison to UVB radiation, 

with five stars offering the best protection against UVA rays. The minimum 

recommended star rating is four. While sunscreens with four stars are very close to 

the ideal protection of UVA and UVB, it is important to declare their limitations. No 

sunscreen product can filter all UV radiation and therefore should not claim to or 

mislead consumers into thinking the sunscreen gives total protection (79).  

It was important to gain an understanding of the recent changes to Regulations in the 

Cosmetics Industry and the way in which sunscreens are evaluated, as ultimately any 

alternative UV filters produced will aim to be incorporated into such formulations.   

1.6. Project aims 

The overarching aim of the project is to develop alternative UV filters and evaluate 

them for use in personal care applications, with a focus on sunscreens. 
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Sunscreens contain multiple components: physical and chemical UV filters, 

antioxidants, stabilisers and more. Regulatory limitations of TiO2 and ZnO, ≤ 25 % in 

sunscreen formulations, means the UV protection they can solely supply is limited. 

They are often used in conjunction with chemical filters like avobenzone which can 

have photostability issues, and oxybenzone which has been found to be 

environmentally damaging. Alternative materials are therefore sought after. 

Carbon dots have a number of desirable properties that make them suitable alternative 

candidates. This includes good UV absorption, ease of preparation, biocompatibility, 

and small size. These properties make them applicable to a wide range of fields, 

though their use as UV filters in sunscreen formulations has not yet been explored. 

This project aims to investigate the preparation of carbon dots and evaluate their 

potential for use as alternative UV filters or UV boosters within personal care 

formulations, with a focus on sunscreens, in collaboration with Croda. It intends to 

examine the more environmentally sound hydrothermal synthesis as a viable means 

for the preparation of carbon dots from small organic molecules, in a friendly solvent 

(water), and consider the capability of the reactions to be scaled up for use in industry.  

Moreover, it aims to explore the inclusion of carbon dots into the solvothermal 

reactions of known UV filters, TiO2 and ZnO, to investigate the impact on their 

morphology, crystallinity, and optical properties. This area is largely unexplored, 

therefore the aim was to uncover improvements in the optical properties of these 

materials, by a facile, solvothermal preparation. 
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2. Investigation of carbon dots as UV-vis filters 

2.1. Introduction 

Carbon dots can be described as distinct, sphere-like nanoparticles, 10 nm or smaller 

in size (81-84) and are classed among carbon nanomaterials such as: 

buckminsterfullerene (C60); single and multi-walled carbon nanotubes; 

nanodiamonds; carbon nanofibres and graphene (85). They typically consist of a 

carbon core adorned with carboxylic acid functional groups on the surface (Figure 2.1) 

(84, 86). This functionality enables excellent water solubility, in contrast to 

macroscopic carbon which is typically a black material that is insoluble in water. With 

abundant carboxylic acid groups, they are suitable for further functionalisation with a 

variety of organic, inorganic, polymeric and biological species (84). Carbon dots (CDs) 

have intriguing optical properties such as size and excitation wavelength dependent 

photoluminescence (87). Amongst these characteristics they are also biocompatible, 

photochemically stable, generally have low toxicity and have several quick, cheap 

synthetic routes (88). Their exceptional characteristics, coupled with their facile 

syntheses, demonstrate perhaps why this nanomaterial is pursued so widely in current 

research, in fields such as: bioimaging; sensing; photovoltaics and medicine (88).  

 

Figure 2.1: Depiction of carbon dots with carboxylic acid functionality as 

adapted from Baker et al. (84) 

An adjustable and strong fluorescence emission was the initial attraction of carbon 

dots for many researchers. It was thought that they would be good candidates to 
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replace quantum dots (nanoscale semiconductor crystals with optical and electronic 

properties owed to their size), which are often used in biosensing and bioimaging 

applications because of their fluorescent nature. However, their use in biological 

applications is limited by the toxicity of the heavy metals used to prepare them. On the 

other hand, carbon dots are non-toxic, biocompatible, cheap to produce and 

chemically inert, all while maintaining good fluorescence. This makes them an 

attractive alternative particularly in applications where toxicity is a concern (85). 

2.1.1. Synthesis of carbon dots 

In the first instance, carbon dots were isolated during preparative electrophoresis (a 

type of purification) of single-walled carbon nanotubes by Xu et al (2004) (81). Then 

in 2006, they were produced by laser ablation of graphite powder and cement (89). In 

the literature, carbon dots are often characterised by UV-vis absorption spectroscopy, 

photoluminescence (PL) spectroscopy, FT-IR, XRD, TEM and EDS (90).  

Now there are a variety of other ways in which carbon dots, also known as carbon 

nanodots (CNDs), can be prepared. These can be divided into “top-down” and 

“bottom-up” strategies, as outlined in Figure 2.2, and can also lead to the formation of 

graphene quantum dots (GQDs) and polymer dots (PDs). 

 

Figure 2.2: A schematic to show top-down and bottom-up carbon dot synthesis. 
Reproduced from (91) with copyright permission.  
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2.1.1.1. Top-down methods 

Top-down methods such as chemical exfoliation, arc-discharge, and laser ablation, 

typically involve the exfoliation and cutting of macroscopic carbon, like carbon black 

or graphite powder, to obtain 2D nanoparticulate graphene quantum dots (92). These 

approaches often use harsh reaction conditions, expensive materials, and equipment, 

have long processing times, and do not enable good control of particle size (93).  

Chemical ablation involves using strong oxidising acids to carbonise small organic 

molecules, which are then divided into smaller sheets through controlled oxidation. 

Albeit one of the most accessible synthetics methods to prepare carbon dots, 

according to Wang et al. chemical ablation relies on harsh conditions and is a multi-

step process which does not enable good control of particle size. 

Electrochemical methods of carbon dot synthesis typically use the “top-down” 

approach, which involves the chemical cutting of bulk carbon materials such as 

graphite. However, this process is non-selective, resulting in carbon dots of a broad 

range of sizes which then require additional separation to achieve uniformity, and 

additionally such CDs exhibit limited photoluminescence (< 10 %) (94).  

A material that is attached to a solid (or less commonly a liquid) can be removed from 

the surface if irradiated with a laser, in a process known as laser ablation. To produce 

carbon nanoparticles, Hu et al. suspended carbon materials in organic solvent and 

irradiated this with a laser of wavelength 1.064 µm. It was reported that the synthesis 

and surface modification of the carbon dots occurred concurrently. Thus, this one-step 

approach was able to produce fluorescent carbon nanoparticles. By varying the 

organic solvent in the reaction, the surface of the carbon nanoparticles could be 

manipulated to emit light of a specific wavelength (95). 

2.1.1.2. Bottom-up methods 

In contrast, bottom-up approaches like microwave synthesis, hydrothermal and 

solvothermal reactions, plasma treatment and chemical vapour deposition yield 3D, 

quasispherical, carbon dots (92) through the polymerisation of molecular precursors 

like citric acid and glucose. These reactions typically produce fewer defects and allow 

good control of the size and surface properties of carbon dots. 
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Microwave synthesis uses microwave radiation to achieve pyrolysis of organic 

compounds and provides the homogenous, fast heating that is necessary to form 

luminescent carbon dots of a uniform size (96).The procedure is quick, generally low-

cost and is deemed a ‘green’ synthetic route. Using a microwave heating process, 

Pires et al prepared carbon dots from raw cashew gum, which showed good 

biocompatibility and low cytotoxicity, enabling them to be used in live-cell imaging (97).  

Hydrothermal and solvothermal syntheses utilise an autoclave reactor in which the 

reactants are sealed, allowing the reaction to take place under high pressure and 

relatively low temperature. Hydrothermal procedures are carried out in water, while 

solvothermal procedures are carried out in an alternative solvent. Generally, these 

provide non-toxic, low-cost, and ‘green’ synthetic routes to produce carbon dots. An 

organic precursor is required to undergo hydrothermal carbonisation, which means 

many sources can be suitable reactants, and waste food products are often used, such 

as onion waste (98). Other natural sources include plant leaves (99, 100), orange juice 

(101), oats (102), potato (103), milk (104) and waste biomass (105) which have all 

been reportedly used to make carbon dots. Owed to its versatile reactants, there are 

many examples of carbon dots prepared by the hydrothermal method (93).   

2.1.1.3. Scale up 

Hydrothermal synthesis can also be done on a large scale, though it requires much 

greater capacity autoclaves, which may pose somewhat of a limitation. However, once 

invested in, this would result in large-scale facile hydrothermal synthesis. Wu et al. 

reported the use of a 10 L autoclave to synthesise homogeneous lamellar morphology 

boehmite from aluminium nitrate and urea (106).  

2.1.1.4. Doping Carbon Dots 

There are methods of surface modification that can be employed to improve the 

specificity of carbon dots, as well as the fluorescence quantum yield. Fluorescence 

QY can range between 0 and 1 where a higher value gives a stronger fluorescence 

signal and brighter fluorophore. It is the ratio of photons absorbed to photons emitted. 

Doping with heteroatoms; such as nitrogen, during the preparation of carbon dots is 

one of the methods (107). The inclusion of atoms other than carbon and oxygen has 

been known to enhance the photoluminescence properties of the material (107). 
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Mangosteen pulp and pulp-free lemon juice are among some natural sources that 

have been carbonised to obtain N-doped carbon dots with a nitrogen content of 3.16 % 

and 15 % respectively. In these cases the nitrogen was utilised solely from the biomass 

(88). Additionally, Nescafe instant coffee powder was found to produce carbon dots 

with a nitrogen content of 7.8 %, by Jiang et al. (108) These had been formed simply 

by combining hot water and coffee powder, and extracted by centrifugation and 

filtration (88). The fact that carbon dots are present in regularly consumed goods such 

as instant coffee, supports the non-toxic and biocompatible qualities of this material. 

Additionally, natural proteins such as Bombyx mori silk were used in the hydrothermal 

preparation of carbon dots, treated at 180oC. Their intrinsically high nitrogen content 

(18 %) made them desirable for producing N-doped carbon dots (88).  

Gholinejad et al. selected vanillin as a precursor because it is an abundant, cheap, 

and natural resource. Also, as it bears formyl groups, it could be subsequently used 

to modify Fe3O4 nanoparticles, which in turn could assist reduction of Pd(II) to Pd(0). 

They dissolved vanillin in ethanol and heated to 180 °C for 12 h, utilising the 

solvothermal method to produce carbon dots that fluoresced at 413 nm when excited 

at 350 nm (109). The UV-vis spectrum was not presented in this paper, though it could 

be inferred that the CDs absorbed at 350 nm from the fluorescence data.  

2.1.2. Carbon dots derived from citric acid 

As previously stated, a wide variety of carbon sources are used to prepare carbon 

dots, though citric acid has become one of the most prevalent in the literature. Owed 

to its three reactive carboxyl groups, it can support sufficient dehydration, 

carbonisation, and interaction with doping agents (110). In this effect, citrate-based 

CDs can form with citric acid alone and alongside small organic molecules like urea 

and amino acids. 

It is understood that citrate-based CDs are made up of polydisperse structures like 

small molecules, oligomers, polymer chains, polymer clusters and carbon cores (110). 

The research of Song et al. supports this. They synthesised carbon dots from citric 

acid and ethylenediamine (140 °C), separated the components by column 

chromatography on silica and obtained five fluorescent batches which they 

characterised. Batch one was found to be fluorescent 5-oxo-1,2,3,5-

tetrahydroimidazo[1,2-a]pyridine-8-carboxylic acid (IPCA) while batches two and three 
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mainly consisted of oligomers and batches four and five were nanosized carbon cores 

formed from monomer polymerisation and carbonisation of citric acid (111). They 

believed that the polymer clusters and carbon cores were able to improve the water 

solubility and stability of IPCA through electrostatic interactions and ultimately, the 

various components that make up the carbon dot solutions were in synergy (111).  

2.1.3. Carbon dots as UV filters 

Carbon dots tend to exhibit strong UV absorption due to the sp2, π-conjugated 

skeleton. Often, an absorption band is present at 250–300 nm which corresponds to 

the π–π* transition of aromatic C=C bonds (112, 113). Surface functional groups are 

also understood to contribute to the absorption properties of carbons dots (114) with 

amino groups reportedly encouraging a red-shift in absorption (115). 

There are many examples in the literature, where carbon dots have been used as 

sensors (90, 116-118), but their use in a UV-shielding capacity, is less well-studied. 

Gan et al.  reported the use of carbon dots to develop composite materials with the 

ability of UV filtering and light conversion, for use in energy-saving buildings (119). 

They formed a composite film of fluorescent red, cellulose nanocrystals and carbon 

dots made from lignin and phenylenediamine. Lignin was dissolved in sulfuric acid, 

before it was heated at 200 °C for 10 h, and then dialysed for purification, to form 

carbon dots. The sulfuric acid served to catalyse the carbonisation of lignin during the 

reaction while phenylenediamine acted as an auxiliary agent (119). The conjugated 

structure of the resultant carbon dots enabled the absorption of UV light and had a 

long-wavelength emission of 623 nm when excited at 395 nm. This made it a promising 

energy-saving building material. 

Xie et al. heated citric acid and N-(2-aminoethyl)-3-aminopropyl-trimethoxysilane in 

water, in an autoclave for 12 h at 180 °C (120). This produced organosilane-

functionalised carbon dots. Using a sol-gel method, the CDs were used to dope 

Ormosil gel glass at various loading concentrations (Figure 2.3). The increasing 

strength of the blue emission shown suggests that doping with CDs enabled effective 

conversion of UV light to blue light. Thus, the resultant hybrid materials were found to 
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be capable of shielding harmful UV light, and could have applications in optical 

materials (120).  

 

Figure 2.3: Photographs of Ormosil gel glass doped with various ratios of CDs 

under visible light, 365 nm illumination and 254 nm illumination (top - 
bottom). Reproduced from (120) with copyright permission. 

Park et al. have demonstrated the use of carbon dots in films, to block UV and blue 

light, for the purpose of eye protection (121). The absorptive nature of carbon dots 

means that their use as a filter in a film is unaffected by the angle of light. They reported 

the formation of carbon dots from acetone and water, heated to 150 °C for 10 h. The 

carbon dots were filtered and dialysed for purification by separating large and small 

molecules by diffusion, through a membrane with a specific molecular weight cut-off. 

Dialysis is typically used to separate carbon dots from any unreacted precursors or 

small molecules. They exhibited two intense absorption peaks at 242 nm and 296 nm, 

which corresponded to π-π* transition of C=C bonds and n-π* transition of C=O bonds, 

respectively. The PL spectra showed excitation-dependent emissions. When excited 

between 380–520 nm the emission peaks redshifted from 450 nm to 560 nm. They 

compared the UV and blue blocking capabilities of the carbon dot films with a 

commercial blue filter and showed them to be higher. 

2.1.3.1. Carbon dots in personal care 

The personal care industry is enormous and consists of a range of products used to 

clean, enhance, and protect the human body. Generally, such products are applied 

topically to areas such as the skin, hair, nails, and teeth, to improve their aesthetic. 

Inescapably, the toxicity of such products is scrutinised. It is therefore important for 

their ingredients to be non-toxic and biocompatible, as well as to look and feel 
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appealing to the consumer. The environmental impact of the product must also be 

considered, including the synthetic routes used to form the components of the 

formulation as well as the influence these might have on the environment if released.  

To date, there is little research on the preparation and inclusion of carbon dots in 

cosmetic formulations. In 2019, after the start of this project, Hu et al. proposed their 

carbon dots had potential to be used in personal care products like sunscreens (122). 

They used the hydrothermal method to prepare carbon dots from citric acid and a 

nitrogen source: urea, glycine and N,N'-bis(2-aminoethyl)-1,3-propanediamine. They 

achieved full-band UV absorbing materials by adapting the functional groups present 

on the carbon dot surface. Each reaction was carried out in water, except when N,N'-

bis(2-aminoethyl)-1,3-propanediamine was used as the nitrogen source, ethylene 

glycol (29 %) was required. The reactions were heated to 200 °C for 5 hours and 

cooled naturally. A water phase needle (0.22 µm) was used to filter the products, 

followed by 24 h dialysis (Mw 1000), drying under vacuum at 70 °C, and finally freeze-

drying of the resultant viscous products to obtain solid carbon dots. By incorporating 

the carbon dots into PVA films, they were able to show promise as UV absorbers for 

the purpose of skin protection and also demonstrated some anti-ageing properties 

(122).  

Investigations into the use of Dunaliella salina (a unicellular, micro-algae) as a carbon 

dot precursor, were carried out by Chatzimitakos et al (2020), to enhance the in vitro 

SPF of sunscreen (123). Through heating the dried algal biomass in a crucible at 

250 °C for 2 h in an oven, a black powder was obtained which was ultrasonicated with 

water for 5 minutes. The fluorescent supernatant was collected and filtered to obtain 

carbon dots. The UV-vis spectrum shows a weak shoulder at 270 nm which may be 

attributed to C=O n-π* and π-π* transitions or aromatic C=C π-π* transitions. 

Fluorescence emission was excitation-dependent, with a maximum recorded at 

470 nm when excited at 380 nm. These CDs were compared with the in vitro SPF 

properties of citric acid-based carbon dots, made when citric acid was heated to 

200 °C for 3 h in an oven, and dispersed in water. While both materials were able to 

enhance the SPF, the algae-base carbon dots proved more effective and exhibited 

negligible cytotoxicity to eukaryotic cells.   
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Jian et al. presented a simple dry heating method used to produce carbon quantum 

dots from spermidine, to act as effective antibacterial agents in eye drop formulations 

used to treat bacterial keratitis. They were found to be effective against several types 

of bacteria such as: Staphylococcus aureus and Pseudomonas aeruginosa, as well as 

methicillin-resistant S. aureus which is resistant to many drugs (124). 

2.2. Aim 

The popularity of carbon dots as a research area is highlighted by the vast array of 

literature on the topic. Using the Web of Science database there were 1390 reviews 

about carbon dots, prior to 2018. To date, there are 3638 reviews on the subject (84, 

85, 89), and many more articles, which gives an indication of the level of intrigue 

surrounding this topic. Due to the broad range of properties, carbon dots have found 

use in many biological applications (125) such as cell imaging (126), as well as in 

energy conversion and storage devices (127), photocatalysis (128) and fluorescent 

ink (129). Their ability to absorb UV and visible light, biocompatibility, ease of synthesis 

and more, make them well suited to use as solar filters in products like sunscreens. 

However, just a handful of studies have considered carbon dots for use in this 

application (122, 123). 

This chapter aims to investigate the facile preparation of carbon dots from small 

organic molecules, using a hydrothermal method, with a variety of reaction conditions, 

to optimise the broad-spectrum light attenuation. The subsequent materials will be 

evaluated for their potential in Croda’s sunscreen formulations as UV boosters, which 

aim to increase the UV blocking power of sunscreens in cooperation with a main active 

ingredient.  

2.3. Strategy and development of carbon dots 

As demonstrated in Section 2.1, a variety of precursors can be used to prepare carbon 

dots. In this work, nine variations of carbon dots were prepared by hydrothermal 

synthesis, using precursors [1-7] in Figure 2.4, with citric acid or tartronic acid. 
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Figure 2.4: Selected precursors for carbon dots reactions: urea, ethanolamine, 
adenine, glycerol, vanillin, glucose, and sucrose [1-7], respectively. 

With multiple carboxyl groups, citric acid and tartronic acid should interact easily with 

the dopants (chosen precursors) and were therefore used to facilitate the dehydration 

and carbonisation of the reactants (30). It is known that the absorption characteristics 

of carbon dots are impacted by the type of surface groups, the size of the π-conjugated 

system and the O/N content in the carbon core (130). Glycerol, vanillin, sucrose, and 

glucose are largely carbon-based with oxygenated functional groups, making them 

suited to the carbonisation process as well as able to impart -OH functionality to the 

carbon dots. Urea, ethanolamine, and adenine were employed as a nitrogen source 

in the reaction, which is known to extend the absorption towards the visible region. 

The use of O- and N-dopants were chosen on the premise that their non-bonding 

electrons may encourage n - π* transitions in the carbon dots (114, 115). These have 

a lower energy gap than π - π* transition and so they absorb longer wavelength 

radiation. The aromaticity of sucrose, glucose, vanillin, and adenine may also extend 

the absorption of the carbon dots towards the visible region, by forming more elaborate 

conjugate systems. The extension of the π system reduces the energy gap for π - π* 

transitions (131). With these precursors, a selection of O-doped and N-doped carbon 

dots were synthesised.  

A simple preparation was derived from a procedure by Zhu et al. (132) and is outlined 

in Figure 2.5. Here, citric acid and an organic precursor [1-7] were dissolved in water 

and heated for 5 h at 200 °C, to form a coloured solution of carbon dots. Tartronic acid 

and precursors [2-3] were also investigated under the same reaction conditions. 
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Figure 2.5: Summary of carbon dot synthesis 

Several reactions were carried out to explore the effect of varying the reaction time, 

solvent, and molar ratios of precursors on the carbon dots absorption wavelength. 

These are outlined in  

Table 2.1. At this early stage in the research, the initial UV-vis and fluorescence 

exhibited under the table-top UV lamp were used as first indicators that carbon dots 

had been formed. The products varied from orange – brown solutions which were well 

aligned with what was described in the literature.  

Table 2.1: Summary of carbon dot preparations and their corresponding UV 

absorptions. 
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 Preparations of EthCitCD 

Citric acid Ethanolamine Solvent Conditions Absorption (nm) Dried mass 
(mg/ mL) 

1.02 g, 
5.2 mmol 

280 µL, 
4.7 mmol 

H2O (10 mL) 5 h, 
200 °C 

320, 365 
(shoulder) 

87.1 

2.0162 g, 
10.4 mmol 

280 µL, 
4.7 mmol 

H2O (10 mL) 5 h, 
200 °C 

319, 352 
(shoulder) 

- 

2.0202 g, 
10.4 mmol 

280 µL, 
4.7 mmol 

EtOH (10 mL) 5 h, 
200 °C 

346 - 

0.1957 g, 
1 mmol 

60 µL, 
1 mmol 

H2O (10 mL) 5 h, 
200 °C 

320 19.5 

0.5876 g, 
3 mmol 

180 µL, 
3 mmol 

H2O (10 mL) 5 h, 
200 °C 

320, 369 
(shoulder) 

51.6 

0.9634 g, 
5 mmol 

310 µL, 
5 mmol 

H2O (10 mL) 5 h, 
200 °C 

320, 369 
(shoulder) 

83.6 

Preparations of UreCitCD 

Citric acid Urea Solvent Conditions Absorption (nm) Dried mass 
(mg/ mL) 

1.0105 g, 
5.2 mmol 

0.2889 g, 
4.7 mmol 

H2O (10 mL) 5 h, 
200 °C 

226 (shoulder), 
331 

27.4 

0.765 g, 
4 mmol 

2.55 g, 
40 mmol 

H2O (20 mL) 24 h, 
200 °C 

259 (shoulder), 
328 

- 

Preparations of VanCitCD 

Citric acid Vanillin Solvent Conditions Absorption (nm) Dried mass 
(mg/ mL) 

1.0033 g, 
5.2 mmol 

0.7074 g, 
4.7 mmol 

H2O (10 mL) 5 h, 
200 °C 

204, 225 
(shoulder), 280, 

312, 357 
(shoulder) 

- 

1.0171 g, 5.2 
mmol 

0.7261 g, 
4.7 mmol 

EtOH (10 mL) 5 h, 
200 °C 

204, 230, 279, 
309 

- 

1.0235 g, 
5.2 mmol 

0.6986 g, 
4.7 mmol 

H2O (10 mL) 24 h, 
200 °C 

202, 228, 279, 
308 

54.7 

1.0081 g, 
5.2 mmol 

0.1966 g, 
1.3 mmol 

H2O (10 mL) 5 h, 
200 °C 

202, 227, 279, 
308 

- 

1.0038 g, 
5.2 mmol 

0.3993 g, 
2.6 mmol 

H2O (10 mL) 5 h, 
200 °C 

203, 229, 279, 
309 

- 

Preparations of GlyCitCD 

Citric acid Glycerol Solvent Conditions Absorption (nm) Dried mass 
(mg/ mL) 

1.0239 g, 
5.2 mmol 

340 µL, 
4.7 mmol 

H2O (10 mL) 5 h, 
200 °C 

200 92.0 
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UV-vis spectroscopy was used, first and foremost, to determine how capable each 

material was at filtering light by absorption with a particular focus on UVA, UVB and 

HEVL. As the concentration of the neat carbon dots was unknown, each solution was 

freeze-dried to remove water, weighed, and redispersed in water so that UV-vis 

spectra could be measured at known mg/ mL, and compared.  

UV-vis spectra of the starting precursors and those of the final materials were also 

used to monitor the progress of the reaction. Those with the most favourable optical 

properties, namely absorption of UVA and UVB were chosen and carried forward for 

further analysis. This strategy is depicted in the flow chart in Figure 2.6. 

Preparations of SucCitCD 

Citric acid Sucrose Solvent Conditions Absorption Dried mass 
(mg/ mL) 

1.0090 g, 
5.2 mmol 

1.6216 g, 
4.7 mmol 

H2O (10 mL) 5 h, 
200 °C 

202, 290 
(shoulder) 

93.3 

Preparations of GluCitCD 

Citric acid Glucose Solvent Conditions Absorption Dried mass 

1.0052 g, 
5.2 mmol 

0.8378 g, 
4.7 mmol 

H2O (10 mL) 5 h, 
200 °C 

204, 288 
(shoulder) 

82.7 

Preparations of AdeCitCD 

Citric acid Adenine Solvent Conditions Absorption Dried mass 

0.9609 g, 
0.005 mol 

0.6737 g, 
0.005 mol 

H2O (10 mL) 5 h, 
200 °C 

200, 259 - 

Preparations of AdeTarCD 

Tartronic acid Adenine Solvent Conditions Absorption Dried mass 

0.6039 g, 
0.005 mol 

0.6785 g, 
0.005 mol 

H2O (10 mL) 5 h, 
200 °C 

201, 260 - 

Preparations of EthTarCD 

Tartronic acid Ethanolamine Solvent Conditions Absorption Dried mass 

0.6089 g, 
0.005 mol 

300 µL, 
0.005 mol 

H2O (10 mL) 5 h, 
200 °C 

264–350 (weak 
shoulder) 

66.8 
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Figure 2.6: A flow chart to show the initial assessment of the carbon dots by UV-
vis spectroscopy. 

2.4. Initial UV assessment 

UV spectroscopic analysis was carried out as an initial assessment of the material’s 

efficiency as a UV blocker. 

2.4.1. O-Doped carbon dots 

Carbon dots formed from O-containing glucose, glycerol, sucrose, and vanillin, in 

combination with citric acid, are shown in Figure 2.7. Samples of interest for sunscreen 

applications should absorb in either the UVA and UVB regions, as indicated in Figure 

2.7, or broadly across both. VanCitCD shows a broad absorption across the UVC 

region (200 nm, 225 nm) and UVB region (280 nm, 312 nm). These could be attributed 

to a combination of π–π* transitions of carbon dots with extended π systems and n-π* 

transitions due to the inclusion of non-bonding O electrons. The carbon dots may vary 

in length of conjugation, which might explain the broad absorption peaks. The 

remainder of the carbon dot samples (GluCitCD, SucCitCD, and GlyCitCD) showed 

broad UVC absorption but were not effective in the desired regions (UVB or UVA). 
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Figure 2.7: UV-vis spectra of O-doped carbon dots, measured at concentration 
of 0.003 % v/v. 

This may suggest that, when paired with citric acid, the resultant π conjugate systems 

were shorter than vanillin. It is possible that the abundance of -OH groups in sucrose, 

glucose and glycerol may be reacting with multiple carboxylic acid groups on citric 

acid, through condensation reactions, and potentially hindering the formation of 

longer-chain polymers through earlier termination of the polymerisation. The ratio of 

O=C-OH to -OH of citric acid and dopant could be investigated further to optimise the 

conjugation, for example a 2: 1 ratio yield of citric acid to sucrose might encourage 

more conjugation as more carboxyl groups will be available for condensation reactions 

with O-H. 

Overall, the UV profile of carbon dots formed from vanillin and citric acid (VanCitCD) 

appears to be the most encouraging for use as a UV filter and will be carried forward 

for further characterisation and assessment. The remaining O-doped carbon dots were 

disregarded on account of their less-than-optimal UV profiles.  
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2.4.2. N-doped carbon dots 
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Figure 2.8: UV-vis spectra of N-doped carbon dots measured at concentration 
of 0.003 % v/v. 

The UV profiles of N-doped carbon dots, using adenine, ethanolamine, and urea, 

coupled with citric acid and tartronic acid, are shown in Figure 2.8. The boundaries of 

UVA, UVB and UVC are clearly indicated, with 280 nm and above being the region of 

interest, for UV-filtering sunscreen applications. There are two clear contenders with 

absorption peaks in the UVA region: EthCitCD (320 nm) and UreCitCD (331 nm), 

which may be attributed to lower energy n-π* transitions that are associated with non-

bonding heteroatoms in C=O or C=N bonds or π-π* transitions of C=C bonds due to 

extension of the conjugate system through polymerisation (130). Both these materials 

do not absorb UVB light but broadly absorb in the UVC region (which is filtered by the 

ozone layer and therefore not applicable). They are promising candidates, although 

they would not class as broad-spectrum filters based on their lack of UVB absorption. 

In contrast, the absorption peaks of EthTarCD, AdeTarCD and AdeCitCD were mainly 

constrained to the UVC region. Though, AdeTarCD showed a strong absorption at 260 

nm, that extended into the UVB region to 315 nm and AdeCitCD had a shoulder at 

263 nm that extended into the UVB to 300 nm. It is possible that the smaller sized 

tartronic acid, with fewer carboxyl groups than citric acid, is less effective at facilitating 
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condensation of adenine and ethanolamine. With this, shorted conjugate structures 

might be formed, leading to higher energy electronic transitions and shorter 

wavelength absorption. Additionally, during synthesis it was noted that adenine did not 

fully dissolve in the solvent which may have hindered the reaction.   

After 1 week, the AdeCitCD and AdeTarCD samples appeared to be contaminated by 

a growth, on the lining of the glass and the surface of the solution. This was purely 

observational and without subculturing and further identification tests, it was not 

possible to know what species of fungi had contaminated the sample. Both products 

had shown blue fluorescence under a table-top UV lamp at 365 nm, however this was 

repeated following the observed growths, and the products no longer fluoresced, 

which suggested degradation of the carbon dots, possibly due to the contaminants. It 

is possible that these samples were contaminated, and the adenine-based solution 

provided an optimum medium for fungal growth as adenine has previously been used 

to provide nutrients in yeast growth media (133). 

Overall, the combinations of ethanolamine/adenine with tartronic acid did not produce 

carbon dots with viable absorption profiles for use in sunscreens. However, 

ethanolamine when coupled with citric acid, showed promise (UVA absorption) while 

AdeCitCD did not. From this, it could be inferred that the use of tartronic acid as the 

backbone of the carbon dots was not as effective as citric acid. Adenine shows a 

strong absorption near the UVC/UVB border which could potentially be improved with 

a more appropriate solvent to solubilise adenine in the reaction. UreCitCD and 

EthCitCD appear to be the most favourable of the N-doped candidates and were 

continued for further characterisation and testing. As explained in the strategy in 

Figure 2.6, the remainder (AdeCitCD, AdeTarCD and EthTarCD) were not taken any 

further as their fundamental UV profiles were undesirable for sunscreen applications, 

though they were consistent with what has been found in the literature for carbon dots 

(strong absorption in the range of 200-400 nm, with a tail in the visible range) (130). 
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2.5. EthCitCD investigations 

2.5.1. Characterisation 

The hydrothermal reactions of ethanolamine and citric acid yielded carbon dots with 

desirable UV profiles. In this section, EthCitCD will be characterised by FT-IR, TEM 

and fluorescence spectroscopy.  

2.5.1.1. FT-IR spectroscopy 
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Figure 2.9: FT-IR spectrum and corresponding table of assignments, for 

EthCitCD. 

The FT-IR spectrum of EthCitCD (Figure 2.9) can be used to decipher which functional 

groups are present in the freeze-dried material and give an indication of whether the 

reaction went as expected.  

Table 2.2: FT-IR assignments for EthCitCD 

Material Assignment Wavenumber (cm-1) 

EthCitCD O-H, N-H stretch 
C-H stretch (alkene) 
C-H stretch (alkane) 
C=O carboxylic acid 
C=O stretch (primary amide) 
C=C stretch, C=N stretch, N-H bend 
C-H bend, O-H bend 
C-O stretch alkyl aryl ether 
C-N stretch 
C-O stretch alkyl aryl ether 

3650 - 2250 
2936 
2889 
1769 
1697 
1676-1592 
1480-1326 
1270 
1179 
1062 
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The peak at 1697 cm-1 would suggest the presence of C=O amide stretch, while the 

absorption band from 1676 – 1592 cm-1 may indicate the C=N stretch and N-H in-plane 

bend, overlapped with C=C stretch. The formation of the amide may indicate 

condensation reactions between carboxylic acid groups (citric acid) and amino groups 

(ethanolamine). Additionally, the carboxylic acid C=O stretch is weak at 1769 cm-1 

which also alludes to its involvement in condensation reactions. The presence of C=C 

and C=N may suggest conjugated structures have formed. Absorption peaks between 

1270 cm-1 and 1062 cm-1 correspond to stretching vibrations of =C-O-C and C-N and 

suggest ether and amine linkages are present. 

Therefore, using FT-IR it has been established that the carbon dots predominantly 

consist of conjugate structures with amide bonds and ether linkages, as well as 

carbonyl, hydroxy and amino groups. These are in line with what would be expected 

for carbon dots (134). Amino-functionalised and conjugated structures also fit well with 

the UV properties shown in Figure 2.8.  

2.5.1.2. TEM 

For analysis by Transmission Electron Microscopy (TEM), the samples were deposited 

onto a holey carbon grid as nanoparticles tend to cling near the holes due to Van der 

Waals forces. Typically, the holey carbon grid is hydrophobic, so it was plasma 

cleaned, to make it slightly hydrophilic to help to retain the carbon dots. EthCitCD was 

sonicated for around 20 min to make sure it was well dispersed, before adding two 

drops onto the carbon grid. This was dried and then transferred into the sample holder. 

The sample was put into the outer chamber under a vacuum for 5 minutes to reach 

the same vacuum state as the inner chamber, before it was fully inserted for analysis. 

In Figure 2.10A-B the nanoparticles are shown collected near the holes of the carbon 

grid, because of Van der Waals forces between themselves and the plasma-cleaned, 

slightly hydrophilic surface of the carbon grid. The hydrothermal reaction of 

ethanolamine and citric acid resulted in carbon dots with an average particle size of 

1.6 nm. The particle size of carbon dots varies considerably in the literature, with the 

type of synthesis, precursors and their concentrations and reaction conditions. For 

example, Kim et al. reported 10–15 nm carbon dots by oxidative carbonisation at 90 °C 

from the same precursors (135), while Sinclair et al. used a pyrolysis method to obtain 

13 nm carbon dots (136). In comparison, using this hydrothermal method, the particle 
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size has been reduced significantly, with uniformity intact, and is in line with other 

hydrothermal syntheses of N-doped CDs such as cellulose with ethylenediamine 

(diameter 3.2 nm) (137). However, Li et al. described the formation of 13.7 nm 

diameter carbon dots from citric acid (2 g) and ethanolamine (25 mL) at 180 °C for 4 h 

(138). This suggests that the high content of ethanolamine might lead to greater 

surface functionality and so increase the diameter, while in EthCitCD, the amount of 

organic dopant is relatively low by comparison, which may be responsible for the 

smaller nanoparticles. As a result of the smaller size, a shift may be apparent in the 

optical properties.   

 

Figure 2.10: A-B) TEM images of EthCitCD at 100 nm and 50 nm scales, 
respectively, Ci) EDS analysis, Cii) average intensity of C, N and O over 5 
sample areas and D) particle size distribution (n=100)    

Using Energy Dispersive Spectroscopy (EDS) alongside TEM, the elemental 

composition of the nanoparticles was investigated. Five EDS data sets were generated 

from different sites in the sample, to improve the statistical relevance of the data, 

reliability and ensure the sample was well-represented. EDS confirmed the presence 

of C, N and O, as well as Cu and Si which are often present in the grid. It is not possible 

to use the intensity of the EDS peaks quantitatively, since the carbon signal is likely a 
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combination of carbon in the sample and from the carbon grid support, and therefore 

cannot be differentiated (139). However, EDS confirms that the carbon dots do not 

contain any foreign impurities and that they have been successfully doped with 

nitrogen, which supports the FT-IR results.  

Overall, TEM and EDS analysis confirm that N-doped spherical carbon dots (diameter 

0.8-2.8 nm) have been formed, with a narrow size distribution. With this, the 

hydrothermal method displays good control over particle size. 

2.5.1.3. Fluorescence spectroscopy 
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Figure 2.11: Fluorescence spectra of EthCitCD when excited between 
300-400 nm, in 10 nm increments (measured at concentration of 
0.003 % v/v). 

EthCitCD demonstrate excitation-dependent fluorescence emission (Figure 2.11) 

which is a characteristic found in many reported carbon dots. As the excitation 

wavelength increased in 10 nm increments between 300 and 400 nm, the emission 

peak was shown to red-shift (416 nm–488 nm). Additionally, a rise and fall in intensity 

is distinct, with the maximum emission peak reading at 479 nm, with an excitation 

wavelength of 370 nm. In comparison to the larger (13.7 nm) carbon dots synthesised 

by Li et al. with maximum emission at 460 nm (ex 370 nm) (138), EthCitCD are 

significantly red-shifted by 19 nm when excited at 370 nm, which may indicate the 
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influence of smaller particle size on fluorescence or differences in surface functional 

groups.  

According to the literature, the excitation-dependent emission of carbon dots is not 

well understood. Due to the variations in functional groups on the surface of the carbon 

dots and the length of the π conjugate systems, there is likely to be a multitude of 

molecular electronic transitions that can occur when the carbon dots are excited. 

These electronic transitions have different probabilities of occurring at different 

excitation wavelengths. It is therefore possible that a particular transition may 

dominate at a particular excitation wavelength, which can lead to the observed 

excitation-dependent emissions (140). 

2.5.1.4. Size exclusion chromatography 

Size exclusion chromatography has previously been used to separate carbon dots, as 

they are typically mixtures of varying sizes. To investigate the role of particle size in 

the optical properties seen, size exclusion chromatography of EthCitCD was carried 

out and the fractions monitored by UV-vis and fluorescence spectroscopies.  
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Figure 2.12: Analysis of UV profiles for various fractions from the size 
exclusion column of EthCitCD (measured at concentrations of 3.2 %) 

The principle of size exclusion chromatography is based on the larger particles eluting 

from the column first, followed by the smaller particles which take longer to pass 

through various channels and pores in the Sephadex medium. As the fractions of 

EthCitCD were eluted, two distinct changes were shown in the UV spectra. As the 
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retention time increases, the rise and fall of absorption at 318 nm is evident, followed 

by the increase in absorption at 264 nm.  

Figure 2.12 shows the normalised absorbance at 264 nm and 318 nm in each fraction, 

alongside the UV spectra themselves. Thus, it can be inferred that the absorption peak 

at 318 nm may be due to larger carbon dots with more developed conjugate systems 

or that are more functionalised. The fluorescence spectra for F11, F30 and F48 

fractions are shown in Appendix 2.1 as these fractions exhibited significant changes 

in their UV profiles. The fluorescence spectra once again show excitation-dependent 

emissions, though from fraction 30 and beyond, the PL intensity substantially 

decreases. This, coupled with the UV data, suggests the earlier fractions might contain 

the carbon dots (as they fluoresce strongly), while the later fractions corresponding to 

the 264 nm UV absorption might be a mixture of reaction intermediates with some 

smaller carbon dots, as their fluorescence is low but apparent. The variation in 

fluorescence emissions, and the excitation-dependent emissions suggest that a 

mixture of carbon dots is responsible for the UV absorption at 318 nm. Due to the 

narrow particle size distribution, gathered from the TEM images, it is likely that the 

carbon dots have eluted together, and it was not possible to separate them with this 

column. It did, however, allow us to get a better understanding of the carbon dots 

optical properties.    
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2.5.2. Controlling reaction conditions 
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Figure 2.13: UV-vis spectrum of EthCitCD where citric acid (CA): ethanolamine 
(Eth) molar ratios and solvent were varied as follows: 1) 1.1: 1 mmol, water; 
2) 2.2: 1 mmol, water; 3) 1.1: 1 mmol, ethanol, measured at concentrations 
of 0.003 % v/v, in water and ethanol for 3). All three reactions took place at 
200 °C, 5 h. 

The molar ratio of citric acid (CA) to ethanolamine was doubled from 1.1 mmol: 1 mmol 

to 2.2 mmol: 1 mmol, to investigate how increasing citric acid might affect the UV 

profile. The spectra were normalised by dividing spectra by the max absorbance so 

that any shift in absorption wavelength could be easily compared (Figure 2.13). Both 

spectra have the same absorbance of 319 nm and mimic a similar shoulder between 

360 nm and 400 nm. This would suggest that the presence of amino groups from 

ethanolamine must be influencing the UV-vis profile rather than citric acid. The use of 

ethanol as a solvent over water, caused a significant bathochromic shift in the 

absorption peak. Ethanol itself has been used as a carbon source in the formation of 

carbon dots, reported by Wang et al. (141) therefore it might be acting as an alternative 

carbon and oxygen source here, causing structural deviations and a shift in the 

spectra.  
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Figure 2.14: UV-vis spectra (250 nm–500 nm) of EthCitCD where the amount of 

ethanolamine and citric acid was changed. Citric acid: ethanolamine (1:1 
mmol; 3:3 mmol, 5:5 mmol) measured at concentrations of 0.003 % v/v, in 
water. 

Here, the amount of ethanolamine and citric acid in the reactions were systematically 

increased, (1:1 mmol; 3:3 mmol, 5:5 mmol) but the ratios were kept at 1:1. The UV-vis 

spectra were normalised by dividing the spectra by the max absorbance (Figure 2.14). 

In each, a defined absorption at 319 nm was shown, which is likely due to the presence 

of amino groups (due to lower energy n-π* transitions) as deciphered from the spectra 

in Figure 2.13. The absorbance intensity increases with the amount of precursors and 

a shift is not observed, which tells us that the reaction is highly reproducible and the 

intensity of the peak at 319 nm is related to both the citric acid and ethanolamine 

parameters, as opposed to just one or the other. It indicates that condensation 

reactions between these precursors contribute significantly to the subsequent optical 

properties.  
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2.6. UreCitCD investigations 

2.6.1. Characterisation 

The hydrothermal reactions of urea and citric acid showed the carbon dots had 

desirable UV profiles. In this section, UreCitCD will be characterised by FT-IR, TEM, 

and fluorescence spectroscopy.  

2.6.1.1. FT-IR spectroscopy 
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Figure 2.15: FT-IR spectrum for UreCitCD. 

The FT-IR spectrum in Figure 2.15 can be used to decipher which functional groups 

are present on the surface of carbon dots.  

Table 2.3: Assignments for FT-IR spectra of UreCitCD 

Material Assignment Wavenumber (cm-1) 

UreCitCD O-H, N-H stretch 
C-H stretch 
C=O stretch 
C=C stretch, C=N stretch, N-H bend 
C-H bend, O-H bend, C-N stretch 
C-O stretch 
C-N stretch 

3638–2412 
2929 
1666 
1626–1504 
1475–1310 
1288 
1189 

As per the assignment table, the broad band from 3666–2259 cm-1 indicates stretching 

vibration of O-H and in-plane bending vibration of N-H. The absorption bands at 

1657 cm-1, 1626–1504 cm-1 and 1314 cm-1 are consistent with C=O stretch, N-H bend 

and C-N stretch and suggest the detection of amide bonds, which might indicate the 
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condensation reaction of citric acid and urea has occurred, as expected; C-H 

stretching and bending bands were also observed at 3038 cm-1, 2855 cm-1 and 

1385 cm-1. Also, the presence of C=C and C=N stretching bands at 1626 cm-1–

1510 cm-1, which overlap with the N-H bend, may suggest a conjugated structure has 

formed. Overall, the FT-IR spectrum confirms that hydroxy, amino and carboxyl 

groups, functionalise the carbon dots and it is likely that the base structure of the 

material contains amide linkages due to the condensation reaction of citric acid and 

urea. The FT-IR spectrum is consistent with urea-derived carbon dots in the 

literature (142). 

2.6.1.2. TEM   

 

Figure 2.16: A-B) TEM images of UreCitCD at 50 nm and 5 nm scales, 
respectively, Ci) EDS analysis, Cii) average intensity of C, N and O over 4 
sample areas and D) particle size distribution (n=100) 

Following the hydrothermal reaction of urea and citric acid, the TEM images in Figure 

2.16A-B portray well-dispersed carbon dots with a narrow particle size range of 1.5 - 

5 nm and an average size of 2.7 nm. In contrast to EthCitCD, these are larger which 

may be due to the bulkier nature of urea with double the amino content. They are in 

good alignment with similar hydrothermal reactions of carbon dots in the literature, like 



54 
 

Huang et al. who produced urea-doped CDs with an average size of 3.5 nm and size 

range of 1- 6 nm (142).  

In these TEM measurements a graphene oxide grid was used instead of a carbon grid, 

to try and get better contrast, though this was to little avail. EDS analysis confirmed 

the presence of C, N and O, as was expected. Comparing EDS of EthCitCD and 

UreCitCD, the latter might be expected to show double the nitrogen content as the 

urea precursor contains two -NH2 groups. However, EDS does not show this. As the 

particles are evidently better dispersed in UreCitCD the same number of particles are 

not being investigated “per EDS capture” because they were not clustered together on 

screen as in EthCitCD, therefore these results cannot be quantitively compared. 

However, EDS does ascertain that nitrogen is present in both and overall, UreCitCD 

formed slightly larger nanoparticles which is likely to impact its optical properties. 

2.6.1.3. Fluorescence spectroscopy 
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Figure 2.17: Fluorescence spectra of UreCitCD when excited between 300 – 
400 nm, in 10 nm increments measured at concentrations of 0.003 % v/v. 

UreCitCD displayed the excitation-dependent fluorescence emission phenomenon 

that is so commonly seen in carbon dots (Figure 2.17). The sample was excited at 

300–400 nm in 10 nm increments and the resultant emission spectra was shown to 

red-shift and ranged from 415 nm to 462 nm. The intensity of the emissions increased 
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over this range, with a maximum at 424 nm when excited at 330 nm. In contrast, Huang 

et al. urea-doped carbon dots showed maximum emission at 525 nm, when excited at 

430 nm (142). The reported sizes are similar, so this large shift in emission wavelength 

may instead be due to surface passivation owed to urea plus an alternative carbon 

source.     

2.6.2. Controlling reaction conditions 
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Figure 2.18: UV-vis spectrum of UreCitCD where citric acid (CA): urea molar ratio 
was increased from 1: 0.9 to 1: 10 mmol, measured at concentrations of 
0.003 % v/v. Both reactions took place at 200 °C, 5 h. 

The molar ratio of citric acid and urea was increased from 1: 0.9 to 1: 10, respectively. 

By increasing the proportion of urea in the reaction by a factor of 10, the nitrogen 

content was significantly raised. It was thought that this would lead to a bathochromic 

shift in the UV profile (Figure 2.18), by increasing the amino functionality of the carbon 

dots. However, the lower energy n–π* transitions that correspond to non-bonding 

electrons of heteroatoms, like nitrogen, are likely causing the absorption peak at 

331 nm. This does shift minimally, hypsochromically by 3 nm at a 1: 10 ratio. It is 

possible that the lack of abundance of citric acid carboxyl groups, hinders the surface 

passivation of the carbon dots. Therefore, it can be inferred that a more similar ratio 
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of citric acid to urea, rather than an excess of nitrogen, is optimal for carbon dot 

formation and more effectively absorbs UVA radiation. 

2.7. VanCitCD 

2.7.1. Characterisation 

In addition to UV spectroscopy shown earlier in the chapter, VanCitCD were 

characterised by FT-IR spectroscopy and fluorescence spectroscopy.  

2.7.1.1. FT-IR spectroscopy 
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Figure 2.19: FT-IR spectra of VanCitCD 

The FT-IR spectrum of VanCitCD (Figure 2.19) was used to distinguish the functional 

groups on the surface of carbon dots. The corresponding assignments are shown in 

Table 2.4. 

Table 2.4: Assignments for FT-IR spectrum of VanCitCD 

Material Assignment Wavenumber (cm-1) 

VanCitCD O-H, C-H stretch 
C=O stretch 
C=C stretch (cyclic alkene) 
N-O stretch 
C-H bend, O-H bend 
C-O stretch, C-N stretch 
C-O stretch 

3635 - 2409 
1713 
1594  
1513 
1437 - 1364 
1339 - 1246 
1038 
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As shown in the FT-IR spectrum (Figure 2.19), the broad band centred at 3173 cm-1 is 

consistent with hydroxyl stretching vibrations, while the strong absorption at 1713 cm-1 

corresponds to C=O stretching band and 1594 cm-1 can be assigned to the C=C 

stretching vibration in the aromatic ring. C-H bend and O-H bend (1437 – 1364 cm-1), 

C-O stretch and C-N stretch (1339 – 1246 cm-1) and C-O stretch (1038 cm-1) were 

also found. These bands indicate carboxyl and hydroxyl functionalised carbon dots. 

Additionally, the C=O and C=C stretches, suggest a conjugated π system might make 

up the carbon dot skeleton. 

EDS would have offered additional elemental analysis to support the FT-IR data. While 

TEM would have given some indication of the particle size and structure of the carbon 

dots. However, TEM/EDS are expensive to run and therefore could not be carried out 

for this sample.  

2.7.1.2. Fluorescence spectroscopy 
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Figure 2.20: Fluorescence spectra of VanCitCD when excited between 340 nm - 
410 nm, in 10 nm increments, measured at concentrations of 0.003 % v/v. 

The known feature of excitation-dependent fluorescence emissions in carbon dots, 

meant that fluorescence spectroscopy could also be used to allude to the formation of 

carbon dots, as well as give information on their PL properties. Figure 2.20 shows that, 

when excited at 340–410 nm at 10 nm increments, the PL emission red-shifts from 
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447 to 512 nm. The O-doped nature of the dots appear to red-shift all emission 

wavelengths, and when excited at 350 nm and 410 nm, the shift in emission spectra 

is large (65 nm). Additionally, a double peak is evident which is indicative of two groups 

of similar-sized carbon dots, which can be excited at different wavelengths. It could 

therefore be speculated that the doubling of the emission band at excitation 

wavelengths > 360 nm suggests the presence of the O-CDs of varied size as the PL 

emission depends on the size of CDs. Additionally, due to the highly functionalised 

surfaces (as indicated by FT-IR), a variety of molecular electronic transitions are 

expected when the carbon dots are excited. These can be excited by different 

excitation energies, leading to variation in the emission spectra (140).  

The fluorescence spectra therefore insinuate the reaction has formed carbon dots with 

highly functionalised structures, that must vary in surface groups and size, in order to 

generate excitation-dependent emissions. 

2.7.2. Controlling reaction conditions 
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Figure 2.21: UV-vis spectra of VanCitCD when the solvent and reaction time was 

varied. Each sample was measured at concentrations of 0.003 % v/v, in 
water. Ratio of citric acid: vanillin was 5.2 mmol: 4.7 mmol at 200 °C in: 1) 
water (10 mL), 5 h; 2) ethanol (10 mL), 5 h and 3) water (10 mL), 24 h. 
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Citric acid and vanillin underwent hydrothermal synthesis at a ratio of 1: 0.9, for 5 h in 

water as per the standard procedure outlined. However, vanillin was found to only be 

partially soluble in water therefore its suitability for hydrothermal synthesis was 

questioned. As shown in the UV-vis profile for VanCitCD (water, 5 h) it has two 

overlapping peaks in the UVB region, at 280 nm and 312 nm, which is very similar to 

that of vanillin itself. This would suggest that the n–π* electronic transitions may have 

been maintained and carbonyl groups are still present after the reaction. This in turn 

indicates that the resultant carbon dots are functionalised with carbonyl groups. 

Although, there is an additional shoulder at 357 nm which indicates the new material 

is capable of absorbing UVA light as well. In the UVC region, VanCitCD (water, 5 h) 

absorbs at 204 nm with a shoulder at 225 nm, which in vanillin is a sharp peak at 

232 nm. This indicates a change in the structure of vanillin.  

VanCitCD (water, 24 h) where the reaction time was extended to 24 h, showed a 

similar UV-vis profile to the 5 h reaction. However, what was a shoulder at 225 nm in 

the 5 h reaction has become a more distinct peak at 228 nm after 24 h. However, 

further absorption in the UVC region is not a very useful quality from a sun-care 

perspective. While the wavelength of light absorbed in the UVB region is very similar 

irrespective of the length of the reaction, VanCitCD (water, 24h) absorbs at a lower 

intensity at 308 nm than its equivalent peak in the 5h reaction.  

It was found that vanillin was not completely soluble in water, so the reaction was 

repeated in ethanol for 5 h. VanCitCD (ethanol, 5 h) most closely resembled the 

starting material, although the peak at 230 nm was of a lower intensity than for vanillin 

itself. Overall, the UV-vis profiles of the carbon dots are very similar to that of the 

starting materials (Appendix 2.2), particularly vanillin, which suggests that vanillin may 

not be an ideal precursor for this reaction. With that, further characterisation of the 

material may not be needed.  

2.8. Radical scavenging activity 

All the carbon dots, including those that were not effective UV filters, were assessed 

for their radical scavenging activity by DPPH assay. Only AdeCitCD and AdeTarCD 

were not tested as these carbon dots were unstable and not deemed viable for further 

analysis. 
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1,1-diphenyl-2-picrylhydrazyl (DPPH) is a stable free radical which lies at the heart of 

a very common assay used to measure the radical scavenging ability of antioxidants. 

Its characteristically deep violet colour is a result of electron delocalisation over the 

molecule, and it has an absorption maximum at 517 nm. In its nonradical form, DPPH 

is pale yellow, therefore it can be used as an indicator of a compound’s radical 

scavenging capabilities as a colour change towards pale yellow suggests that the 

radical has been scavenged (143). The mechanism is detailed in Scheme 1, where 

AH represents a proton-donating antioxidant.  

 

Scheme 1: Mechanism of radical scavenging between DPPH and an antioxidant 
(AH) 

Procedures for DPPH assays vary considerably. The concentration of DPPH used 

ranged from 22.5 μM to 250 μM and incubation time varied between 5 minutes and an 

hour (144). The solvent and pH were also seen to differ between protocols (144).  

In this research, 0.1 M DPPH solution was used and the 96 well plate was incubated 

for 30 minutes. In each well there was 20 μL of sample and 200 μL of DPPH or MeOH. 

This was done in duplicate. For the carbon dots samples, seven dilutions were made 

up in water with the following percentages of carbon dots: 10 %, 20 %, 30 %, 40 %, 

50 %, 60 %, 70 %, and a standard was run with no carbon dots.  

For the most promising candidates, their reaction precursors were also assessed. For 

the starting materials, the concentration of their stock solutions matched their 

concentration in the reaction. Therefore, they should give the maximum percentage 

radical scavenging activity (% RSA) if all the starting materials were to have remained 

unreacted after the hydrothermal reaction. The DPPH assay was also carried out on 

the starting materials in their reaction pairs, to see if their unreacted combinations 

could act as antioxidants. The % radical scavenging activity (% RSA) was calculated 

using Equation 2.1. 
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Equation 2.1 

 % 𝑅𝑎𝑑𝑖𝑐𝑎𝑙 𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = [
(𝐴0 − 𝐴𝑛)

𝐴0
] × 100 

When: 

A0  = DPPH abs at 517 nm (average) 

An = [As - Ab] 

As = Sample + DPPH abs at 517 nm 

Ab = Sample + MeOH abs at 517 nm 

(background) 
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Figure 2.22: Average % RSA of the prepared carbon dots, at seven dilutions 
given as a percentage of carbon dots in the overall sample. A concentration 
range of 10 % - 70 % carbon dots was investigated.  

Figure 2.22 shows an overview of the average % radical scavenging activity of seven 

variations of carbon dots that were prepared. The neat carbon dot solution (as 

produced in the reaction) was used as the initial stock solution for each carbon dot 

variant. As each reaction had taken place with the same molar ratio of precursors, 

under the same conditions, use of the neat stock solution allowed the carbon dots to 

be compared.   
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As it is expected that there is some variation in the precise structure of the carbon 

dots, which remains undetermined, it is difficult to know the exact concentration of 

each solution of carbon dots. By freeze-drying 1 mL of each neat carbon dot solution 

and weighing the subsequent mass once the solvent was removed, a mass per mL 

was obtained which is outlined in Appendix 2.3. The intention is to understand the 

behaviour of the carbon dots in their neat form; therefore, it is not necessary to align 

the concentrations (mg/mL) in order to study radical scavenging activity. 

In Figure 2.22, VanCitCD shows the strongest radical scavenging activity of all the 

carbon dots analysed, reaching 95 % RSA at the lowest concentration (10 %). It 

maintained this as the percentage of carbon dots in the sample increased. UreCitCD 

also exhibited a high % RSA, reaching 91 % at the lowest concentration and reducing 

slightly in activity as the concentration increased.  

As the concentration of EthCitCD increases, the % RSA steadily increases to 76 % 

before falling slightly at the highest concentration. GluCitCD and SucCitCD exhibit 

similar trends in % RSA, both increasing with concentration, however GluCitCD 

performs slightly better. Both GlyCitCD and EthTarCD are the least active. GlyCitCD 

maintains a low % RSA below 20 % throughout, while EthTarCD has very low activity 

to begin with, but this increases steadily with concentration, peaking at 36 % before 

falling again at the highest concentration.  

VanCitCD, UreCitCD and EthCitCD displayed the highest percentage radical 

scavenging activity of all the carbon dots. To get a greater understanding of this, the 

DPPH assay was performed with starting materials: vanillin, ethanolamine, urea, and 

citric acid, to determine the RSA of the precursors, both in their reaction pairs and 

separately.  
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Figure 2.23: Percentage RSA of VanCitCD and its starting materials; combined 
and separated. A concentration range of 10 % - 70 % was investigated. 

The DPPH assay showed that both vanillin and citric acid, displayed very low radical 

scavenging activity (Figure 2.23). Citric acid maintains <10 % RSA regardless of 

concentration, while vanillin reaches a maximum of 20 % RSA and fluctuates slightly 

as the concentration increases. Evidently, the radical scavenging activity of VanCitCD, 

which maintains > 95 % RSA, is significantly better than the starting materials on their 

own. The hydroxyl groups adorning VanCitCDs are capable of hydrogen donation 

which, as described in Scheme 1, can scavenge the DPPH radical. In essence, 

VanCitCD behave as an antioxidant. 

VanCit, which describes the combination of vanillin and citric acid at room 

temperature, is also much lower than VanCitCD, reaching a maximum of 24 % RSA. 

The stock solution concentration for the starting materials, both combined and 

separate, was as it would be in the reaction. Therefore, the result of the DPPH assay 

should indicate the maximum % RSA if all the starting material remained unreacted at 

the end of the reaction. VanCitCD shows superior radical scavenging activity 

compared to its combined starting materials, also.    
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Figure 2.24: Percentage RSA of UreCitCD and starting materials, combined and 
separate. A concentration range of 10 % - 70 % was investigated. 

Figure 2.24 shows that UreCitCD achieves 91 % RSA at a low concentration, and 

while the RSA drops slightly as the concentration increases, it is still very high in 

comparison to urea (maximum of 12 %) and citric acid (<10 %). The combination of 

urea and citric acid (UreCit) has a marginally better RSA than the separated starting 

materials, staying at 15 % with some fluctuation. UreCitCD has been shown to have 

amino and hydroxyl functional groups, by FT-IR, which are capable of H-donation to 

scavenge the DPPH radical. Owed to the small surface area of the carbon dots, the 

abundance of such groups may be enhancing their radical scavenging properties as 

there are lots of available H-donating groups.  

Overall, the carbon dots have an enhanced radical scavenging activity in comparison 

to their starting materials. This, coupled with absorbing UV light, make this material 

well-suited for sunscreens.  
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Figure 2.25: Percentage RSA of EthCitCD and starting materials, ethanolamine, 
and citric acid. A concentration range of 10 % - 70 % was investigated. 

As seen in Figure 2.25, ethanolamine and citric acid both show a very low RSA at 

< 7 %. Together, they achieved 10 % RSA, which is still significantly lower than 

EthCitCD which reached 76 % at its peak. Like UreCitCD, hydroxyl and amino 

functional groups have been shown to be present in EthCitCD, by FT-IR. Additionally, 

the very small size range of 0.8–2.8 nm, could mean there are many of these groups 

available for H-donation and hence, radical scavenging. This, in combination with the 

absorption of UVA and UVB radiation, makes EthCitCD highly desirable from a sun-

care perspective. 

Overall, VanCitCD, UreCitCD and EthCitCD appear to be promising radical 

scavengers. In combination with the UV-absorbing properties of these carbon dots, 

the DPPH assays give evidence that they also act as antioxidants, which showcases 

another advantageous characteristic that would be useful in a sunscreen. 
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2.9. Formulation studies 

2.9.1. Photostability of carbon dots 

300 400 500
0.0

0.2

0.4

0.6

0.8

1.0

300 400 500
0.0

0.2

0.4

0.6

0.8

1.0

0 10 20 30 40 50 60
80

82

84

86

88

90

92

94

96

98

100

N
o

rm
a

lis
e

d
 a

b
s
 a

t 
3

3
1

 n
m

Time (Minutes)

 No irradiation

 UV irradiation

N
o
rm

a
lis

e
d

 a
b
s
o

rb
a
n

c
e

Wavelength (nm)

 0 min

 10 min

 20 min

 30 min

 40 min

 50 min

 60 min

13.8%

331 nm

A) UreCitCD

0 10 20 30 40 50 60
80

82

84

86

88

90

92

94

96

98

100

N
o

rm
a

lis
e

d
 a

b
s
 a

t 
3

1
9

 n
m

Time (mins)

 No irradiation

 UV irradiation

N
o
rm

a
lis

e
d

 a
b
s
o

rb
a
n

c
e

Wavelength (nm)

 0 min

 10 min

 20 min

 30 min

 40 min

 50 min

 60 min

13.2%

319 nm

B) EthCitCD

 

Figure 2.26: A) UV-vis spectra of UreCitCD taken over 60 minutes at 10-minute 
intervals, under UV radiation. Inset shows absorbance at 331 nm over time. 
B) UV-vis spectra of EthCitCD taken over 60 minutes at 10-minute intervals, 
under UV radiation. Inset shows absorbance at 319 nm over time. 

The photostability of UV filters for use in sunscreens is important, as by nature, the 

filters will be exposed to solar light and any degradation as a result, may impact the 

effectiveness of the formulation. Additionally, it can impact the shelf life and packaging 

of a product, so it is important to gauge. To give an indication of photostability of two 

types of carbon dots (EthCitCD and UreCitCD) each sample was irradiated with UV 

light and a UV-vis spectra was taken every 10 minutes for 60 minutes. The UV light 

was used to mimic UV radiation from solar exposure. The absorbance in the UVA 

region was monitored for both, as any changes in this may impact the performance of 

the UV filter in formulation. For UreCitCD, at 331 nm, the absorbance fell by 13.8 % in 

1 h while for EthCitCD, at 319 nm, the absorbance fell by 13.2 %. This indicates that 

there may be some degradation on intense exposure to UV light. The inset images 

compare absorbance over time, with UV and no irradiation. This clearly shows some 

degradation of the carbon dots. 

These studies have shown that EthCitCD and UreCitCD may be partially 

photosensitive under intense UV light. However, their behaviour in formulation may 

differ therefore their stability should be tested using Croda’s in-house protocol.   
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2.9.2. Scaling up carbon dots 
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Figure 2.27: UV-vis of EthCitCD (A) and UreCitCD (B) scaled up to 100 mL 
reactions, compared with 10 mL reactions 

Formulation testing is typically done on a larger scale; therefore, it was necessary to 

scale-up the most effective carbon dot reactions: EthCitCD and UreCitCD. The largest 

autoclave available was suitable for a 100 mL reaction, so the protocol stated 

previously was scaled up by a factor of 10. Figure 2.27 shows the UV-HEVL profiles 

of each carbon dot reaction at a 10 mL scale and a 100 mL scale, for 5 h and 24 h 

respectively. 

For EthCitCD, the 5 h reaction on 100 mL scale shows excellent reproducibility, when 

compared with the 10 mL scale, with absorption at 319 nm. A longer reaction time of 

24 h was investigated on a 100 mL scale, and 10 mL scale for comparison. The 10 mL 

reaction exhibited a bathochromic shift in absorption to 334 nm, and a broad 

absorption from 350–450 nm. This suggests that with a longer reaction time, a longer 

conjugate system is capable of forming, extending the absorption into the visible 

region. The equivalent reaction (100 mL, 24 h) demonstrated a slight hypsochromic 

shift (312 nm) relative to the 5 h reaction but showed a broad absorption across the 

UV and HEVL regions. Again, the broad absorption towards the HEVL region may be 

indicative of longer π systems forming with the lengthier reaction time. Following this, 

both reactions were deemed good candidates for formulation testing.  

For UreCitCD, the 5 h reactions on a 10 mL and 100 mL scale showed good 

reproducibility, with absorption peaks centred at 317 nm. The 100 mL reaction 

produced a narrow absorption band at 5 h which varied slightly from the 10 mL scale, 

suggesting the carbon dots might be slightly more uniform in profile. For comparison, 
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a 24 h reaction time was studied for the UreCitCD reaction on a 10 mL and 100 mL 

scale. There was a bathochromic shift in the absorption peak to 320 nm, and significant 

broadening from 350–450 nm compared to the 5 h reaction. Again, this supports the 

notion that a longer reaction time may lead to the extension of the conjugate system 

in the carbon dots. With this, both the 5 h and 24 h reactions were considered as 

worthwhile candidates for formulation testing, and both showed good reproducibility 

when scaled up.  

From this, it was concluded that both EthCitCD and UreCitCD could be scaled up with 

good reproducibility, when compared to the original reaction, as analysed by UV-vis 

spectroscopy. All four of the 100 mL reactions were therefore selected for formulation 

testing, however due to time constraints two reactions needed to be prioritised. With 

this in mind, the scale up reactions at 24 h were prioritised, due to their broad-spectrum 

absorption.  

2.9.3. Formulations and in vitro SPF 

To investigate the in vitro SPF, the most effective carbon dots candidates were chosen 

and incorporated into Croda sunscreen formulations. Here, two suitable oil/water base 

formulations, with a wide pH tolerance to accommodate both CD solutions, were 

chosen: Brij S2 and S721 (pH 2-13) and Crodafos CES (pH 2-12), abbreviated to Brij 

and CES, respectively. The active ingredient in these formulations is XT-300 (TiO2 10 

% active) which is a dispersion of large titanium dioxide particles, coated in alumina 

and stearic acid and dispersed in caprylic/capric triglyceride and polyhydroxystearic 

acid. Typically, per 1 % active of XT-300, an SPF of 2-3 units is expected. The average 

boost per 1 % active ingredient is used as an internal metric within Croda, as a 

measure of how the booster in question, compares to the UV filter.  

EthCitCD and UreCitCD were chosen as the two best candidates for initial formulation 

studies as they showed good UV and visible light absorption, even at low 

concentrations. While VanCitCD was also a very promising option, as showcased by 

the UV-vis spectra, the use of 20 % ethanol to dissolve the vanillin precursor meant 

the reaction was not done in pure water. So, with the intention of adding it to the water 

phase of the formulation, it was not deemed suitable as it would make the formulation 

unstable.   
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In vitro SPF testing is a preliminary study, used to determine the spectral transmittance 

of a sunscreen on a substrate, using a single beam of UV light. It is an industry 

standard technique. Croda used an adaptation of the ISO 24443:2019 method to 

calculate the SPF. 200 mL of carbon dots were supplied (neat) for in vitro SPF testing. 

Therefore, to derive the mass/mL in each sample, an aliquot was freeze-dried and 

weighed. EthCitCD contained 0.0685 g/mL or 13.7 g/200 mL, while UreCitCD 

contained 0.0575 g/mL or 11.5 g/200 mL. First, 5 % and 10 % inclusion of each CD 

solution was investigated in the two base formulations, with no added UV filter. This 

was to investigate the SPF of the materials on their own, in formulation, as to be 

applicable as a UV booster in a formulation, the materials must not show SPF on their 

own. Then, alongside Croda’s XT-300 UV filter, 5 % and 10 % of each active ingredient 

were incorporated into formulation. 

The previous formulations added the same w/w % of 5 and 10 %, which corresponded 

to 0.343 g and 0.685 g for EthCitCD, and 0.288 g and 0.575 g for UreCitCD, 

respectively. Therefore, to remove the variable of a change in mass and increase the 

loading, 2.5 g of each carbon dot solution was added into a separate formulation. This 

corresponded to 36.5 % and 43.5 % (w/w %) for EthCitCD and UreCitCD, respectively. 

Each formulation was tested in 3 batches with 5 runs. Using a T-Test, the significant 

difference of the means was calculated for each sample that generated a higher SPF 

than that of the filter on its own. In Appendix 2.4 and Appendix 2.5, the statistical 

significance (P) is shown for Crodafos CES and Brij formulations, respectively, where 

P<0.05 = ✶, P<0.01 = ✶✶, P<0.001 = ✶✶✶ and P>0.05 is not significant (NS).   
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Figure 2.28: In vitro SPF of EthCitCD and UreCitCD in Crodafos CES formulation 
at 5 %, 10 % and 2.5 g inclusions. 

For the CES formulation, the in vitro SPF is outlined in Figure 2.28. A blank 

measurement was taken, without any added UV filter or carbon dots, which confirmed 

that the formulation on its own had an SPF of less than 1. EthCitCD-24 (5 % and 10 %) 

and UreCitCD-24 (5 % and 10 %) were combined into four separate formulations, none 

of which contained the XT-300 UV filter. The in vitro SPF for each was less than 1, 

therefore on their own the carbon dots did not contribute to an increase in SPF.  

XT-300 10 % TiO2 (abb. XT-300) is one of Croda’s TiO2-based UV filters. Here, it was 

incorporated into the formulation alone to act as a control experiment and achieved an 

SPF of 14.06. Combining the UV filter and EthCitCD (5 % and 10 %), the SPF of the 

formulation decreased to 10.60 and 10.38, respectively. However, when 5 % and 10 % 

of UreCitCD was combined with the UV filter in formulation, SPF values of 16.26 and 

16.38 were reached, respectively. For the CES formulation, the lower loading of 

UreCitCD (5 %) was statistically significant (P=0.017) while the 10 % equivalent was 

not.  

At a higher loading of 2.5 g each, EthCitCD-loaded formulation reached an SPF of 

18.08 (P>0.05), while UreCitCD-loaded formulation achieved 20.36 (P=0.025). Of the 
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two, the formulation with UreCitCD (2.5 g) loading was statistically significant, and 

therefore was the more promising candidate for further in vivo SPF testing. Neither 

material was able to increase SPF alone, which suggests their UV filtering ability works 

in synergy with the XT-300 UV filter. Also, it means the materials could be marketed 

at UV boosters further down the line (as it has been shown they do not act as a UV 

filter on their own).       
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Figure 2.29: In vitro SPF of EthCitCD and UreCitCD in Brij formulation at 5 %, 

10 % and 2.5 g inclusions. 

Figure 2.29 outlines the in vitro SPF studies for Brij formulation. As for the previous 

formulation, a blank measurement was taken with no UV filter and no carbon dots, 

achieving an SPF <1, which showed the other components of the formulation were not 

UV active. Each of the carbon dots, EthCitCD and UreCitCD, were added to 

formulation at 5 % and 10 %, with no UV filter, and achieved an SPF of less than 1. 

This suggested that the carbon dots alone do not act as UV filters in formulation, at 

these w/w percentages. As a control experiment, XT-300 was incorporated into the 

formulation alone and achieved an SPF of 9.13. On addition of 5 % and 10 % 

EthCitCD, the formulation reached SPF 11.19 and 10.75, respectively. While, with the 
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inclusion of 5 % and 10 % UreCitCD, SPF values of 10.26 and 10.11 were obtained, 

though only EthCitCD (5 %) showed statistical significance.  

As stated in the previous section, these formulations used the same w/w % of 5 % and 

10 %, which corresponded to 0.343 g and 0.685 g for EthCitCD, and 0.288 g and 

0.575 g for UreCitCD, respectively. To counter the effect of a change in mass and 

simultaneously increase the loading, 2.5 g of EthCitCD and UreCitCD were added to 

respective formulations. This attained a lower SPF of 8.8 for EthCitCD, though P>0.05, 

and increased the SPF to 19.70 for UreCitCD, where P < 0.001, consequently only the 

latter was statistically significant. UreCitCD showed promise as a UV booster at higher 

loading (2.5 g), while EthCitCD showed some potential at 5 % loading, and had a 

particularly high “average unit boost per 1 g active” of 6. Therefore, both materials are 

worthy of further in vivo SPF analysis. 

It is interesting that the carbon dots do not appear to improve the SPF of the 

formulation on their own. Though, when used in combination with the XT-300 UV filter, 

they are able to significantly boost the SPF, particularly for UreCitCD 2.5 g loading. 

This would imply there is synergy between the TiO2 UV filter and the carbon dots. 

XT-300 has a stearic acid coating which could be forming electrostatic interactions 

with carbon dots within the formulation. This may be facilitating electronic interactions 

between TiO2 and the carbon dots, which could be improving light absorption in the 

UV region, increasing the SPF. Additionally, the additional electrostatic interactions, in 

combination with the small size of the carbon dots, may be enhancing the crosslinking 

within the film, reducing the transmission of light, leading to an improvement in SPF. 

For the moment, this is speculatory. Further experiments such as varying the 

concentration of carbon dots within the formulation, would help to gain an 

understanding of their role and their impact on the SPF. Transient absorption 

spectroscopy could be used to better understand the energy transfer processes that 

are occurring between the TiO2 filter and carbon dots. Additional experiments such as 

viscosity of the formulation as well as studying the thickness and mechanical 

properties of the film, may also be useful. 

2.9.4. Summary  

Through in vitro SPF analysis, UreCitCD and EthCitCD have been demonstrated as 

good UV booster candidates, and function in synergy with a TiO2-based UV filter, in 
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formulation. UreCitCD showed promise in both CES and Brij formulations at a higher 

loading of 2.5 g, while EthCitCD was more effective at 5 % loading in Brij formulation. 

Additionally, the materials were commended for their ease-of-use and stability during 

the making of the formulations, all of which are important characteristics in a UV 

booster.  

Further analysis, such as in vivo SPF testing, would be the necessary next step, which 

studies the erythemal response of the skin when exposed to UV radiation. Such 

investigations are carried out by an external company at a cost of around €5,200 for 

four samples, which unfortunately was not within the budget of this project. However, 

the groundwork has been carried out, and these carbon dots remain good candidates 

for UV boosters within Croda formulations, pending further testing.    

2.10.   Conclusion 

In this chapter, several types of carbon dots have been prepared by a facile synthetic 

route. Using the strategy outlined in Section 2.3, the carbon dots underwent an initial 

assessment of their UV absorption properties, to ascertain which might have potential 

as UV filters for use in sunscreen applications. From this, three promising candidates 

were obtained: EthCitCD, UreCitCD and VanCitCD, made from citric acid and 

ethanolamine, urea, and vanillin, respectively.  

To confirm the formation of carbon dots and understand the optical properties better, 

further characterisation was carried out through FT-IR, TEM, EDS, and fluorescence 

spectroscopy. FT-IR determined that EthCitCD and UreCitCD were functionalised with 

hydroxyl, amino and carboxyl groups. The presence of nitrogen was also confirmed 

through EDS analysis. For VanCitCD, hydroxyl and carboxyl functional groups were 

evident from FT-IR. TEM showed the narrow particle size distribution of both EthCitCD 

(0.8 - 2.8 nm) and UreCitCD (1.5 - 5 nm) which indicated this hydrothermal protocol 

controlled the particle size well. The fluorescence spectra for all three showed 

excitation-dependent emissions which is a common phenomenon for carbon dots. 

Overall, the characterisation techniques confirmed the formation of carbon dots. 

The radical scavenging activity for all carbon dots was studied as, alongside good UV 

properties, radical scavengers in a sunscreen formulation would be highly beneficial 

to quench any radicals produced by other components like titanium dioxide for 
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example. With this, VanCitCD, UreCitCD and EthCitCD showed the most promising 

RSA. However, as VanCitCD was prepared in 20 % ethanol, it was not taken forward 

further for studies in formulation, as it would make them unstable.  

The photostability of EthCitCD and UreCitCD were explored, and it was found that 

they showed some photosensitivity and further analysis of the formulation 

photostability would be needed. The carbon dots were successfully scaled up by a 

factor of 10, demonstrating promise for scale-up on an industrial level. Finally, in vitro 

SPF analysis was carried out in two different formulations with the chosen carbon dots. 

Both candidates were demonstrated as good UV boosters, working in synergy with the 

existing TiO2 filter in the formulation. UreCitCD was effective in CES and Brij 

formulations at a higher loading of 2.5 g, while EthCitCD showed better promise at 

5 % loading in Brij formulation. In vivo SPF testing followed by toxicity and stability 

tests would be the necessary next steps to taking these materials forward in sun-care 

products. The additional feature of effective radical scavenging activity, shown by 

EthCitCD and UreCitCD, may give it dual application in other skincare products as an 

antioxidant, with UV filtering capabilities.  

2.11. Experimental 

2.11.1. Characterisation techniques 

Infrared spectra (IR) were obtained from solid phases using a Bruker Alpha Platinum 

ATR FTIR spectrometer with vibrational frequencies (cm-1). The electronic absorption 

spectra were recorded using a Cary 100 UV-Vis scanning spectrophotometer. 

Spectrophotometric experiments to assess the photostability of the materials were 

carried out using a Cary 50 UV-Vis spectrophotometer controlled at 20 °C by a single 

cell Peltier accessory, while Xenon lamps were used as the UV light source. The 

fluorescence spectra were recorded on a FluoroMax-3 spectrofluorometer. 

Transmission electron microscopic (TEM) analysis was carried out using the FEI Titan 

Themis Cubed operated at 80 kV. Samples were prepared by sonication and then 

drop casting onto holey carbon TEM grids or graphene oxide TEM grids (as indicated). 

The Shimadzu 3600 Plus Spectrophotometer with an integrating sphere (ISR 240A) 

with an NPC 603A large compartment sample attachment was used to measure SPF 

following an adaptation of the ISO 24443:2019 method. 
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2.11.2. Reagents 

Alfa Aesar supplied citric acid (99+ %), vanillin (99 %), and adenine (99 %). 

Ethanolamine (99+ %), 1,1-diphenyl-2-picrylhydrazyl, Sephadex G-50, urea (99.5+ %) 

and glycerol (99.5+ %) was provided by Sigma-Aldrich. Fluka Analytical supplied 

tartronic acid (97+ %). Fischer Scientific provided sucrose while D(+)-glucose 

anhydrous was supplied by Scientific Laboratory Supplies. Ethanol was supplied by 

VWR chemicals. 

2.11.3. Methods 

2.11.3.1. EthCitCD  

 

Citric acid (1.0413 g, 5.2 mmol) and ethanolamine (280 µL, 4.7 mmol) were dissolved 

in water (10 mL) after stirring for 5 minutes. The mixture was poured into a Teflon liner, 

which was sealed in a hydrothermal autoclave reactor. Finally, this was placed in an 

oven at 200 oC for 5 hours. The neat reaction mixture was collected. In this case, a 

yellowed suspension was obtained. Under the UV lamp, blue emission was evident 

when excited at 365 nm. 

The following reactions were carried out using the same protocol, parameters such as 

solvent were changed (Table 2.5). Each was analysed by UV-vis and exhibited blue 

emission when excited at 365 nm under a UV lamp. 
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Table 2.5: Variations in reaction conditions for EthCitCD 

Citric acid Ethanolamine Solvent Conditions 
Dried mass 

(mg/ mL) 

2.0162 g, 
10.4 mmol 

280 µL, 
4.7 mmol 

H2O (10 mL) 
5 h, 

200 °C 
- 

2.0202 g, 
10.4 mmol 

280 µL, 
4.7 mmol 

EtOH (10 mL) 
5 h, 

200 °C 
- 

0.1957 g, 
1 mmol 

60 µL, 
1 mmol 

H2O (10 mL) 
5 h, 

200 °C 
19.5 

0.5876 g, 
3 mmol 

180 µL, 
3 mmol 

H2O (10 mL) 
5 h, 

200 °C 
51.6 

0.9634 g, 
5 mmol 

310 µL, 
5 mmol 

H2O (10 mL) 
5 h, 

200 °C 
83.6 

9.9940 g, 
52 mmol 

2.8 mL, 
47 mmol 

H2O (100 mL) 
5 h, 

200 °C 
- 

10.0105 g, 
52 mmol 

2.8 mL, 
47 mmol 

H2O (100 mL) 
24 h, 

200 °C 
- 

1.0067 g, 
5.2 mmol 

280 µL, 
4.7 mmol 

H2O (10 mL) 
24 h, 

200 °C 
- 

 

2.11.3.2. UreCitCD 

 

Citric acid (1.0105 g, 5.2 mmol) and urea (0.2889 g, 4.7 mmol) were dissolved in water 

(10 mL) after stirring for 5 minutes in a glass vial. The mixture was poured into a Teflon 

liner, which was sealed in a hydrothermal autoclave reactor. Finally, this was placed 

in the new oven at 200 °C for 5 hours and the neat reaction mixture was collected. 

Under the UV lamp, blue emission was evident when excited at 365 nm. 1 mL of 

product was freeze dried and produced a dried mass of 27.4 mg.  

The following reactions were carried out using the same protocol, parameters such as 

solvent were changed (Table 2.6). Each was analysed by UV-vis and exhibited blue 

emission when excited at 365 nm under a UV lamp. 
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Table 2.6: Variations in reaction conditions for UreCitCD 

Citric acid Urea Solvent Conditions 
Dried mass 

(mg/ mL) 

0.765 g, 
4 mmol 

2.55 g, 
40 mmol 

H2O (20 mL) 24 h, 
200 °C - 

9.9410 g, 
52 mmol 

2.8868 g, 
47 mmol 

H2O (100 mL) 
5 h, 

200 °C 
- 

9.9677 g, 
52 mmol 

2.8818 g, 
47 mmol 

H2O (100 mL) 
24 h, 

200 °C 
57.5 

1.0033 g, 
5.2 mmol 

0.2891 g 
4.7 mmol 

H2O (10 mL) 
24 h, 

200 °C 
- 

 

2.11.3.3. VanCitCD 

 

Citric acid (1.0033 g, 5.2 mmol) and vanillin (0.7074 g, 4.7 mmol) were mixed in water 

(10 mL) and vanillin was partially dissolved after stirring for 5 minutes. The mixture 

was poured into a Teflon liner, which was sealed in a hydrothermal autoclave reactor. 

Finally, this was placed in an oven at 200 °C for 5 hours. The neat reaction mixture 

was collected. In this case, sticky residue remained at the bottom of the Teflon liner 

and the suspension was collected. Under the UV lamp, blue emission was evident 

when excited at 365 nm. 

The following reactions were carried out using the same protocol, parameters such as 

solvent were changed (Table 2.7). Each was analysed by UV-vis and exhibited blue 

emission when excited at 365 nm under a UV lamp. 
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Table 2.7: Variations in reaction conditions for VanCitCD 

Citric acid Vanillin Solvent Conditions 
Dried mass 

(mg/ mL) 

1.0171 g, 5.2 
mmol 

0.7261 g, 4.7 
mmol 

Ethanol (10 
mL) 

5 h, 200 °C 
- 

1.0235 g, 5.2 
mmol 

0.6986 g, 4.7 
mmol 

Water (10 mL) 24 h, 200 °C 
54.7 

1.0081 g, 5.2 
mmol 

0.1966 g, 1.3 
mmol 

Water (10 mL) 5 h, 200 °C 
- 

(1.0038 g, 5.2 
mmol) 

0.3993 g, 2.6 
mmol 

Water (10 mL) 5 h, 200 °C 
- 

 

2.11.3.4. GlyCitCD 

 

Citric acid (1.0239 g, 5.2 mmol) and glycerol (0.34 mL, 4.7 mmol) were dissolved in 

water (10 mL) after stirring for 5 minutes. The mixture was poured into a Teflon liner, 

which was sealed in a hydrothermal autoclave reactor. Finally, this was placed in an 

oven at 200 oC for 5 hours. The neat reaction mixture was collected. 1 mL of product 

was freeze dried and produced a dried mass of 92.0 mg. 

2.11.3.5. SucCitCD  

 

Citric acid (1.0090 g, 5.2 mmol) and sucrose (1.6216 g, 4.7 mmol) were dissolved in 

water (10 mL) by stirring at 40 °C. The mixture was poured into a Teflon liner, which 

was sealed in a hydrothermal autoclave reactor. Finally, this was placed in an oven at 

200 °C for 5 hours. The neat reaction mixture was collected. Freeze dried 1 mL to give 

a dried mass of 93.3 mg. 



79 
 

2.11.3.6. GluCitCD  

 

Citric acid (1.0052 g, 5.2 mmol) and glucose (0.8378 g, 4.7 mmol) were dissolved in 

water (10 mL) by stirring at 40 °C. The mixture was poured into a Teflon liner, which 

was sealed in a hydrothermal autoclave reactor. Finally, this was placed in an oven at 

200 °C for 5 hours. The neat reaction mixture was collected. Freeze dried 1 mL to give 

a dried mass of 82.7 mg. 

2.11.3.7. AdeCitCD  

 

Citric acid (0.9609 g, 0.005 mol) and adenine (0.6737 g, 0.005 mol) were mixed in 

water (10 mL), adenine did not dissolve fully. The mixture was poured into a Teflon 

liner, which was sealed in a hydrothermal autoclave reactor. Finally, this was placed 

in an oven at 200 °C for 5 hours. The neat reaction mixture was collected – a bright 

orange solution with some solid particulates, registering at pH 4. The product exhibited 

blue fluorescence under a UV lamp at 365 nm. The product was seemingly unstable 

as it turned brown after one week and blue fluorescence at 365 nm was no longer 

visible.  

2.11.3.8. AdeTarCD 

 

Tartronic acid (0.6039 g, 0.005 mol) and adenine (0.6785 g, 0.005 mol) were mixed in 

water (10 mL), adenine did not dissolve fully. The mixture was poured into a glass vial 

which was placed in a Teflon liner and sealed in a hydrothermal autoclave reactor. 

Finally, this was placed in an oven at 200 °C for 5 hours. The neat reaction mixture 

was collected – a yellow/green solution with some solid particulates, registering at 
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pH 4. The product exhibited blue fluorescence under a UV lamp at 365 nm. The 

product was seemingly unstable as it turned brown after one week; formed a white 

growth on the surface of the solution and vial; and blue fluorescence at 365 nm was 

no longer visible.  

2.11.3.9. EthTarCD 

 

Tartronic acid (0.6089 g, 0.005 mol) and ethanolamine (0.30 mL, 0.005 mol) were 

dissolved in water (10 mL). The mixture was poured into a Teflon liner and sealed in 

a hydrothermal autoclave reactor. Finally, this was placed in an oven at 200 °C for 5 

hours. The neat reaction mixture was collected – a transparent, yellow solution 

registering at pH 5. The product exhibited blue fluorescence under the UV lamp at 365 

nm. After one week the carbon dots appeared to be stable, the colour had remained 

the same, there was no precipitate and blue fluorescence at 365 nm was maintained. 

Freeze dried 1 mL to give a dried mass of 66.8 mg. 

2.11.3.10. Size exclusion column 

The Sephadex size exclusion column was prepared as follows: Sephadex G-50 (2 g) 

was dissolved in hot water (100 mL). Once expanded, it was washed with deionised 

water and the column was filled. This was washed through with water before use. 

Carbon dots (5 mL) were freeze-dried, redispersed into water (1 mL), and loaded onto 

the column. Water was used as the mobile phase and various fractions were collected, 

and their fluorescence monitored with a table-top UV lamp. Subsequently, the fractions 

were monitored by UV and fluorescence spectroscopy.  

2.11.3.11. DPPH assay 

Seven dilutions were made up in water, of each carbon dot sample, with the following 

percentages of carbon dots: 10 %, 20 %, 30 %, 40 %, 50 %, 60 %, 70 %, and a 

standard was run with no carbon dots. 20 μL of each dilution was added into the wells 

of a 96 well plate, this was done in triplicate. Methanol (200 μL) was added into one 

complete set, while 0.1M DPPH solution (200 μL) was added into the remaining two 

complete sets. All of this was done in the dark as DPPH is light sensitive. The plate 
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was placed into the Tecan reader, absorbance scans were taken at 0 minutes, 

followed by a 30-minute incubation period at room temperature, and then a second 

absorbance scan. The radical scavenging activity was calculated.  

2.11.3.12. Crodafos CES formulation  

Keltrol CG-RD (Xanthan gum), Veegum Pure (magnesium aluminium silicate) and 

Pricerine 9091 (glycerin) were mixed. Water and Titriplex III (disodium EDTA) were 

added with stirring. This was heated to 75 °C, to make up the water phase. The oil 

phase components were then combined: Crodafos™ CES (Cetearyl Alcohol (and) 

Dicetyl Phosphate (and) Ceteth-10 Phosphate), Crodamol™ CAP (Cetearyl 

Ethylhexanoate (and) Isopropyl Myristate), Crodamol™ ISIS (Isostearyl Isostearate), 

Crodamol™ IPM (Isopropyl Myristate) and Crodamol™ GTCC (Caprylic/Capric 

Triglyceride), and heated to 75 °C. Solaveil XT-300 was added to the oil phase with 

stirring and briefly re-heated to 75 °C. The oil phase was added to the water phase 

with stirring and homogenised at 10000 rpm for 1 min/100 g. When the temperature 

fell below 40  °C, Euxyl PE 9091 was stirred in. 

2.11.3.13. Brij Formulation 

Deionised Water, Pricerine 9091 (Glycerin), Veegum Ultra (magnesium aluminium 

silicate) and Keltrol CG-SFT (xanthan gum) were combined and heated to 80 – 85 °C. 

This made up the water phase. Brij S2, Brij S721, Arlamol HD, Arlamol PS15E, 

Crodamol IPM and XT-300 (48.5 % Active TiO2) at 10 % were combined and heated 

to 80 – 85 °C. This made up the oil phase. The oil phase was added to the water phase 

slowly, with vigorous stirring. The mixture was homogenised at 10000 rpm for 

1 min/100 g. When the temperature dropped below 40 °C Euxyl PE 9091 was stirred 

in. 
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2.12. Appendices 
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Appendix 2.1: Fluorescence spectra of F11, F30 and F48. Note the different Y 
scale for F11. Measured at concentrations of 3.2 % v/v. 
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Appendix 2.2: UV-vis of VanCitCD (water for 5 h, water for 24 h and ethanol for 

5 h) alongside precursors vanillin and citric acid. Measured at 
concentrations of 0.003 % v/v. 

 

Carbon dots Concentration 
(mg/mL) 

VanCitCD 110.2 

UreCitCD 27.4 

EthCitCD 87.1 

GluCitCD 82.7 

SucCitCD 93.3 

GlyCitCD 92.0 

EthTarCD 66.8 

Appendix 2.3: Concentration (mg/mL) of neat carbon dot solution 
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Formulation Average STDEV Average 

unit 
boost per 
1 g active 

Average 
% boost 

Student T Test / 
Two tailed / 
Unpaired) 

B
la

n
k
s
 

Blank no filter 
no EthCitCd-24 
or UreCitCd-24 

0.9186667 0.0155226 N/A N/A N/A N/A 

Blank no filter + 
EthCitCd-24 

(0.3425g) 
0.9346667 0.0112546 N/A N/A 0.0031401 ✶✶ 

Blank no filter 
EthCitCd-24 

(0.685g) 
0.9513333 0.0099043 N/A N/A 1.818E-07 ✶✶✶ 

Blank no filter + 
UreCitCd-24 

(0.2875g) 
0.9413333 0.010601 N/A N/A 6.83E-05 ✶✶✶ 

Blank no filter 
no UreCitCd-24 

(0.575g) 
0.9666667 0.0089974 N/A N/A 4.369E-11 ✶✶✶ 

  
      

X
T

-3
0
0

 1
0

 %
 T

iO
2
 

Control (XT-300 
10 % TiO2) 14.061333 1.8462892 N/A N/A N/A N/A 

EthCitCd-24 
(0.3425g) 10.602 1.8983421 -10.10024 24.61 %↓ 2.357E-05 ✶✶✶ 

EthCitCd-24 
(0.685g) 10.376667 1.2363233 -5.379075 26.17 %↓ 5.918E-07 ✶✶✶ 

UreCitCd-24 
(0.2875g) 16.259333 2.8093326 7.6452174 0.1565 0.0172221 ✶ 

UreCitCd-24 
(0.575g) 16.379333 4.4464022 4.0313043 0.165 0.0727372 NS 

 
      

Control (XT-300 
10 % TiO2) 17.159333 3.7631853 N/A N/A   

EthCitCd-24 
(2.5g) 

18.081333 3.6853666 0.3688 0.0536 0.5033694 NS 

UreCitCd-24 
(2.5g) 

20.364 3.6731162 1.2818667 0.1865 0.0254642 ✶ 

Appendix 2.4: In vitro SPF for Crodafos CES formulations incorporating 
EthCitCD and UreCitCD. T-Test was used to determine statistical 

significance, where P<0.05 = ✶, P<0.01 = ✶✶, P<0.001 = ✶✶✶ and P>0.05 

is not significant (NS) 
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Formulation Average STDEV Average 

unit 
boost per 
1 g active 

Average 
% boost 

Student T Test / 
Two tailed / 
Unpaired) 

B
la

n
k
s
 

Blank no filter 
no EthCitCd-24 
or UreCitCd-24 

0.918 0.010142 N/A N/A N/A N/A 

Blank no filter + 
EthCitCd-24 

(0.3425g) 

0.928667 0.014075 N/A N/A 0.024287 ✶ 

Blank  no filter 
EthCitCd-24 

(0.685g) 

0.944667 0.016417 N/A N/A 1.06E-05 ✶✶✶ 

Blank no filter + 
UreCitCd-24 

(0.2875g) 

0.942667 0.011629 N/A N/A 1.1E-06 ✶✶✶ 

Blank no filter 
no UreCitCd-24 

(0.575g) 

0.962 0.016125 N/A N/A 1.06E-09 ✶✶✶ 

        

X
T

-3
0
0

 1
0

 %
 T

iO
2
 

Control (XT-300 
10 % TiO2) 

9.134 2.473279 N/A N/A 
 

N/A 

EthCitCd-24 
(0.3425g) 

11.19 2.22335 6.00292 0.2256 0.023589 ✶ 

EthCitCd-24 
(0.685g) 

10.75 3.734618 2.359124 0.1774 0.173315 NS 

UreCitCd-24 
(0.2875g) 

10.264 3.418623 3.930435 0.1238 0.308516 NS 

UreCitCd-24 
(0.575g) 

10.112 1.597749 1.70087 0.1073 0.208838 NS 

       

Control (XT-300 
10 % TiO2) 

10.812 1.230413 
 

N/A 
  

EthCitCd-24 
(2.5g) 

8.800667 2.500633 -0.80453 18.09 %↓ N/A N/A 

UreCitCd-24 
(2.5g) 

19.70067 4.481894 3.555467 0.8224 4.57E-08 ✶✶✶ 

Appendix 2.5: In vitro SPF for Brij formulations incorporating EthCitCD and 
UreCitCD. T-Test was used to determine statistical significance, where 

P<0.05 = ✶, P<0.01 = ✶✶, P<0.001 = ✶✶✶ and P>0.05 is not significant
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3. Investigations of titanium dioxide 

3.1. Introduction 

Titanium dioxide (TiO2) is a white, inorganic material with exceptional physicochemical 

characteristics like biocompatibility, whitening capability, photocatalysis, corrosion-

resistance, optical performance, and electrical properties (145, 146). TiO2 has vast 

applications, leading to more than 5 million tonnes produced, per year, globally (147). 

In bulk, meaning at a particle size > 100 nm, it has a high refractive index and poor 

solubility, making it well-suited for use as a pigment (148) in many consumer products 

like paint (149) and paper (148). As an extremely white and bright material, it is often 

incorporated into products to enhance these features. As a UV filter, it is also added 

to ceramics and plastics to impart UV-blocking capabilities to the materials (148). In 

medicine, titanium dioxide can also be used in implanted biomaterials. While, in the 

food industry, it acts as a white colourant labelled E171 (150).  

The cosmetics and personal care industry incorporates approximately 1300 tonnes of 

titanium dioxide into its products as colourants in toothpastes (151) or eye shadows, 

and as a UV filter in sunscreen formulations (152). As well as having the ability to 

absorb and scatter UV light, it also boasts chemically stability, is non-toxic and 

biocompatible (153), all of which are attributes that are highly desirable in the personal 

care field. The properties of titanium dioxide are largely influenced by particle size and 

geometry, therefore, the physicochemical properties of nano sized TiO2 (< 100 nm) 

can vary significantly from the bulk (154). For example, TiO2 nanoparticles are 

transparent in appearance as they do not reflect visible light, though they are still 

capable of UV absorption. The opacity of bulk TiO2 sunscreen formulations is typically 

considered aesthetically displeasing to consumers, therefore nanoparticulate TiO2 was 

introduced into formulations for a transparent appearance.  

Among these features, TiO2 is also a semiconductor with catalytic properties (153). Its 

semiconducting properties ultimately give it the ability to offer UV protection. It is 

classed as an intrinsic N-type semiconductor due to the oxygen vacancies in its lattice 

(155). It has a band gap energy that corresponds to 387 nm for anatase and 405 nm 

for rutile, which means that light of these wavelengths and below is capable of exciting 
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electrons from the valence band to the conduction band (155). In a sunscreen 

formulation, TiO2 can absorb UV radiation, which in turn promotes electrons from its 

valence band to its conduction band, leaving behind holes in the valence band as 

shown in Equation 3.1 (156). The holes and the excited electrons can either recombine 

or participate in redox reactions that can form ROS like hydroxyl radicals and 

superoxide (Equation 3.2 and Equation 3.3). 

Equation 3.1 

𝑇𝑖𝑂2 + ℎ𝑣 → (𝑒𝐶𝐵
− + 𝐻𝑉𝐵

+ ) 𝑇𝑖𝑂2  

Equation 3.2 

𝐻𝑉𝐵
+ + 𝐻2𝑂 →  𝐻

+ + ∙ 𝑂𝐻  

Equation 3.3 

𝑒𝐶𝐵
− + 𝑂2 → 𝑂2

∙− →→→ 𝐻2𝑂2  

In the introductory chapter, the damage that ROS can cause such as initiating 

oxidative stress which can lead to DNA damage, was discussed. As a result, the risk 

of ROS production must be mitigated when titanium dioxide is used in sunscreens, 

with the incorporation of antioxidants and radical scavengers, in the formulation or 

coated on to TiO2 itself (155).   

3.1.1. Crystal structure 

 

Figure 3.1: Crystal structure of anatase (left) showing planes (101), (200) and 
(004), and rutile (right) showing planes (101) and (110). Ti atoms are blue 
and O atoms are red. Made using Vesta software. 
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Anatase, rutile and brookite are the three main polymorphs of titanium dioxide, of 

which anatase and rutile have a tetragonal structure (shown in Figure 3.1), while 

brookite has orthorhombic structure (156). The lattice parameters of anatase are as 

follows: a = 3.785 Å, c= 9.514 Å, a = b, space group I 41/a m d (157). For rutile, the 

lattice parameters are a = 4.594 Å, c = 2.958 Å, a = b, space group P42/mnm (157). 

Generally, anatase is considered more photoactive forming free radicals as a result 

(156) and so is usually used in photocatalysis applications (156). Rutile, on the other 

hand, is a more effective light scatterer and therefore better applied to pigments (156). 

Typically, anatase is the more stable phase for nanoparticles below 11 nm in size, 

while rutile is more stable at particle sizes above 35 nm (158).  

3.1.2. Synthesis of TiO2 

Some of the synthetic methods for the formation of TiO2 nanomaterials have been 

summarised by Chen et al. including: sol-gel, hydrothermal, solvothermal, direct 

oxidation, chemical and physical vapour deposition, electrodeposition, sonochemical 

and microwave (159), and with them various morphologies like nanoparticles, 

nanorods and nanotubes are produced (159). 

Hydrothermal synthesis is generally considered to be a facile route to producing highly 

crystalline materials under mild reaction conditions of low temperature and relatively 

short reaction times (160). It allows greater control over particle size and morphology, 

and can produce homogeneous results (160). Typically, a titanium alkoxide is 

dissolved in an organic solvent, in order to control hydrolysis and prepare uniform TiO2 

colloids (161). The hydrothermal treatment that follows, typically leads to formation of 

pure anatase. This section will outline a few examples of hydrothermal preparations 

of TiO2. 

Hydrothermal synthesis allows for a variety of different morphologies of TiO2 to occur. 

Yu et al. utilised hydrofluoric acid to control the shape of anatase TiO2, based on the 

work of Yang et al. (162), and produced nanosheets with exposed (001) facets for use 

in dye-sensitized solar cells (163). Scanning Electron Microscopy (SEM) and 

Transmission Electron Microscopy (TEM) images taken from their 2010 paper can be 

seen in Figure 3.2. TEM image (B) indicates that the lattice spacing parallel to top and 

bottom facets is 0.235 nm, which can be assigned to the (001) anatase planes, thereby 

confirming the exposure of the (001) facets during this crystal growth. 
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Figure 3.2: SEM (A) and TEM (B) images of TiO2 nanosheets. Reproduced from 
the research of Yu et al. with copyright permission. 

Su et al. demonstrated the influence of hydrothermal reaction time on the 

transformation of anatase to rutile, at two temperatures: 150 °C and 200 °C (160). 

First, they created a sol using titanium (IV) n-butoxide in isopropyl alcohol as a TiO2 

precursor, acetylacetone to control reaction kinetics and used dilute i-propanolic 

solution to avoid strong hydrolysis. After washing the titanium oxyhydroxide white 

precipitate with water, nitric acid was added dropwise to form a clear sol, which was 

heated to reflux at 85 °C for 8h. The sol underwent hydrothermal treatment at 150 °C 

and 200 °C for various durations. At both temperatures, the anatase phase is apparent 

in the initial growth stages of TiO2 and extending the heating duration encourages the 

transformation from anatase to rutile. They suggest that the transformation may be 

initiated by the formation of rutile nuclei on the anatase (112) phase, leading to the 

growth of rutile crystallites in preference over anatase (160). 

3.1.2.1. Growth mechanism 

Prathan et al. proposed the following growth mechanism for the formation of TiO2 

nanorods, through a hydrothermal synthesis of titanium (IV) butoxide in diluted 

hydrochloric acid (164). As Ti(OBu)4 reacts with water, Ti uses its vacant d-orbitals to 

accept O lone pairs and as Ti-O bonds are formed, the coordination number of Ti4+ 

increases from 4 to 6. The now six-fold structure reaches high pressure and form 

octahedra which finally precipitates into crystals on combination. Condensation 

reactions facilitate the agglomeration of the octahedra, through corner and edge 

sharing. Under acidic conditions, Ti-OH is easily protonated (Ti-OH2
+) allowing facile 

combination with other OH- groups on TiO6 octahedra. The elimination of water in the 

dehydration reaction, then forms Ti-O-Ti bridges. More acidic conditions will favour the 

hydrolysis and dehydration reactions, and high temperatures are necessary for crystal 

growth to progress. Though, anatase phase forms preferentially under mildly acidic 
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conditions due to its lower surface energy. The reaction can be written as follows, 

where Ti(OR)4 is titanium alkoxide precursor (165): 

Ti(OR)4 + 4H2O → Ti(OH)4 + 4ROH (hydrolysis) 

Ti(OH)4 → TiO2 + 2H2O (dehydration) 

3.1.2.2. Control of facet growth 

During crystal growth, often the surfaces with higher reactivities are quickly reduced 

to minimise the surface energy (166). In TiO2 for example, the (101) facet dominates 

most anatase crystals as it is the most thermodynamically stable, while the (001) facet 

is far more reactive and often supressed. Typically facets with a greater percentage of 

uncoordinated atoms, are more reactive, such is the case with (001) compared to 

(101) in TiO2 (167). Therefore, by exposing more reactive facets, there is potential to 

improve the photoreactive properties, so control over the facets produced was sought 

after.  

 

Figure 3.3: Representations of anatase shapes: a) slightly truncated tetragonal 

bipyramid, b) truncated tetragonal bipyramid, c) square sheet, d) elongated 
truncated tetragonal bipyramid and e) tetragonal cuboid. Reproduced from 
(168) with copyright permission. 

Zhao et al. presented the schematic drawings shown in Figure 3.3 which describe 

various anatase morphologies, with different exposed facets (168). The slightly 

truncated tetragonal bipyramid (a) has a dominating (101) facet that accounts for 94 % 

of the total surface, which is considered the “equilibrium shape” by the Wulff 

construction method. A larger percentage of exposed (001) facets is shown in (b) 

described as a truncated tetragonal bipyramid, while (c) shows a square sheet where 

(001) is the dominating facet. The elongated truncated tetragonal bipyramid is shown 
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in (d) and has a high proportion of lateral (100) facets while (e) shows a tetragonal 

cuboid of (100) and (101) facets.  

Hydrofluoric acid (HF) has been used to control the shape of the TiO2 crystals and as 

a capping agent (169). Han et al. produced anatase nanosheets, with up to 89 % 

exposed (001) facets, using a solvothermal route with 47 % hydrofluoric acid as the 

solvent and tetrabutyl titanate (170). They found that fluorine ions were instrumental 

in producing the exposed (001) surface, possibly by reducing the surface energy of 

(001) to lower than that of (101). By increasing the amount of HF acid, the nanosheets 

increased in size and percentage of exposed (001) surface. At 200 °C for 24 h, 

Ti(OBu)4 (5 mL), and hydrofluoric acid (0.8 mL) were the optimum conditions for 

maximum (001) facet exposure (170). Ultimately, by using a facile solvothermal 

method, they were able to prepare TiO2 nanosheets with superior photocatalytic 

efficiency simply by altering the morphology. However, HF is a very corrosive chemical 

that is not environmentally friendly (169), therefore alternative processes are sought 

after that allow control over facet formation. Zhao et al.  used 1-butyl-3-

methylimidazolium tetrafluoroborate ([BMIM][BF4]) as a softer alternative source of 

fluoride ions, compared to HF (168). The F- ions were capable of stabilising (001) 

facets while the [BMIM]+ was found to favourably stabilise the (100) facets, in a capping 

agent role, leading to nano-cuboidal TiO2. 

Amine compounds are often incorporated into TiO2 synthesis as they can encourage 

highly crystalline titanium dioxide with controlled morphology. Amines can act as a 

bridging ligand, to aid the formation of the Ti-O-Ti backbone in a specific direction and 

also as a capping agent to prevent the formation in other dimensions (169). Roy et al. 

report the use of diethanolamine to strategically inhibit the growth of (001) facet by 

preferentially H-bonding (through N-H and O-H) to two exposed O atoms on (001) 

(169). As depicted in Figure 3.4, their density functional theory (DFT) calculations 

showed the distance between hydrogens of N-H and O-H in diethanolamine, and O 

atoms on (001) facet were closely matched (0.46 nm and 0.53 nm, respectively), 

enabling H-bonding (171). Conversely, the O atoms on (101) facet are 0.28 nm apart, 

providing ill-suited sites for H-bonding with diethanolamine (171). With this, 

diethanolamine selectively H-bonds with (001) facet, inhibiting its growth, leaving the 

facet exposed. 
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Figure 3.4: The electronic interactions of the (001) facet of TiO2, with 
diethanolamine. DFT calculations showed a = 0.53 nm, b = 0.46 nm. 
Adapted with permission from Roy et al (169). Copyright © 2013, American 
Chemical Society. 

3.1.3. TiO2 with organic dopants 

Titanium dioxide has a relatively high band gap energy (approximately 3.2 eV) which 

corresponds to short-wavelength UV light (172). There are many studies focused on 

lowering the band gap energy of TiO2 so that visible light can be used as a stimulus 

for photocatalysis. Doping is one of the ways in which TiO2 can be modified to improve 

its attenuation of visible light. Metals, as well as non-metals such as nitrogen, carbon, 

fluorine, and sulphur, have been used, however, the focus has previously been to 

enhance photocatalytic performance (158, 173, 174).  

Gosh et al. have outlined some of the many applications of modified titania in the 

environmental and healthcare fields, such as dye degradation, antibacterial activity 

and medical implants (175), which use its photocatalytic properties. However, there is 

little research in the literature where carbon doping of TiO2 is used to improve its 

properties as a UV filter in sunscreen applications for example or improve its stability 

in formulation. In 2022, Dai et al. produced a review which outlined the role of carbon 

in titanium dioxide materials (176). The premise of this research was that carbon-

based nanomaterials and titanium dioxide may work synergistically for improved 

photocatalytic performance, through sharing some of the excellent properties of 

carbon nanomaterials include electronic storage and conductivity, photosensitiser in 

the visible light range.  
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The inclusion of carbon into titanium dioxide has been reported to be an effective way 

to facilitate the absorption of visible light (177). It may do so by forming a carbonaceous 

species on the surface (177). Additionally, the incorporation of carbon can increase 

the surface area and provide more reactive sites. The combination of visible light 

absorption, increased surface area and reactive sites can be used in applications like 

organic contaminant degradation (177). For example, Shen et al. prepared C-doped 

TiO2 by calcinating titanium carbide in air, at 350 °C and demonstrated its 

effectiveness on the degradation of trichloroacetic acid (178).  

Doping TiO2 with nitrogen can reportedly alter properties like refractive index, 

hardness, electrical conductivity, elastic modulus, and visible light induced 

photocatalytic activity. Peng et al., for example, formed irregular, spherical N-doped 

TiO2 by heating commercial P25 TiO2, which is a mixture of rutile and anatase, with 

triethanolamine, in an autoclave for 24 h at 140 °C (134). The resultant N-TiO2 showed 

better visible light photoactivity than P25 itself. 

3.1.4. Carbon nanoparticles and TiO2 

There has been recent literature interest in the use of carbon quantum dots (CQDs) 

for surface modification of TiO2. In 2019, Yan et al. reported the preparation of 

TiO2-CQDs composites for use as antimicrobial agents (179). Using an 

electrochemical method, they prepared CQDs using graphite rods. Following this, they 

combined titanium dioxide with a solution of the CQDs, ethanol and water, then heated 

the reaction mixture at 140 °C for 4 h. The result was washed with water, dried under 

vacuum, and formed TiO2-CQDs with uniform morphologies (ca. 35 nm) and 

crystallinity maintained. They reported the ability of the CQDs to prevent the titanium 

dioxide from agglomerating and the composite was found to have superior 

antibacterial activity. 

Safardoust-Hojaghan et al. prepared graphene quantum dots (GQDs) from citric acid, 

ethylene diamine and water using a hydrothermal method, at 180 °C for 8 h (180). P25 

TiO2 was stirred into the resultant aqueous solution of GQDs for 24 h. The average 

particle size was found to be 65 nm, though the crystallinity was not commented on. 

The nanocomposite was found to show promising photodegradation abilities towards 

methylene blue, under UV light, improving the efficiency relative to pure TiO2. 
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Ma et al. used CQDs to develop a CQDs-dye-TiO2 complex to develop a high-

efficiency photoelectric conversion system (180). They reported that the CQDs could 

facilitate one-way electron transfer between rhodamine B and titanium dioxide and 

improved the photoelectric conversion efficiency of the complex sevenfold. 

In these examples, the modification of prepared titanium dioxide with carbon 

nanoparticles is a shared feature. Carbon dots have varied physicochemical 

properties, among them are excellent optical properties, high stability, abundance of 

functional groups like amino, hydroxyl and carboxyl groups, electron mobility (130) and 

a particle size of 1 – 10 nm. After extensive literature research, the impact of carbon 

dots inclusion into the reaction of TiO2 itself, has not yet been studied. Owed to their 

very small particle size and high functionality, it is believed that carbons dots may 

interfere with the growth of titanium dioxide which may lead to interesting 

morphologies and resultant optical properties, that can be exploited for use in personal 

care products like sunscreens. 

3.1.5. Aim 

Some of the existing methods of altering the properties of TiO2 have been highlighted, 

including the incorporation of various forms of carbon. The overview of the literature 

has demonstrated the tuning of TiO2 optical properties with non-metals such as carbon 

and nitrogen is well-explored. The ability of carbon dots to tune the optical properties 

of TiO2, either through inclusion or by changing the structural properties (such as 

morphology) is promising. Though, the incorporation of carbon dots directly into the 

preparation of titanium dioxide, has not been studied.  

The broad aim of this study is to explore what impact carbon dots have on the 

hydrothermal preparation of TiO2 with a focus on its structural, morphological, and 

optical properties. EthCitCD, UreCitCD and VanCitCD from Chapter 2, functionalised 

with N and O groups, will be used to investigate this. The potential of the resulting 

materials as sunscreen additives, will be considered.  

3.2. Sol-gel investigations 

One common way to prepare TiO2 is through the sol-gel method. Typically, the 

hydrolysis and polymerisation of the precursors form a colloidal suspension or “sol”. 
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The metal alkoxide will react in the presence of water, triggering hydrolysis. 

Subsequently, condensation occurs by elimination of water and the formation of metal 

oxide linkages, leading to the growth of polymer networks in the liquid sol. Following 

the completion of polymerisation and the loss of solvent, the liquid sol forms a solid 

gel phase which, once dried, forms a solid powder. This is often thermally treated by 

calcination, at high temperatures, to remove any lasting residues (181).  

Using a sol-gel method outlined by Ananth et al., TiO2 was prepared (182). Titanium 

isopropoxide was added dropwise to an acidified solution of water and isopropanol, 

which formed a white precipitate. The reaction was stirred at 60 °C for 30 minutes and 

was then washed with water and methanol to remove any impurities. This reaction 

was repeated with the addition of EthCitCD solution and formed a yellow solid powder. 

The colour change indicated possible adsorption of EthCitCD onto TiO2, which is 

similar to what Ananth et al. found on addition of betanin dye into the sol-gel 

reaction (182).  

3.2.1. Analysis of crystallinity 
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Figure 3.5: XRD patterns of pure TiO2 and TiO2 with EthCitCD, prepared by sol-
gel route 

There were two key analytical checkpoints for these reactions: 1) XRD patterns to 

determine crystallinity; 2) UV-vis spectra to establish any changes in the attenuation 

of light. The XRD patterns are shown in Figure 3.5. It is evident from the broad peaks 

and level of noise, that both materials lack crystallinity. This is because the calcination 

step was intentionally omitted to reduce the energy consumption of the reaction, and 

therefore some organic molecules may remain (161). The lack of crystallinity caused 

two key problems: firstly, crystallinity is a pre-requisite of the use of titanium dioxide in 
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cosmetic products as outlined in EU Commission, Regulation (EC) No. 1223/2009, 

Annex VI (53) therefore this sol-gel preparation immediately falls short of this criterion. 

Secondly, it would be difficult to follow any changes in crystalline structure resulting 

from the addition of organic additives from Chapter 2.  

3.2.2. Analysis of optical properties 
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Figure 3.6: UV/vis of TiO2 and EthCitCD-TiO2, prepared by sol-gel method, 
measured at 0.003 % w/v in 60 % EtOH, normalised between 0 and 1. 

The UV-vis spectra in Figure 3.6 are very similar. Both have a λmax of 279 nm and a 

broad attenuation of light that tails into the visible region, suggesting there is little 

difference in the two materials. With the unpromising optical properties, coupled with 

the amorphous nature of the materials, it was quickly concluded that this method of 

synthesis was not an effective way to alter the properties of titanium dioxide. 

Attention was turned to the hydrothermal preparation of titanium dioxide which is 

known for its ability to easily produce highly crystalline material, even when dopants 

are incorporated. 
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3.3. Characterisation of TiO2 with nanoscale organic additives 

In this section, the nanoscale organic additives are solutions of carbon dots as 

prepared and analysed in Chapter 2. EthCitCD, UreCitCD and VanCitCD were 

selected to be incorporated into the TiO2 hydrothermal reaction, as they had the most 

desirable optical properties and showed potential in radical scavenging.  

First, pure, crystalline anatase was prepared following a procedure by Yang et al. 

(162), however, the titanium precursor titanium (IV) butoxide was replaced with 

titanium (IV) isopropoxide as this was readily available in the lab. Water (1.25 mL), 

acetic acid (20 mL) and 1-butyl-3-methylimidazolium tetrafluoroborate (500 µL) were 

combined, titanium isopropoxide (500 µL) was added and the mixture was sonicated. 

It was then heated in a hot oven at 200 °C for 24 h. The white precipitate was collected 

through centrifugation, washed with water and ethanol, and then dried at 75 °C. The 

procedure is depicted in Figure 3.7. Going forward the following abbreviations will be 

used: titanium (IV) isopropoxide (TTIP), 1-butyl-3-methylimidazolium tetrafluoroborate 

(BMIMBF4), and acetic acid (AcOH). 

 

Figure 3.7: A scheme to show the preparation of TiO2 by hydrothermal 
synthesis, with and without an organic additive. Made with BioRender. 
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This reaction was repeated at a duration of 48 h, to determine whether expanding the 

reaction time would impact the morphology or crystallinity of the product and determine 

reaction conditions for the subsequent experiments. Appendix 3.1 shows that both 

24 h and 48 h reactions produced anatase, and an extended reaction time did not alter 

the crystallinity or lead to the transformation to rutile. Additionally, as shown in the 

SEM images in Appendix 3.2, the morphology was consistent with nanocuboids and 

was sustained from 24 h to 48 h. After discerning there was no significant changes 

between 24 h and 48 h TiO2, the subsequent reactions were carried out at a duration 

of 24 h. 

This section will discuss the effect of three nanoscale organic additives: EthCitCD, 

UreCitCD and VanCitCD, on the structure, morphology, and resultant properties of 

TiO2. They have been incorporated as three different percentages of total solvent in 

the reaction: 50 %, 6.25 % and 0.25 %, and replaced pure water in the reaction as 

they are all suspended in distilled water.  

Water is an important component in this reaction as it facilitates hydrolysis of TTIP and 

condensation processes. Zhao et al. followed a very similar synthetic route and 

systematically changed the molar ratios of the components: titanium isopropoxide, 

water, [BMIM][BF4] and acetic acid to explore how this affected TiO2 morphology (168). 

They reported that little water in the reaction formed uniform, nanocuboids, walled by 

(100) and (001) facets. While, as the water content increased, the length of the 

nanocuboids became shorter and the aspect ratios also began to decrease. This was 

justified by more water leading to faster hydrolysis and condensation, in addition to 

rapid nucleation and growth of anatase nanocrystals. Consequently, smaller 

nanocuboids would result on account of the accelerated formation of a vast amount of 

anatase nuclei.     

With this, it is known that by changing the percentage of carbon dots in the reaction, 

the water content will also change. While it is expected that in general, this may 

decrease the aspect ratio of the TiO2 nanoparticles it was important to ascertain this 

in accordance with the percentage of carbon dots. The preparation of pure TiO2 was 

therefore carried out with water contents of 50 %, 6.25 % and 0.25 %, as it was 

necessary to demonstrate the effect of water on its own, in order to compare with the 

that of the carbon dots.  
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3.3.1. Pure TiO2 

3.3.1.1. Structural characterisation 
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Figure 3.8: FT-IR spectra of pure TiO2 with 50 %, 6.25 % and 0.25 % water. 

Pure TiO2 was prepared with three different proportions of water and FT-IR analysis 

was used to determine the success of the reaction (Figure 3.8). The assignments are 

summarised in Table 3.1.  

Table 3.1: FT-IR assignments for pure TiO2 with 50 %, 6.25 % and 0.25 % water 

Material Assignment Wavenumber (cm-1) 

TiO2 
50 % water 

O-H stretch 
O-H bend 
Ti-O-Ti stretch 
Ti-O stretch 

3674 - 2385 
1636 
875 - 550 
581 

TiO2  

6.25 % water 

O-H stretch 
C=O stretch, C=C stretch, O-H bend 
Ti-O-Ti stretch 
Ti-O stretch 

3656 - 2376 
1773 - 1329 
883 - 550 
580 

TiO2 

0.25 % water 
O-H stretch 
C=O stretch, C=C stretch, O-H bend 
Ti-O-Ti stretch 
Ti-O stretch 

3631- 2368 
1749 - 1318 
892 - 550 
577 
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At 50 % water, the expected absorption bands for TiO2 were found: 735 cm-1 which 

can be ascribed to Ti-O-Ti stretching mode and 581 cm-1 which can be assigned to Ti-

O stretching band, as well as 3235 cm-1 (broad) and 1636 cm-1 which correspond to 

the stretching and bending O-H vibrational modes (consistent with moisture in the 

sample) (183). 

At 6.25 % water, the following absorption bands were found: 725 cm-1 which 

corresponds to Ti-O-Ti stretching mode and 580 cm-1 which can be ascribed to Ti-O 

stretching band, and 3062 cm-1 (broad) and 1634 cm-1 which correspond to the 

stretching and bending O-H vibrational modes (consistent with moisture in the 

sample) (183). 

At 0.25 % water there is a broad band at 3109 cm-1 and a band at 1649 cm-1 which 

correspond to the stretching and bending vibrational modes of O-H (consistent with 

moisture in the sample), 725 cm-1 which corresponds to Ti-O-Ti stretching mode and 

577 cm-1 which can be ascribed to Ti-O stretching band (183). 

Overall, the FT-IR spectra shown in Figure 3.8 show the expected absorption bands 

for TiO2, in agreement with literature (183-185), for all three reactions, which would 

indicate pure TiO2 has been prepared successfully.    
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3.3.1.2. Crystallinity and morphology 

 

Figure 3.9: SEM images and XRD patterns of pure TiO2, with varying amounts of 
water. Ai-ii) 50 % water, Bi-ii) 6.25 % water and Ci-ii) 0.25 % water and D) 
XRD patterns of pure TiO2 (50 %, 6.25 % and 0.25 % water). Particle size 
distribution n=100. 

The SEM images of titanium dioxide, prepared with varying water content, are shown 

in Figure 3.9. The volume ratios of the quaternary system TTIP: BMIMBF4: water: 

AcOH were varied as follows: 1:  1: 20: 20, 1: 1: 2.5: 40 and 1: 1: 0.1: 40, corresponding 

to Figure 3.9A-C, respectively. The particle size and morphology varied as the 

percentage of water in the reaction was changed, though the anatase phase was 

formed for all, as shown in the XRD patterns (Figure 3.9D).  

At low water content, the quaternary system of AcOH, BMIMBF4, water and TTIP, 

selectively stabilised the (001) and (100) facets, which led to the formation of 

consistent nanocuboids. The diagonal across the (100) facet was measured as 

indicated in Figure 3.9Cii, to gather a size distribution of 250–600 nm, averaging at 

432 nm. The particle size of TiO2 decreased significantly as the percentage of water 

increased. At 6.25 % water (Figure 3.9B), irregularly shaped nanoparticles (cubes with 
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some spherical tendencies) formed (diagonal length 100–210 nm) with a lower aspect 

ratio. This supported the notion that through accelerated hydrolysis, condensation, 

nucleation and growth of anatase, more water leads to faster-forming anatase nuclei 

and consequently smaller sized particles (168). The highest content of water (50 %) 

formed sphere-like nanoparticles between 18 and 40 nm in diameter. These are not 

much larger than the calculated crystallite size (14.2 nm), which represent the 

smallest, most likely single crystal in the materials. This may suggest crystal growth is 

not facilitated effectively with high water content.  

The XRD patterns of each variation of pure TiO2 (with 50 %, 6.25 % and 0.25 % water) 

are shown in Figure 3.9. At 50 % water, diffraction peaks were seen at the following 

angles (2θ): 25.5°, 37.2°, 38.2°, 38.8°, 48.3°, 54.2°, 55.2° which correspond to (101), 

(103), (004), (112), (200), (105), (211). At 6.25 % water, the angles (2θ) of the 

diffraction peaks were: 25.5°, 37.2°, 38.1°, 38.8°, 48.2°, 54.1°, 55.1° which correspond 

to (101), (103), (004), (112), (200), (105), (211), respectively. At 0.25 % water, 

diffraction peaks were found at the following angles (2θ): 25.5°, 37.2°, 38.2°, 38.8°, 

48.1°, 54.3°, 55.2° which correspond to (101), (103), (004), (112), (200), (105), (211), 

respectively.  

The diffraction patterns of each material are consistent with anatase (JCPDS card no. 

21-1272), and the signals were relatively sharp in all three samples which indicated 

highly crystalline materials. The percentage crystallinity was calculated from the XRD 

patterns as follows: 

Equation 3.4 

𝑪𝒓𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒏𝒊𝒕𝒚 =  
𝑨𝒓𝒆𝒂 𝒐𝒇 𝒄𝒓𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒏𝒆 𝒑𝒆𝒂𝒌𝒔

𝑨𝒓𝒆𝒂 𝒐𝒇 𝒂𝒍𝒍 𝒑𝒆𝒂𝒌𝒔 (𝒄𝒓𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒏𝒆 + 𝒂𝒎𝒐𝒓𝒑𝒉𝒐𝒖𝒔)
 ×  𝟏𝟎𝟎 

This established that the crystallinity of anatase was 95 %, 89 % and 93 % for water 

contents of 50 %, 6.25 % and 0.25 %, respectively, and therefore was high in all 

samples.  

The (101) diffraction peak is strongest in all three samples which suggests crystal 

growth along this plane is consistently predominant - conventional for TiO2 as the (101) 

plane is the most thermodynamically stable (166). In all XRD patterns, the (200) 

reflection has a strong signal compared to typical anatase, due to the orientation of 



103 
 

the TiO2 nanocuboids during XRD characterisation, which prefer to lie laterally on the 

(100) facets (168). 

The crystallite size can be determined using the Scherrer equation (186):  

Equation 3.5 

𝐷 =
𝑘𝜆

𝛽𝐷 𝑐𝑜𝑠 𝜃
 

where D is the crystallite size (nm), k is Scherrer’s constant (0.90)(187), λ is the x-ray 

wavelength (0.152 nm), βD is the full width at half-maximum intensity (radians) and θ 

is the peak position (radians).  

Table 3.2: Crystallite size (nm) of pure TiO2, calculated using the Scherrer 
equation. 

 Water content 

 50 % 6.25 % 0.25 % 

Crystallite size D (nm)  14.2 31.0 26.4 

The crystallite size was calculated for the (101) plane for each material and shows at 

6.25 % it is double the size than at 50 %, while at 0.25 % it falls back to 26.4 nm. 

Generally, the smaller the crystallite size the softer the bulk material.  

It should be noted that as the percentage of water increases, broadening of the peaks 

is evident. This could be due to smaller crystallites, with fewer lattice planes, leading 

to a reduction in constructive interference and so less defined (broader) peaks. 

Alternatively, it could be due to elastic distortions or strains in the crystal lattice also 

known as microstrains, which can contribute to peak broadening or shifts (188).  

With this, the d-spacings were calculated using dhkl=λ/(2sinθ), for TiO2 with 50 %, 

6.25 % and 0.25 % water. They showed no significant variation (see Appendix 3.3), 

which would indicate that the broadening of the XRD peaks is due to the presence of 

smaller crystallites. 

In this section, the impact of varying water contents from 50 %, 6.25 % and 0.25 % on 

TiO2 was analysed by SEM, XRD and FT-IR. In line with what was reported by Zhao 

et al. the crystal growth of anatase was affected by increased amounts of water, as 

was the morphology (168). Though, this was not found to limit the crystallinity or form 

defects in the lattice structure. This will enable comparison of pure TiO2 with the doped 
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TiO2-carbon dot (TiO2-CD) structures, in the subsequent sections, to explore the affect 

that carbon dots have on morphology, crystal growth and ultimately optical properties. 

3.3.1.3. Attenuation of UV and visible light  
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Figure 3.10: UV-vis spectra of TiO2 suspended in 60 % EtOH [0.025 mg/mL], 
prepared with 50 %, 6.25 % and 0.25 % water. Inset image shows 
suspensions of each sample in 60 % EtOH [0.2 mg/mL]. 

The UV-vis profiles of pure TiO2, prepared with 50 %, 6.25 % and 0.25 % water, are 

shown in Figure 3.10, and were measured at a concentration of 0.025 mg/mL in 60 % 

ethanol. With 50 % water, λmax 325 nm was achieved, followed by a steady, broad 

decline in absorption intensity over the visible region (400–800 nm). When prepared 

with 6.25 % water, a broad peak over 350–450 nm can be seen, which again gradually 

declines as the wavelength increases to 800 nm. Preparation with 0.25 % water has 

a broad absorption that increases over the visible region, and peaks between 650–

750 nm. There is a distinct red shift in the spectra from 50 % > 6.25 % > 0.25 % water 

which would confirm an increase in particle size. Additionally, a reduction in overall 

absorption intensity is observed. All samples have been measured at the same 

concentration (mg/mL). From the SEM images, it is known that the particle size is 

increasing from 50 % < 6.25 % < 0.25 % water; therefore, it is expected that the 

scattering efficiency increases as a particle diameter increases while absorption 
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efficiency decreases. In addition, a visual observation (Figure 3.10 inset) indicates the 

samples prepared with 0.25 % and 6.25 % water appeared to be more turbid, which 

may explain the overall reduction in absorption intensity. Overall, this gives an 

understanding of how an increase in TiO2 particle size might influence the UV-vis 

spectra and will aid the interpretation of spectra for TiO2 grown with organic additives.  

All samples were measured at the same % w/v.   

3.3.2. EthCitCD-TiO2 

3.3.2.1. FT-IR analysis 
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Figure 3.11: FT-IR spectra of EthCitCD and EthCitCD-TiO2 at 6.25 % inclusion. 

Figure 3.11 shows the FT-IR of EthCitCD alongside EthCitCD-TiO2 made from 6.25 % 

inclusion of EthCitCD, for comparison. The corresponding assignments are listed in 

Table 3.3. Due to not enough sample, equivalent FT-IR spectra could not be obtained 

for 0.25 % and 50 % EthCitCD-TiO2.  
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Table 3.3: FT-IR assignments for EthCitCD, EthCitCD-TiO2 (6.25 %) and pure TiO2 
(6.25 %) 

Material Assignment Wavenumber (cm-1) 

EthCitCD O-H, N-H stretch 
C-H stretch (alkene) 
C-H stretch (alkane) 
C=O carboxylic acid 
C=O stretch (primary amide) 
C=C stretch, N-H bend 
C-H bend, O-H bend 
C-O stretch alkyl aryl ether 
C-N stretch 
C-O stretch alkyl aryl ether 

3650 - 2250 
2936 
2889 
1769 
1697 
1676-1592 
1480-1326 
1270 
1179 
1062 

6.25 % 
EthCitCD-TiO2 

 

O-H, N-H stretch 
C-H stretch 
C=O stretch, C=C stretch, O-H bend 
C=O stretch 
C=C stretch, N-H bend 
C-H, O-H bend 
C-O stretch, alkyl aryl ether 
Ti-O-Ti stretch 
Ti-O stretch 

3681 - 2404 
2925 
1749 – 1544 
1712 
1684 - 1483 
1461 – 1352 
1268, 1062 
888 – 550 
562 

6.25 % Pure 
TiO2 

O-H stretch 
O-H bend 
Ti-O-Ti stretch 
Ti-O stretch 

3656 - 2376 
1773 - 1329 
883 – 550 
580 

Here, FT-IR spectroscopy was used to ascertain the functional groups present in TiO2 

after hydrothermal preparation alongside the amino, carboxyl and hydroxyl 

functionalised EthCitCD carbon dots. The new material, EthCitCD-TiO2, has 

absorption bands at 883–550 cm-1 and 580 cm-1 which correspond to Ti-O-Ti and Ti-O 

stretching bands, respectively. This confirms the presence of the Ti-O-Ti bridge, 

suggesting polycrystalline TiO2 (183), as is also shown in the FT-IR spectrum of pure 

TiO2. Further to this, the absorption band at 1749–1544 cm-1 can be assigned to the 

C=O stretch, C=C stretch and O-H bend. While bands at 1684–1483 cm-1 and 1461–

1352 cm-1 correspond to the C=C stretch and N-H bend, and the C-H and O-H bends, 

respectively. These bands, accompanied by the broad O-H/N-H stretch at 3681–

2404 cm-1, suggest there are amino, carboxyl and hydroxyl functionalities within 

EthCitCD-TiO2 which is in alignment with those present in EthCitCD. Additionally, 

Energy Dispersive X-Ray (EDX) analysis confirmed the presence of Ti, O, C and N at 

all three percentage inclusions of EthCitCD, which supports this notion (see Appendix 

3.4, Appendix 3.5 and Appendix 3.6).  
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3.3.2.2. Crystallinity and morphology 

 

Figure 3.12: SEM images and XRD patterns of EthCitCD-TiO2, with varying 
amounts of EthCitCD solution. Ai-ii) 50 % EthCitCD, Bi-ii) 6.25 % EthCitCD 
and Ci) 0.25 % EthCitCD and D) XRD patterns of EthCitCD-TiO2 (50 %, 
6.25 % and 0.25 % EthCitCD). 

Figure 3.12 shows the SEM images of EthCitCD-TiO2, prepared with 50 %, 6.25 % 

and 0.25 % EthCitCD solution, in place of distilled water. One of the most striking 

differences is the dramatic change in particle size, as the percentage of EthCitCD 

solution changes, which is important as particle size can have a strong impact on the 

optical properties. Following the research of Zhao et al. and our preliminary 

experiments with pure TiO2, it is understood that water can lead to rapid nucleation of 

many nuclei, which in turn can result in smaller nanoparticles. Here, with the addition 

of EthCitCD, the particle size of EthCitCD-TiO2 (50 %) was found to be between 16 – 

23 nm4 while pure TiO2 (50 %) was larger at 18–40 nm. This suggests the inclusion of 

 

4 The image was not resolved enough to enable an accurate particle size distribution 

of these nanoparticles; therefore, an approximate range was obtained using 
ImageJ software (n=10). 
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carbon dots is reducing the particle size of TiO2 even further. The amorphous carbon 

could be inhibiting the grain growth of TiO2 (189). Alternatively, it could be forming 

nucleation sites. The nucleation of anatase at this 50 % of carbon dots, must be 

occurring faster than the crystal growth, which may explain the uniform but minimal 

crystal growth and little variation in size (165). Using the XRD data, the crystallite size 

was calculated (Table 3.4). At 50 % EthCitCD inclusion, it was 15.7 nm for (101), which 

is comparable to the approximate particle size measured, therefore suggesting that 

during this reaction, the crystal growth is minimal.  

Figure 3.12B shows irregular cube-like shapes formed with 6.25 % EthCitCD in 

contrast to the uniform cubes formed for pure TiO2 (6.25 % water). This change in 

uniformity may suggest interaction with carbon dots during the growth of the crystals.  

The F- ions in BMIMBF4 which can stabilise (001) facet and BMIM+ which preferentially 

adsorbs onto (100) facet resulting in homogeneous structures, may be impeded, 

otherwise the regular cubes would have formed as in TiO2 (6.25 %). The small size of 

the carbon dots (0.8 – 2.8 nm) and their highly functionalised surfaces, may be able 

to interact with bridging O atoms on (100), with distances of 0.651 and 0.661 nm, 

according to Liu et al. However, the carbon dots might be too large to stabilise the 

(100) facet by H-bonding, but small enough to impede the access of BMIM+ to do so, 

leading to non-uniform morphology.  

0.25 % Inclusion of EthCitCD produced large (250–700 nm, length), cuboidal 

structures, though their aspect ratio was lower in comparison to pure TiO2 (0.25 % 

water) which may indicate a lower percentage of (100) facets. The low carbon dot 

content has produced more uniform particles, which is consistent with BMIMBF4 being 

the dominating stabilising agent once again.  

The XRD patterns of each variation of EthCitCD-TiO2 (with 50 %, 6.25 % and 0.25 % 

EthCitCD solution) are shown in Figure 3.12D.The XRD patterns are consistent with 

JCPDS card no. 21-1272 for tetragonal anatase and confirm that the anatase phase 

was formed in all reactions despite carbon dot inclusions. For 50 % EthCitCD 

diffraction peaks at angles (2θ): 25.5°, 37.2°, 38.1°, 38.8°, 48.2°, 54.2°, 55.2° were 

identified, and correspond to planes (101), (103), (004), (112), (200), (105), (211). At 

6.25 % EthCitCD inclusion, diffraction peaks were found at the following angles (2θ): 

25.5°, 37.1°, 38.2°, 38.8°, 48.2°, 54.2°, 55.2° which are consistent with planes (101), 
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(103), (004), (112), (200), (105), (211). Finally, at 0.25 %, diffraction peaks were seen 

at angles (2θ): 25.3°, 37.1°, 38.1°, 38.6°, 47.9°, 54.2°, 55.0° which correspond to 

planes (101), (103), (004), (112), (200), (105), (211). There is no indication of an 

amorphous carbon signal, which is possibly due to the low CD content and low 

intensity of the signal itself. The diffraction peaks and corresponding d-spacings are 

listed in full in Appendix 3.7. 

The crystallite sizes were determined using the Scherrer equation (Equation 3.5), for 

plane (101) and are shown in Table 3.4.  

Table 3.4: Crystallite size of EthCitCD-TiO2 for plane (101) at 50 %, 6.25 % and 
0.25 % inclusion 

 EthCitCD content 

 50 % 6.25 % 0.25 % 

Crystallite size D (nm)  15.7 23.0 40.1 

The smallest crystallite size was achieved with 50 % inclusion (15.7 nm), followed by 

6.25 % (23.0 nm) and 0.25 % (40.1 nm). It was evident, therefore, that by increasing 

the percentage inclusion of EthCitCD, the crystallite size decreased. This, coupled 

with the particle size distribution derived from the SEM images, can shed light on the 

crystal growth habits in each case. A similar particle size and crystallite size may 

indicate the crystal did not grow much more than the size of its smallest constituent 

and could suggest the formation of anatase was driven by rapid nucleation.  
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Figure 3.13: Percentage crystallinity of pure TiO2 and EthCitCD-TiO2 (50 %, 
6.25 % and 0.25 %, respectively). 

The signals are relatively sharp in all three patterns, which indicates the materials are 

crystalline. The percentage crystallinity of each material was calculated using Equation 

3.4 and is displayed in Figure 3.13. From this, the crystallinity of EthCitCD-TiO2 is 

shown to be lower in comparison to pure TiO2, which may insinuate the introduction 

of a dopant. 6.25 % inclusion of EthCitCD is just 71.2 % crystalline which may suggest, 

at this percentage, doping of carbon dots into TiO2 was particularly successful. 

Broadening of the XRD peaks is evident as the percentage of carbon dots increases, 

and the particle size decreases. Lattice strain can also lead to broadening of XRD 

peaks because of distortions in the lattice and defects. 

The presence of defects in the lattice, also imply C or N may have been incorporated 

into the lattice and can be indicated by shifts in the XRD pattern. At 50 % EthCitCD 

inclusion, a diffraction peak (101) and (200) exhibited a shift in 2θ > 0.1°. While 

diffraction peak at (211) showed significant shift in relation to pure TiO2, for 6.25 % 

EthCitCD-TiO2. A shift greater than 0.1° was seen for all diffraction peaks except (004), 

in EthCitCD-TiO2 (0.25 %). These shifts may therefore be evidence of C and N 

inclusion within the TiO2. 
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The d-spacings, which describe the distance between planes of atoms, have been 

calculated for each (hkl) plane and are presented in Appendix 3.7. Deviations in the 

d-spacings can be indicative of changes in the lattice, often due to the influence of a 

dopant. A comparison of some of the d-spacings and 2θ° values for pure TiO2 and 

TiO2 with EthCitCD, is shown in Table 3.5, to ascertain whether there were any 

significant changes in the lattice.   

Table 3.5: Comparison of the d-spacings and 2θ° for prominent diffraction 
planes (101), (004) and (200). 

 
[50 % EthCitCD] [6.25 % EthCitCD] [0.25 % EthCitCD] 

hkl 2θ° dhkl (Å) 2θ° dhkl (Å) 2θ° dhkl (Å) 

101 25.475 3.447 25.455 3.450 25.334 3.466 

004 38.096 2.329 38.156 2.325 38.076 2.330 

200 48.192 1.862 48.172 1.862 47.909 1.872 

       

 [50 % water] [6.25 % water] [0.25 % water] 

hkl 2θ° dhkl (Å) 2θ° dhkl (Å) 2θ° dhkl (Å) 

101 25.576 3.434 25.516 3.442 25.475 3.447 

004 38.177 2.324 38.096 2.329 38.156 2.325 

200 48.293 1.858 48.152 1.863 48.111 1.864 

Of the three diffraction planes, (101) d-spacing (EthCitCD-TiO2) deviates the most 

from pure TiO2 in all three reactions, and in all cases increases. This could be evidence 

of a dopant causing lattice strain in the (101) plane. 

Overall, the inclusion of EthCitCD carbon dots has led to morphological changes of 

titanium dioxide, which are particularly evident in 6.25 % EthCitCD-TiO2 for they are 

of heterogenous nature. In each case, crystalline anatase has been successfully 

produced, though the crystallinity shows some variation, likely due to the presence of 

dopants. There is also some evidence of lattice strain in (101) plane which supports 

the idea that carbon dots have doped TiO2 during crystal growth. Interestingly, at the 

highest addition of EthCitCD, the particle size was extremely small. This will partially 

be due to the high content of water inducing rapid nucleation (as outlined previously) 

but could also be due to 0.8-2.8 nm sized carbon dots providing further nucleation 

sites.  

Thus far, the following has been demonstrated: control of particle size, while 

maintaining good crystallinity of anatase, in the presence of an organic dopant, the 
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presence of which is evidenced by FT-IR spectroscopy and EDX analysis (Appendix 

3.4 - Appendix 3.6). The next section will consider the optical properties of the doped 

materials. 

3.3.2.3. Attenuation of UV and visible light 
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Figure 3.14: UV-vis spectra of EthCitCD-TiO2 suspended in 60 % EtOH [0.025 
mg/mL], grown with 50 %, 6.25 % and 0.25 % EthCitCD. Inset image shows 
suspensions of each sample in 60 % EtOH [0.2 mg/mL]. 

Figure 3.14 shows the UV-vis profiles of EthCitCD-TiO2, prepared with 50 %, 6.25 % 

and 0.25 % EthCitCD solution, measured at a concentration of 0.025 mg/mL in 60 % 

ethanol. As shown in Chapter 2, EthCitCD was found to absorb at 320 nm with a 

secondary peak at 390 nm. When TiO2 was prepared with 50 % EthCitCD, λmax of 265 

nm was achieved, followed by a shoulder at 310 nm which tails into the visible region. 

At 6.25 % inclusion of EthCitCD, λmax is red-shifted to 330 nm, and has a broad 

absorption over the visible region. When prepared with 0.25 % EthCitCD, a low 

intensity absorption was evident at 370 nm followed by a broad peak across the entire 

visible region.  

As was the case for EthCitCD-TiO2, the effect of particle size should be taken into 

consideration. EthCitCD-TiO2 followed the same trend in particle size as pure TiO2 for 

the various percentage inclusions which was: 50 % < 6.25 % < 0.25 %, therefore the 
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red-shift seen in the spectra may once again be attributed to increase in particle size. 

However, there is a clear increase in UV attenuation for EthCitCD-TiO2 (50 %) and 

EthCitCD-TiO2 (6.25 %) compared to their equivalent pure TiO2 and given these are 

the two reactions more heavily doped with EthCitCD it is in line with what was 

expected. Owed to the differences in the UV-vis spectra of pure TiO2 and EthCitCD-

doped TiO2, it is unlikely that particle size alone is responsible for the improvement in 

UV attenuation and suggests the incorporation of these carbon dots may be 

responsible.  

Overall, an inclusion of 6.25 % EthCitCD appears to have the most promising UV-vis 

profile from a sun-care perspective, with an intense absorption at 330 nm but also 

broad absorption over UVB, UVA and into the visible region. 

3.3.3. UreCitCD-TiO2 

3.3.3.1. FT-IR Analysis 
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Figure 3.15: FT-IR spectra of UreCitCD and UreCitCD-TiO2 at 50 %, 6.25 % and 
0.25 % inclusions. 
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Table 3.6: FT-IR assignments for UreCitCD doped TiO2 at 50 %, 6.25 % and 
0.25 % loading. 

Material Assignment Wavenumber (cm-1) 

UreCitCD O-H, N-H stretch 
C-H stretch 
C=O stretch 
C=C stretch, N-H bend 
C-H bend, O-H bend 
C-O stretch 
C-N stretch 

3638 – 2412 
2929 
1666 
1626 – 1504 
1475–1334 
1288 
1189 

50 % 
UreCitCD-
TiO2 

O-H, N-H stretch 
C=O stretch, C=C stretch, N-H bend 
C-H bend, O-H bend 
Ti-O-Ti stretch 
Ti-O 

3682–2433 
1788–1527 
1491–1339 
891–550 
568 

6.25 % 
UreCitCD-
TiO2 

O-H, N-H stretch 
C=O stretch, C=C stretch, N-H bend 
C-H, O-H bend 
Ti-O-Ti stretch 
Ti-O stretch 

3657–2491 
1776–1520 
1485–1357 
881–550 
584 

0.25 % 
UreCitCD-
TiO2 

O-H stretch 
C=O stretch, C=C stretch, N-H bend 
C-H bend, O-H bend 
Ti-O-Ti stretch 
Ti-O stretch 

3410–2390 
1751–1524 
1473–1352 
884–550 
580 

FT-IR analysis of neat UreCitCD and UreCitCD-TiO2, with 50 %, 6.25 % and 0.25 %, 

was carried out and normalised between 0 and 100 to counteract the effect of different 

sample sizes. For comparison, UreCitCD was analysed (fully characterised in 

Chapter 2). It showed evidence of hydroxyl, carboxyl, and amino functionality (3638 - 

2412 cm-1, 1626–1504 cm-1 and 1475–1334 cm-1, respectively). The absorption peaks 

of UreCitCD-TiO2 compounds show some parallels. 

The O-H and N-H stretch is signified by a broad peak in the 3600–2400 cm-1 region, 

for all three composites. Similarly, C=O stretch, C=C stretch and N-H bend can be 

found in varying intensities between 1780–1520 cm-1 for all composites, demonstrating 

hydroxyl, carboxyl, and amino functionality, which is supported further by the bands in 

the 1500–1330 cm-1 region corresponding to C-H and O-H bends. In each FT-IR 

spectrum, absorption bands between 880 and 550 cm-1 signify the Ti-O-Ti stretch and 

Ti-O stretch, indicating polycrystalline TiO2. The C=O stretch centred at 1666 cm-1 in 

UreCitCD is shifted to 1640 cm-1 and 1641 cm-1 in UreCitCD-TiO2 (50 %) and 

UreCitCD-TiO2 (6.25 %), respectively, which might suggest they are interacting with 

the metal oxide. The intensity of the bands that indicate the presence of carbon dot 
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functional groups in the spectra of Figure 3.15, are noticeably reduced as the content 

of UreCitCD in the reaction is reduced, insinuating they may be correlated.  

EDX confirms the presence of Ti, O, N in all three materials, which would indicate the 

incorporation of UreCitCD, though it only identifies carbon in UreCitCD-TiO2 (6.25 %) 

(Appendix 3.8, Appendix 3.9, Appendix 3.10). Contrary to this, FT-IR does indicate the 

presence of C in UreCitCD-TiO2 (50 %). The FT-IR spectra considers a larger sample 

size, while EDX measurement is focussed on a small section of a sample. Therefore, 

the lack of carbon shown by EDX may be due to the sample area selected for those 

measurements, while FT-IR may be more representative of the bulk material. EDX 

could be repeated to confirm this, however as it is used in conjunction with FT-IR, it 

was not deemed necessary. 

3.3.3.2. Crystallinity and morphology 

 

Figure 3.16: SEM images and XRD patterns of UreCitCD-TiO2, with varying 
amounts of UreCitCD solution. Ai-ii) 50 % UreCitCD, Bi-ii) 6.25 % UreCitCD 
and Ci-ii) 0.25 % UreCitCD and D) XRD patterns of UreCitCD -TiO2 (50 %, 
6.25 % and 0.25 % UreCitCD). 
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The SEM images shown in Figure 3.16 showcase the particle size and morphology of 

TiO2 prepared with 50 %, 6.25 % and 0.2 % UreCitCD (A-C respectively). The particle 

size increases as the percentage of carbon dots in the reaction decrease, which 

follows the same trend as seen for TiO2 when water content was varied. However, the 

particle size of TiO2 with 50 % UreCitCD is much smaller than pure TiO2 (50 % water), 

at 15 nm on average with a range of 11.5 nm – 22.4 nm in diameter5, which is similar 

to what was seen for TiO2 (50 % EthCitCD). At high concentrations of carbon dots, it 

is possible that carbon is inhibiting the grain growth of TiO2 (189) or increasing the 

number of nucleation sites, leading to smaller particles. 

With 6.25 % UreCitCD, the particle size increases (70.5 nm on average) but much like 

for TiO2 (6.25 % EthCitCD) they are more heterogeneous in structure, with varying 

cuboidal shapes. The formation of heterogeneous nucleation sites, as a result of 

carbon dots, is one explanation for the non-uniformity in morphology. 
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Figure 3.17: Percentage crystallinity of pure TiO2 vs UreCitCD-TiO2 

With 0.25 % UreCitCD, uniform, nano-cuboid structures are produced (661.7 nm). At 

this low percentage inclusion, the 1-butyl-3-methylimidazolium tetrafluoroborate may 

 

5 Particle size was presented as an approximate range and average, as the particles 
were not resolved enough in the image to measure accurately.  
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be primarily governing the morphology rather than carbon dots, which might explain 

the similarities in the doped and pure TiO2 at this percentage.  

The XRD patterns shown in Figure 3.16 confirm the formation of anatase in all three 

reactions, and from Figure 3.17 the materials appear to be highly crystalline. At 50 % 

UreCitCD, diffraction peaks were seen at angles (2θ): 25.7°, 38.4°, 48.3°, 54.6°, 55.4° 

which correspond to (101), (004), (200), (105), (211). When 6.25 % UreCitCD was 

included, diffraction peaks were found at angles (2θ): 25.6°, 37.3°, 38.3°, 48.3°, 54.4°, 

55.2° which correspond to (101), (103), (004), (200), (105), (211). At 0.25 % UreCitCD, 

diffraction peaks were seen at the following angles (2θ): 25.5°, 37.3°, 38.3°, 48.1°, 

54.3°, 55.1° which correspond to (101), (103), (004), (200), (105), (211). Notably, 

diffraction peak (103) is undistinguishable due to peak broadening of (004) in 50 % 

UreCitCD-TiO2, as is (112) diffraction peak in all three materials.  

The crystallite sizes were determined using the Scherrer equation (Equation 3.5), for 

plane (101) and are shown in Table 3.7. The percentage of UreCitCD in the reaction 

was seen to reduce the crystallite size which was calculated to be 9.3 nm for 50 %, 

17.0 nm for 6.25 % and 20.7 nm for 0.25 %. Overall, the crystallite size increased as 

the percentage of UreCitCD in the reaction decreased. 

Table 3.7: Crystallite size of UreCitCD-TiO2 for plane (101) at 50 %, 6.25 % and 
0.25 % inclusion 

 UreCitCD content 

 50 % 6.25 % 0.25 % 

Crystallite size D (nm)  9.3 17.0 20.7 

There were some shifts in the positions of the diffraction peaks in all three samples. 

For 50 % UreCitCD-TiO2, at all diffraction peaks but (200), a shift greater than 0.1° 

from pure TiO2 was evident. For 6.25 % UreCitCD-TiO2 all peaks showed a shift > 0.1° 

in relation to pure TiO2. As there was variation in the shifts, it suggested 

instrumentation error was not responsible. For 0.25 % UreCitCD-TiO2 just the (004) 

diffraction peak displayed a deviation > 0.1° from pure TiO2. To understand whether 

this was due to lattice strain, d-spacings were calculated (Appendix 3.11). Prominent 

XRD peaks and d-spacings are displayed in Table 3.8. 
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Table 3.8: Prominent XRD diffraction peaks of UreCitCD-TiO2 with d-spacing 

 
[50 % UreCitCD] [6.25 % UreCitCD] [0.25 % UreCitCD] 

hkl 2θ° dhkl (Å) 2θ° dhkl (Å) 2θ° dhkl (Å) 

101 25.718 3.415 25.637 3.426 25.516 3.442 

004 38.399 2.311 38.278 2.318 38.298 2.317 

200 48.273 1.859 48.278 1.858 48.091 1.865 

       

 [50 % water] [6.25 % water] [0.25 % water] 

hkl 2θ° dhkl (Å) 2θ° dhkl (Å) 2θ° dhkl (Å) 

101 25.576 3.434 25.516 3.442 25.475 3.447 

004 38.177 2.324 38.096 2.329 38.156 2.325 

200 48.293 1.858 48.152 1.863 48.111 1.864 

D-spacings for (101) and (004) shift, mainly at 50 % and 6.25 %, but less so at 0.25 % 

which is consistent with decreasing loading of carbon dots. The d-spacings for (200) 

are well aligned with pure TiO2 which suggests any lattice strain because of carbon 

dots does not impact this plane.  

The addition of carbon dots has led to a loss of uniformity in morphology at 6.25 % 

loading, and a significant decrease in particle size at 50 % loading. The effect at 

0.25 % loading was minimal, though the aspect ratio of the particles decreased. The 

d-spacings were found to vary mainly at 50 % and 6.25 % loadings, which, in 

conjunction with FT-IR and EDX analysis, would indicate successful doping of TiO2. 
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3.3.3.3. Attenuation of UV and visible light 
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Figure 3.18: UV-vis spectra of UreCitCD-TiO2 suspended in 60 % EtOH 

[0.025 mg/mL], grown with 50 %, 6.25 % and 0.25 % UreCitCD. Inset image 
shows each dried powder sample. 

Figure 3.18 shows the UV-vis profiles of UreCitCD-TiO2, prepared with 50 %, 6.25 % 

and 0.25 % UreCitCD solution (as characterised in Chapter 2), measured at a 

concentration of 0.025 mg/mL in 60 % ethanol. UreCitCD absorbs at 330 nm with a 

shoulder that extends into the visible region. At the highest percentage inclusion of 

UreCitCD, an intense absorption at 247 nm is seen, with a shoulder at 310 nm. For 

6.25 % UreCitCD-TiO2 an absorption peak at 310 nm is seen, with a shoulder at 

290 nm. When the lowest percentage of UreCitCD was added, the UV-vis resembles 

its equivalent pure TiO2 sample, although there is an additional broad, low intensity 

peak at 410 nm.  

Through SEM images and particle size analysis, the changing size of the particles is 

a key difference between samples and one that should be taken into consideration 

when looking at the optical properties. UreCitCD-TiO2 followed the same trend in 

particle size as pure TiO2 which was: 50 % < 6.25 % < 0.25 %. From this, the red-shift 

in UV spectra may be attributed to increasing particle size. That being said, the more 

heavily doped materials (50 % UreCitCD-TiO2 and 6.25 % UreCitCD-TiO2) show a 
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distinct increase in UV attenuation that is not evident in pure TiO2. This would suggest 

that particle size alone is not responsible for the improvement in UV attenuation and 

suggests the integration of carbon dots into the system may contribute.  

By comparing the UV spectra of pure TiO2 with TiO2 grown alongside UreCitCD, the 

UV absorption profile has notably improved, particularly for 6.25 % UreCitCD-TiO2. 

Therefore, the addition of carbon dots into the system must be contributing to this. It 

is possible that the presence of the amino, hydroxyl and carboxyl functional groups 

within the system (as indicated by FT-IR) are improving the UV absorption through 

lower energy n-π* transitions. Alternatively, the functionalised titanium dioxide might 

be better dispersed in water than pure TiO2, and this could be contributing to the 

improved UV-vis profile. Of the three, an inclusion of 6.25 % UreCitCD has the most 

favourable UV-vis profile for a UV/HEVL filter as it shows broad-spectrum UV-vis 

attenuation as well as a more intense peak in UVA region. 

3.3.4. VanCitCD-TiO2 

3.3.4.1.  FT-IR analysis  
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Figure 3.19: FT-IR spectra of VanCitCD and VanCitCD-TiO2 at 50 %, 6.25 % and 

0.25 % inclusions. 
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Table 3.9: FT-IR assignments for VanCitCD doped TiO2 at 50 %, 6.25 % and 
0.25 % loading. 

Material Assignment Wavenumber (cm-1) 

VanCitCD O-H, C-H stretch 
C=O stretch 
C=C stretch (cyclic alkene) 
N-O stretch 
C-H bend, O-H bend 
C-O stretch, C-N stretch 
C-O stretch 

3635 - 2409 
1713 
1594 
1513 
1437–1364 
1339–1246 
1038 

50 % 
VanCitCD-
TiO2 

O-H 
C=O stretch, C=C stretch 
C-H bend, O-H bend, C-O stretch 
Ti-O-Ti stretch 
Ti-O 

3632–2364 
1732–1531 
1506–1213 
873–550 
578 

6.25 % 
VanCitCD-
TiO2 

 

O-H 
C=O stretch, C=C stretch 
C-H bend, O-H bend 
C-O stretch 
Ti-O-Ti stretch 
Ti-O 

3649–2406 
1767–1520 
1473–1355 
1290 
875–550 
579 

0.25 % 
VanCitCD-
TiO2 

O-H 
C=O stretch, C=C stretch 
C-H bend, O-H bend 
Ti-O-Ti stretch 
Ti-O 

3588–2443 
1729–1513 
1457–1356 
882–550 
588 

The FT-IR spectra of VanCitCD-TiO2 with 50 %, 6.25 % and 0.25 % inclusion are 

shown in Figure 3.19 alongside the spectrum of VanCitCD on its own, which has been 

characterised in Chapter 2. In VanCitCD, O-H stretch (3173 cm-1), C=O stretch 

(1713 cm-1), C=C stretch (1594 cm-1), C-H bend and O-H bend (1437–1364 cm-1), C-O 

stretch and C-N stretch (1339–1246 cm-1) and C-O stretch (1038 cm-1) indicate 

carboxyl and hydroxyl functionalised carbon dots. 

Having undergone hydrothermal synthesis alongside VanCitCD, with various loadings, 

the resultant titanium dioxide composites exhibited promising FT-IR spectra that 

insinuated they had obtained some functionality during the reaction. At each loading, 

(50 %, 6.25 % and 0.25 %) a broad peak in the 3600–2500 cm-1 region was present, 

which suggest the presence of O-H and C-H stretching bands. Additionally, the C=O 

and C=C stretching band located between 1780 cm-1 and 1530 cm-1 was observed, 

followed by C-H bend, O-H bend, and C-O stretch in the 1500–1200 cm-1 region. 

These bands were apparent in all three materials and were suggestive of carboxyl and 

hydroxyl functional groups. Further to this, the broad absorption band between 
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880 cm-1 and 550 cm-1 can be assigned to the Ti-O stretching modes (184, 185) and 

Ti-O-Ti bridging stretching vibration (716 cm-1) (183), as is consistent with the 

literature. The standard spectra of TiO2 reports the vibration of Ti-O at 463.88 cm-1 

(183), however, due to the constraints of this FT-IR instrument, 550 cm-1 is the limit. 

The intensity of the hydroxyl and carboxyl absorption bands is shown to decrease in 

correlation with the loading of the carbon dots. 

EDX confirms the presence of Ti, O and C in all three materials (Appendix 3.12 to 

Appendix 3.14), and N (possibly remaining from the 1-butyl-3-methylimidazolium 

tetrafluoroborate). This, together with the FT-IR, suggests TiO2 has obtained some 

functionality after growth with carbon dots. Which, in turn, may alter the morphology, 

crystallinity and subsequent optical properties, which will be investigated in the 

sections to come.  

3.3.4.2. Crystallinity and morphology 

 

Figure 3.20: SEM images and XRD patterns of VanCitCD-TiO2, with varying 
amounts of VanCitCD solution. Ai-ii) 50 % VanCitCD, Bi-ii) 6.25 % VanCitCD 
and Ci-ii) 0.25 % VanCitCD and D) XRD patterns of VanCitCD-TiO2 (50 %, 
6.25 % and 0.25 % VanCitCD). 
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Figure 3.20A-C displays the SEM images of VanCitCD-TiO2 with 50 %, 6.25 % and 

0.25 % incorporation of VanCitCD carbon dots, respectively. The particle size 

increases as the percentage of VanCitCD in the reaction decreases. This is in 

alignment with what has been observed for reactions of EthCitCD-TiO2 and UreCitCD-

TiO2. The changes seen in the particle size and morphology must partly be due to the 

water content in the carbon dots, though the VanCitCD-TiO2 nanoparticles exhibit 

some differences in morphology and crystallinity, which suggest the carbon dots may 

have influenced this as well. For example, the particle size for 50 % VanCitCD-TiO2 

averaged at 21.7 nm (ranging from 14 – 26 nm), while for TiO2 (50 % water) it ranged 

from 18 – 40 nm. At high concentrations of carbon dots, carbon may be impeding the 

grain growth of TiO2 leading to smaller particles (189). The influence of carbon dots 

may have provided ample nucleation sites for TiO2, working in synergy with water, 

which lead to nanoparticles with even smaller diameters. The size distribution in this 

case cannot be commented on, as the images were not resolved enough to accurately 

measure and obtain a reliable size distribution.   

Figure 3.20Bii clearly shows cube-shaped particles with an average of 135.2 nm. 

Though they are not as uniform as pure TiO2, of the three sets of carbon dots they 

have produced the most homogeneous sample at 6.25 % inclusion. Without knowing 

the particle size of VanCitCD from TEM, it is difficult to understand their role in this 

case. It appears BMIMBF4 has stabilised (100) and (001) facets as it had done in pure 

TiO2 which implies that VanCitCD was not inhibiting it. This could be because the 

carbon dots are larger than they were for EthCitCD and UreCitCD. Alternatively, 

VanCitCD could be selectively stabilising (100) and (001) facets in synergy with 

BMIMBF4. 

At 0.25 % loading with VanCitCD, the morphology is ellipsoidal. The particles are much 

larger than for pure TiO2 with a size range of 0.6 to 1.2 μm and may have formed 

through stabilisation of (101) facets. At low carbon dot content, control of morphology 

by BMIMBF4 would be expected, forming large cuboid morphology as seen for 

reactions with 0.25 % EthCitCD and UreCitCD. This change in shape may therefore 

be due to stabilisation of (101) facets because of the presence of VanCitCD.  
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Figure 3.21: Percentage crystallinity of VanCitCD-TiO2 compared to pure TiO2 

Figure 3.20D shows the XRD patterns of VanCitCD-TiO2 (with 50 %, 6.25 % and 

0.25 % VanCitCD) which are all in line with what is reported in the literature for 

anatase. The signals are sharp in all patterns which indicates good crystallinity in the 

materials, as supported in Figure 3.21 which compares the percentage crystallinity to 

that of pure TiO2. For 50 % VanCitCD, diffraction peaks were seen at the following 

angles (2θ): 25.5°, 38.2°, 48.1°, 54.3°, 55.1° which correspond to (101), (004), (200), 

(105), (211). For 6.25 % VanCitCD, diffraction peaks we found at angles (2θ): 25.5°, 

37.1°, 38.1°, 38.8°, 48.1°, 54.1°, 55.1° which correspond to (101), (103), (004), (112), 

(200), (105), (211). For 0.25 % VanCitCD, diffraction peaks were seen at the following 

angles (2θ): 25.4°, 37.2°, 38.1°, 38.7°, 48.1°, 54.3°, 55.1°, which correspond to (101), 

(103), (004), (112), (200), (105) and (211). 

Table 3.10: Crystallite size of VanCitCD-TiO2 for plane (101) at 50 %, 6.25 % and 

0.25 % inclusion. 

 VanCitCD content 

 50 % 6.25 % 0.25 % 

Crystallite size D (nm)  11.4 27.3 27.1 
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The crystallite size was calculated using the Scherrer equation (Equation 3.5), for 

plane (101) for each material (see Table 3.10). It is smallest at 11.4 nm (50 %), while 

for 6.25 % and 0.25 % inclusions it reaches 27.3 nm and 27.1 nm, respectively. 

In VanCitCD-TiO2 (50 %), diffractions peaks (200) and (211) exhibited a significant 

shift, in comparison to pure TiO2 and peak broadening was particularly evident which 

was likely due to the small crystallite size (11.4 nm). In contrast, 6.25 % and 0.25 % 

loading of VanCitCD were within 0.1° deviation of pure TiO2, and so not considered a 

significant shift. The d-spacings were calculated and are listed in full, in Appendix 3.15, 

while the data for selected prominent peaks is shown in Table 3.11. There is very little 

variation in the d-spacings of (101), (004) and (200) for VanCitCD-TiO2 and pure TiO2, 

which tells us the lattice is unlikely to be strained by dopants of VanCitCD.  

Table 3.11: Prominent XRD diffraction peaks of VanCitCD-TiO2 with d-spacing 

 
[50 % VanCitCD] [6.25 % VanCitCD] [0.25 % VanCitCD] 

hkl 2θ° dhkl (Å) 2θ° dhkl (Å) 2θ° dhkl (Å) 

101 25.536 3.439 25.455 3.450 25.435 3.452 

004 38.197 2.323 38.116 2.328 38.116 2.328 

200 48.071 1.866 48.091 1.865 48.091 1.865 

       

 [50 % water] [6.25 % water] [0.25 % water] 

hkl 2θ° dhkl (Å) 2θ° dhkl (Å) 2θ° dhkl (Å) 

101 25.576 3.434 25.516 3.442 25.475 3.447 

004 38.177 2.324 38.096 2.329 38.156 2.325 

200 48.293 1.858 48.152 1.863 48.111 1.864 

Overall, the impact of VanCitCD on the hydrothermal preparation of titanium dioxide 

has been shown. FT-IR confirms the presence of carboxyl and hydroxyl functional 

groups, in all materials. This is supported by EDX which shows C, O and Ti are 

present. At low loading levels, the morphology was well-controlled to form uniform 

“rugby ball” shaped particles while at higher loadings, homogeneous, nanoparticles 

(14 – 26 nm) formed. The change in morphology is understood to be due to a 

combination of water and carbon dots. Although the crystallinity and d-spacings were 

well maintained in the composites, FT-IR and EDX do suggest the presence of 

dopants, though it is possible that they are interacting electrostatically and therefore 

avoid causing lattice strain, thus maintaining the d-spacings. The next steps require 

consideration of the optical properties.  
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3.3.4.3. Attenuation of UV and visible light 
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Figure 3.22: UV-vis spectra of VanCitCD-TiO2 suspended in 60 % EtOH 

[0.025 mg/mL], grown with 50 %, 6.25 % and 0.25 % VanCitCD. Inset image 
shows suspensions of each sample in 60 % EtOH [0.2 mg/mL]. 

Figure 3.22 shows the UV-vis profiles of VanCitCD-TiO2, prepared with 50 %, 6.25 % 

and 0.25 % VanCitCD solution (as characterised in Chapter 2), measured at a 

concentration of 0.025 mg/mL in 60 % ethanol. VanCitCD was found to absorb at 277 

nm with a secondary peak at 310 nm. With 50 % VanCitCD inclusion, an intense 

absorption at 258 nm is seen, with a shoulder at 310 nm, which corresponds closely 

to VanCitCD, followed by a tail into the visible region which replicates what is seen for 

TiO2 with 50 % water. With 6.25 % VanCitCD, there is a clear red-shift in the λmax to 

340 nm and a reduction in intensity. This may be due to the combination of particle 

size effect and the presence of carboxyl and hydroxyl groups from VanCitCD. The UV-

vis spectrum for 0.25 % VanCitCD largely resembles pure TiO2 (0.25 % water) which 

suggests the variation between ellipsoidal and cuboidal structure may not affect the 

optical properties drastically.  

Overall, the incorporation of carbon dots into the reaction has altered the UV-vis profile 

significantly. The spectra do appear influenced by the change in particle size, however, 

through comparison with pure TiO2 spectra, it was determined that an additional 
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source is influencing the UV-vis absorption. 6.25 % inclusion of VanCitCD showed the 

most promising UV-vis profile with broad-spectrum absorption, and an intense peak in 

the UVA region.    

3.3.5. Suspension stability 

 

Figure 3.23: UV-vis spectra of: A) Pure TiO2, B) EthCitCD-TiO2, C) UreCitCD-TiO2 
and D) VanCitCD-TiO2 measured every hour for 68 h. The percentage 
decrease in absorbance is shown in red and the inset graphs show the 
percentage absorbance at the λmax, by time. 

The stability of the CD-TiO2 suspensions came into question when it was observed 

that the suspensions of EthCitCD-TiO2 and VanCitCD-TiO2 made with 6.25 % carbon 

dot solution, appeared to be exceptionally stable after 15 weeks of no agitation, when 

kept at room temperature. Appendix 3.16, Appendix 3.17 and Appendix 3.18 show 

images of pure TiO2, EthCitCD-TiO2 and VanCitCD-TiO2, suspended in 60 % EtOH at 

a concentration of 0.2 mg/mL taken 15 weeks apart. Only the materials grown with 

6.25 % carbon dot solution remained well suspended after this time, while the rest 

settled down, including the pure TiO2 suspensions. Unfortunately, the equivalent 
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images were not collected for UreCitCD-TiO2 as these materials were prepared after 

this study. Following these preliminary experiments, a quantitative way to express the 

stability was sought.  

Since the beam of light in the UV-vis spectrophotometer is stationary, any 

sedimentation of material over time was likely to cause a change in the absorbance 

intensity and would therefore be indicated on the UV-vis spectra. Therefore, UV-vis 

scans over time could be used to investigate the stability of the suspensions. However, 

the sample could not be agitated once the experiment had started, which posed 

limitations. As the UV-vis spectrophotometer is a shared instrument, the duration of 

the experiment corresponded to the maximum out-of-hour usage of the instrument at 

any one time which was about 68 h (utilising the weekend). 

A UV-vis scan (250 nm – 800 nm) was taken every hour for 68 h to monitor any 

changes in the suspension of the most promising materials: EthCitCD-TiO2, 

UreCitCD-TiO2 and VanCitCD-TiO2 (6.25 % inclusion), and pure TiO2 was analysed 

for comparison. The results are shown in Figure 3.23. The percentage decrease at the 

λmax was determined for each sample. As is fitting with the observations in Appendix 

3.16, Appendix 3.17 and Appendix 3.18, the suspension of pure TiO2 showed a 72.3 % 

decrease in absorbance in 68 h. In comparison, EthCitCD-TiO2, UreCitCD-TiO2 and 

VanCitCD-TiO2 decreased by 3.1 %, 14.0 % and 3.0 % respectively. This might 

suggest that the carbon dots have imparted functionality during the preparation of TiO2 

and, in conjunction with the particle size, improved the stability of the suspension.  

It would be interesting to combine these materials into a Croda Inc. sunscreen 

formulations and investigate the whether the stability, as well as the UV-vis light 

attenuation, is improved. As the materials are the anatase polymorph, they are limited 

by regulations to make up a maximum of 5 % content. If the materials were deemed 

to have potential, they would also need to be externally assessed for cell toxicity. Due 

to the impact the Covid-19 pandemic had in Industry and resultant time constraints, it 

was not possible to study this within this project.  

3.4. Conclusion 

This chapter has investigated the incorporation of nanoscale organic additives, or 

more specifically EthCitCD, UreCitCD and VanCitCD carbon dot solutions, from 
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Chapter 2, into the preparation of titanium dioxide to study the impact on structural, 

morphological, and optical properties. Having overviewed the literature, this area was 

somewhat untapped as in the past, more focus has been on using organic dopants 

such as C and N to alter the properties of prepared titanium dioxide. 

The incorporation of three different concentrations of carbon dots were investigated, 

written as a percentage of overall content these were 50 %, 6.25 % and 0.25 %. FT-

IR analysis shows the presence of functional groups that correspond to the carbon 

dots used, which suggest they have been successfully incorporated into the material. 

This notion is strengthened by the presence of C, N as well as Ti and O in EDX 

analysis. 

The crystallinity was maintained in all samples as determined by XRD analysis, though 

as the percentage of carbon dots increased, broadening of the peaks was visible but 

this may be simply a result of the decrease in particle size. 

Each set of reactions followed the same trend for particle size as established by SEM. 

At the highest percentage content, the smallest particles were produced, and this 

increased as the percentage of carbon dots was reduced. This might be due to the 

carbon inhibiting the crystal growth of TiO2.  

The UV-vis attenuation of EthCitCD-TiO2, UreCitCD-TiO2 and VanCitCD-TiO2 

improved, and was optimal at 6.25 % inclusion. Each showed a strong UV absorption 

at 330 nm, 320 nm, and 340 nm respectively, with a broad absorption over the visible 

region. This was a significant improvement on the equivalent pure TiO2, and the 

materials showed promise as a UV-visible light filters. 

An assessment of the stability of the suspensions in 60 % ethanol showcased that, at 

6.25 % inclusion of carbon dots, the stability of TiO2 improved for all candidates. Over 

a period of 68 h, the absorbance of VanCitCD-TiO2 and EthCitCD-TiO2 decreased by 

just 3 %. These materials showed promise as possible additives to improve the 

stability of formulations like sunscreens, as well as enhance the UV-vis filtering 

properties.  
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3.5. Experimental 

3.5.1. Characterisation techniques 

Infrared (IR) spectra were obtained from solid phases using a Bruker Alpha Platinum 

ATR FTIR spectrometer with vibrational frequencies (cm-1). The electronic absorption 

spectra were recorded using a Cary 100 UV-Vis scanning spectrophotometer. 

Spectrophotometric experiments to assess the suspension stability of the materials 

were carried out using a Cary 50 UV-Vis spectrophotometer controlled at 20 °C by a 

single cell Peltier accessory. Samples for scanning electron microscopic (SEM) 

analysis were dispersed in ethanol, a drop of suspension was cast onto a silicon wafer 

attached to an SEM stub using copper films. The samples were viewed with a FEI 

Nova 450 FEG-SEM operating at 3 kV using a CBS detector at various magnifications. 

X-Ray diffraction (XRD) of the materials were recorded on Bruker D2-Phaser 

diffractometer using Cu Kα radiation, with a step size of θ = 0.01013° and x-ray 

wavelength (λ = 0.152 nm). Bragg’s law was used to calculate lattice spacings, and 

Gaussian fitting was used to measure the full width at half maximum (FWHM) of the 

diffraction peaks.  

3.5.2. Materials  

Fluorochem supplied 1-butyl-3-methylimidazolium tetrafluoroborate, titanium (IV) 

isopropoxide, Sigma-Aldrich supplied acetic acid (99–100 %) while Fischer Scientific 

provided propan-2-ol and nitric acid (70 %). 

3.5.3. Sol-gel preparation of titanium dioxide 

3.5.3.1. Pure TiO2  

2-propanol (3 mL) and water (50 mL) were stirred. The pH was lowered to pH 2.4 from 

approximately pH 5.8, with a drop of nitric acid. Titanium isopropoxide (1 mL) was 

added dropwise, forming a white precipitate on addition. The result was filtered by 

vacuum through a Buchner funnel and washed with both water (10 mL) and ethanol 

(10 mL). The white solid was collected and dried in an oven at 50 °C for 24 h. Yield: 

0.3142 g. 
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3.5.3.2. TiO2 prepared with EthCitCD 

EthCitCD (1 mL) was added to a solution of 2-propanol (3 mL) and water (50 mL). 

With a drop of nitric acid, the pH was reduced to 2.2 and titanium isopropoxide (1 mL) 

was added dropwise into the reaction. The result was filtered by vacuum through a 

Buchner funnel and washed with both water (10 mL) and ethanol (10 mL). The pale-

yellow solid was collected and dried in an oven at 50 °C for 24 h. Yield: 0.3458 g. 

3.5.4. Solvothermal preparation of TiO2 with organic additives 

Each organic additive was included in three different percentages, relative to the 

volume of acetic acid, while all other factors remained the same. For direct 

comparison, the percentage of water was varied in the preparation of pure titanium 

dioxide. 

3.5.4.1. Pure TiO2  

Acetic acid (10 mL), 1-butyl-3-methylimidazolium tetrafluoroborate (500 μL), water (10 

mL) and titanium (IV) isopropoxide (500 μL) were stirred for 5 minutes and sonicated 

for 30 seconds. The reactants were sealed in an autoclave and heated in a hot oven, 

at 200 °C for 24 h. The solid product was decanted, washed with water, sonicated, 

and centrifuged several times. On the final time, it was washed with ethanol and then 

left to dry in open air. Yield: 0.0597 g. 

This reaction was repeated with the following composition of reactants:  

 6.25 % water 0.25 % water 

Acetic acid 20 mL 20 mL 

Water 1.25 mL 50 μL 

1-butyl-3-methylimidazolium 
tetrafluoroborate 

500 μL 500 μL 

Titanium (IV) isopropoxide 500 μL 500 μL 

Yield 0.1363 g 0.0662 g 

3.5.4.2. TiO2 with EthCitCD 

Acetic acid (10 mL), 1-butyl-3-methylimidazolium tetrafluoroborate (500 μL), EthCitCD 

(10 mL) and titanium (IV) isopropoxide (500 μL) were stirred for 5 minutes and 

sonicated for 30 seconds. The reactants were sealed in an autoclave and heated in a 

hot oven, at 200 °C for 24 h. The solid product was decanted, washed with water, 
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sonicated, and centrifuged several times. On the final time, it was washed with ethanol 

and then left to dry in open air.  

This reaction was repeated with the following composition of reactants:  

 6.25 % EthCitCD 0.25 % EthCitCD 

Acetic acid 20 mL 20 mL 

Water 1.25 mL 50 μL 

1-butyl-3-methylimidazolium 

tetrafluoroborate 

500 μL 500 μL 

Titanium (IV) isopropoxide 500 μL 500 μL 

Yield 0.1157 g  0.0345 g 

3.5.4.3. TiO2 with UreCitCD 

Acetic acid (10 mL), 1-butyl-3-methylimidazolium tetrafluoroborate (500 μL), UreCitCD 

(10 mL) and titanium (IV) isopropoxide (500 μL) were stirred for 5 minutes and 

sonicated for 30 seconds. The reactants were sealed in an autoclave and heated in a 

hot oven, at 200 °C for 24 h. The solid product was decanted, washed with water, 

sonicated, and centrifuged several times. On the final time, it was washed with ethanol 

and then left to dry in open air. Yield: 0.1293 g 

This reaction was repeated with the following composition of reactants:  

 6.25 % UreCitCD 0.25 % UreCitCD 

Acetic acid 20 mL 20 mL 

Water 1.25 mL 50 μL 

1-butyl-3-methylimidazolium 
tetrafluoroborate 

500 μL 500 μL 

Titanium (IV) isopropoxide 500 μL 500 μL 

Yield 0.1242 g 0.1154g 

3.5.4.4. TiO2 with VanCitCD 

Acetic acid (10 mL), 1-butyl-3-methylimidazolium tetrafluoroborate (500 μL), 

VanCitCD (10 mL) and titanium (IV) isopropoxide (500 μL) were stirred for 5 minutes 

and sonicated for 30 seconds. The reactants were sealed in an autoclave and heated 

in a hot oven, at 200 °C for 24 h. The solid product was decanted, washed with water, 

sonicated, and centrifuged several times. On the final time, it was washed with ethanol 

and then left to dry in open air.  

This reaction was repeated with the following composition of reactants:  



133 
 

 6.25 % VanCitCD 0.25 % VanCitCD 

Acetic acid 20 mL 20 mL 

Water 1.25 mL 50 μL 

1-butyl-3-methylimidazolium 
tetrafluoroborate 

500 μL 500 μL 

Titanium (IV) isopropoxide 500 μL 500 μL 

Yield 0.1137 g 0.1365 g 

 

3.6. Appendices 
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Appendix 3.1: XRD patterns of pure TiO2 prepared by hydrothermal synthesis at 
two durations: 24 h and 48 h 

 

 

Appendix 3.2: SEM images of pure TiO2 prepared by hydrothermal synthesis at 
two durations: A) 24 h and B) 48 h 
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[50 % water] [6.25 % water] [0.25 % water] 

hkl 2θ° dhkl (Å) 2θ° dhkl (Å) 2θ° dhkl (Å) 

101 25.576 3.434 25.516 3.442 25.475 3.447 

103 37.228 2.381 37.207 2.382 37.248 2.380 

004 38.177 2.324 38.096 2.329 38.156 2.325 

112 38.843 2.286 38.762 2.290 38.803 2.288 

200 48.293 1.858 48.152 1.863 48.111 1.864 

105 54.169 1.669 54.149 1.670 54.270 1.666 

211 55.239 1.639 55.118 1.643 55.179 1.641 

Appendix 3.3: Calculated d-spacings using dhkl=λ/(2sinθ), for TiO2 with 50 %, 
6.25 % and 0.25 % water. 

 

Appendix 3.4: EDX analysis of EthCitCD-TiO2 (50 %) 

 

Appendix 3.5: EDX analysis of EthCitCD-TiO2 (6.25 %) 
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Appendix 3.6: EDX analysis of EthCitCD-TiO2 (0.25 %) 

 
 

[50 % EthCitCD] [6.25 % EthCitCD] [0.25 % EthCitCD] 

hkl 2θ° dhkl (Å) 2θ° dhkl (Å) 2θ° dhkl (Å) 

101 25.475 3.447 25.455 3.450 25.334 3.466 

103 37.228 2.381 37.147 2.386 37.106 2.389 

004 38.096 2.329 38.156 2.325 38.076 2.330 

112 38.803 2.288 38.823 2.287 38.601 2.299 

200 48.192 1.862 48.172 1.862 47.909 1.872 

105 54.179 1.669 54.169 1.669 54.169 1.669 

211 55.199 1.640 55.239 1.639 54.957 1.647 

204 62.872 1.457 62.792 1.459 62.751 1.460 

116 69.071 1.341 69.051 1.341 69.051 1.341 

220 70.323 1.320 70.222 1.321 70.081 1.324 

215 75.230 1.245 75.129 1.247 75.109 1.247 

Appendix 3.7: Calculated d-spacings using dhkl=λ/(2sinθ), for TiO2 with 50 %, 
6.25 % and 0.25 % EthCitCD, where λ = 1.52 Å. 2θ values highlighted in red 
show > 0.1° deviation from pure TiO2 equivalent. 
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Appendix 3.8: EDX analysis of UreCitCD-TiO2 (50 %) 

 

Appendix 3.9: EDX analysis of UreCitCD-TiO2 (6.25 %) 
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Appendix 3.10: EDX analysis of UreCitCD-TiO2 (0.25 %) 

 
 

[50 % UreCitCD] [6.25 % UreCitCD] [0.25 % UreCitCD] 

hkl 2θ° dhkl (Å) 2θ° dhkl (Å) 2θ° dhkl (Å) 

101 25.718 3.415 25.637 3.426 25.516 3.442 

103 - - 37.328 2.375 37.288 2.377 

004 38.399 2.311 38.278 2.318 38.298 2.317 

112 - - - - - - 

200 48.273 1.859 48.278 1.858 48.091 1.865 

105 54.573 1.658 54.351 1.664 54.331 1.665 

211 55.441 1.634 55.219 1.640 55.118 1.643 

204 63.175 1.451 62.993 1.455 62.913 1.456 

116 69.294 1.337 69.334 1.336 69.172 1.339 

220 70.566 1.316 70.303 1.320 70.243 1.321 

215 75.392 1.243 75.291 1.244 75.230 1.245 

Appendix 3.11: Calculated d-spacings using dhkl=λ/(2sinθ), for TiO2 with 50 %, 
6.25 % and 0.25 % UreCitCD, where λ = 1.52 Å. 2θ values highlighted in red 
show > 0.1° deviation from pure TiO2 equivalent. 
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Appendix 3.12: EDX analysis of VanCitCD-TiO2 (50 %) 

 

Appendix 3.13: EDX analysis of VanCitCD-TiO2 (6.25 %) 

 

Appendix 3.14: EDX analysis of VanCitCD-TiO2 (0.25 %) 
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[50 % VanCitCD] [6.25 % VanCitCD] [0.25 % VanCitCD] 

hkl 2θ° dhkl (Å) 2θ° dhkl (Å) 2θ° dhkl (Å) 

101 25.536 3.439 25.455 3.450 25.435 3.452 

103 - - 37.127 2.387 37.167 2.385 

004 38.197 2.323 38.116 2.328 38.116 2.328 

112 - - 38.803 2.288 38.742 2.291 

200 48.071 1.866 48.091 1.865 48.091 1.865 

105 54.250 1.667 54.129 1.670 54.250 1.667 

211 55.138 1.642 55.078 1.644 55.118 1.643 

204 62.893 1.457 62.792 1.459 62.913 1.456 

116 69.051 1.341 68.950 1.343 69.172 1.339 

220 70.243 1.321 70.182 1.322 70.344 1.319 

215 75.250 1.245 75.109 1.247 75.170 1.246 

Appendix 3.15: Calculated d-spacings using dhkl=λ/(2sinθ), for TiO2 with 50 %, 
6.25 % and 0.25 % VanCitCD, where λ = 1.52 Å. 2θ values highlighted in red 
show > 0.1° deviation from pure TiO2 equivalent. 

 

 

Appendix 3.16: Images of TiO2 suspensions taken 15 weeks apart. Samples were 
kept at room temperature and were not agitated during this period. 
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Appendix 3.17: Images of EthCitCD-TiO2 suspensions taken 15 weeks apart. 
Samples were kept at room temperature and were not agitated during this 
period. 

 

 

Appendix 3.18: Images of VanCitCD-TiO2 suspensions taken 15 weeks apart. 
Samples were kept at room temperature and were not agitated during this 
period.
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4. Investigations of zinc oxide 

4.1. Introduction 

Zinc oxide is a well-researched semiconductor with many desirable structural, 

mechanical, electrical, and optical properties that give it functionality in wide number 

of fields. For example, zinc oxide nanoparticles are highly desirable in biomedicine in 

applications such as anticancer, drug delivery, diabetes, and anti-inflammation (190, 

191). ZnO nanoparticles with sufficient surface defects are also capable of 

luminescence, making them useful in bioimaging (192). Perhaps, its most well-known 

feature is its ability to attenuate broad-spectrum UVR, up to 450 nm, making it a 

frequent component in sunscreens as a physical filter. While it is a strong UVA filter, it 

is only weakly effective against High Energy Visible Light (HEVL)(193). 

ZnO boasts the ability to be biocompatible to human cells while toxic to an array of 

bacteria and fungi, and so has been employed in antimicrobial applications, as 

biocides in paints and cosmetics (194). Biocidal nanostructures are sought after as 

their small size means a larger active surface area. Zinc oxide nanoparticles are 

thought to be particularly advantageous in this field, as they can withstand various 

temperatures and moisture levels, can be easily stored, and transported, and can be 

reused (195). The combination of their antibacterial, antimicrobial and UV-blocking 

capabilities also make them useful in finishing fabrics within the textile industry, 

providing UV light resistance as well as antibacterial and anti-odour qualities (191).  

Zinc oxide has also been shown to be biodegradable under certain conditions (196). 

Zhou et al. showed ZnO wires to degrade into its corresponding ions (Zn2+ and O2-) in 

deionised water (pH 4.5 - 5.0), ammonia (pH 7.0 - 7.1, 8.7 - 9.0) and NaOH solution 

(pH 7.0 - 7.1, 8.7 - 9.0) (196). The authors also investigated whether zinc oxide could 

survive in horse blood serum (pH 8.5), representative of biofluid, in which it degraded 

into Zn2+ and O2- after a few hours (196). The biodegradability of nano-ZnO wires into 

biocompatible ions that can be reabsorbed by the body, means this material may show 

promise in bioscience applications, as a biosensor for example. 
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Additionally, ZnO has a direct and wide band gap of 3.37 eV at room temperature 

(197) which corresponds to the energy of UV light. A direct band gap is particularly 

advantageous because it means the valence and conduction bands exist at the same 

value of momentum, therefore an electron-hole pair can be produced by a photon with 

energy equal to the band gap as the electron does not require much momentum (198). 

This feature allows it to be used in optoelectronic applications like light-emitting diodes, 

laser diodes and photodetectors (199). 

4.1.1. Crystal structure & synthesis 

There are three crystal structures of ZnO: wurtzite, zinc blende, and rock salt. Wurtzite 

is thermodynamically stable at ambient pressure and temperature, forming a 

hexagonal close-packed unit cell, and so is most common, as shown in the 

representation in Figure 4.1. Zinc blende has a face-centred cubic structure and can 

be stabilised through growth on cubic substrates, and rock salt is formed under high 

pressure (200). For wurtzite and zinc blende, each anion has four surrounding cations 

positioned to make a tetrahedron (201). 

 

Figure 4.1: Representation of ZnO crystal lattice, featuring lattice planes (100), 
(002) and (101), as well as views along the a axis, b axis and c axis. Made 
with Vesta. 

A variety of synthetic techniques can be employed to produce zinc oxide. 

Kołodziejczak-Radzimska et al. summarised some of the techniques (202) including: 
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the mechanochemical process (203-206), precipitation with and without surfactants 

present (207-211), sol-gel (212-214), solvothermal (215), hydrothermal (216-218), 

microwave assisted (219), emulsion (220) and microemulsion (221) techniques. In a 

review by Sadhasivam et al., “green” synthetic routes for the production of ZnO were 

considered (222). These referred to those procedures that have been synthesised 

using plants and microbes which increased the efficiency of the reaction while 

reducing the cost (222).  

With such a selection of synthetic routes, it is possible to obtain particles with a wide 

range of shapes, sizes, and properties. Some of the many morphologies that are 

achievable include: wires, rods, rings, and flowers, to name a few (223). The 

hydrothermal and solvothermal methods offer good control over features like shape, 

morphology, crystallinity, crystal size and orientation, typically achieving reproducible 

results. For example, Cai et al. fabricated zinc oxides with varying types of flower 

morphology, by altering the type of base (KOH (0.6 M), NH3 (0.2 M) and NH3 (0.3 M)), 

concentration, and time, using the hydrothermal technique (195). Other benefits of 

hydrothermal synthesis include lower reaction temperatures, they are typically one 

step processes and are relatively simple procedures (224).  

As well as the synthetic route, the tuning of factors such as pH, temperature, reaction 

time and solvent, can also control the morphology of zinc oxide. As the optical 

properties of ZnO are dependent on its morphology (225), with good control of this, 

ZnO can be refined for the appropriate application.  

4.1.2. Control of morphology with hydrothermal reaction conditions 

Hydrothermal or solvothermal synthetic routes can produce crystalline zinc oxide, at 

low temperatures, in a relatively facile way. By changing the reaction conditions such 

as temperature, reaction time, pH and incorporating dopants, the morphology and 

subsequently the properties of ZnO can be modified. It is therefore a simple, yet highly 

effective, way of investigating how the properties of ZnO can be improved.  

The research of Lu et al. is a good example of how the conditions of hydrothermal 

reactions can alter the shape and size of zinc oxide. Lu et al. reported the hydrothermal 

synthesis of ZnO using ammonia as the alkaline source and zinc nitrate as the Zn 

precursor. They investigated the effect of reaction temperature and time on the 

structure and particle size produced, as well as how the pH of starting solutions varied 
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the crystal structure. Reaction temperature varied between 100 °C, 150 °C and 200 °C 

for 2 h and all reactions produced crystalline ZnO, consistent with monophasic zincite 

with a hexagonal structure (226). The particles had ellipsoidal morphology, though 

smaller, rounded particles were observed for the reaction at 200 °C. The particle size 

decreased as the reaction temperature increased, and the yield of ZnO powder was 

also found to decrease from 82 % at lower temperatures to 57 % at 200 °C. Due to 

the high pressure of hydrothermal synthesis, combined with the higher temperature, it 

was thought that this could be as a result of partial dissolution of ZnO powder (226).  

To study the effect of reaction time, Lu et al. fixed the temperature at 100 °C and varied 

the time from 0 h to 2 h. For 0 h, reaction was stopped and rapidly cooled when 100 °C 

was reached. The crystallinity was unaffected but the yield of ZnO slightly increased 

from 76 % to 83 %.  

Finally, the influence of pH of the starting solutions were varied between 9 and 12, 

using ammonia. At pH > 9 the precursors dissolved more effectively and were 

completely in solution at pH 11 and above, which was thought to influence the 

formation of ZnO, significantly (226). At pH 9, the size of the particles was not uniform 

and ellipsoidal in shape. At pH 10, a mixture of ellipsoidal and rod-shaped particles 

was visible. A pH 11 and 12, the morphology was more homogenous and rod-like. The 

aspect ratio appears to increase with pH, which is reportedly due to preferential growth 

of ZnO in the a-axis at high pH (226).  

At higher pH (11 and above), the amphoteric zinc hydroxide precursor was soluble, 

while at lower pH values it was only partially soluble. In these cases, nucleation of ZnO 

was occurring from a heterogenous system, while for those reactions in which the 

precursor was fully soluble, nucleation started from a homogenous system. This offers 

an explanation as to why, at a higher pH, the particles are more uniform in shape and 

size. Additionally, Lu et al. suggests in a homogenous solution, Zn2+ has greater 

freedom of movement to arrange itself in a more energetically favourable state, 

governing the production of rod-like structures (226).  They also found that at a higher 

pH the yield was reduced, as ZnO can dissolve in strong alkaline conditions (as it is 

amphoteric). While the particle size increased, as more zinc hydroxide precursor was 

in solution, therefore the availability of Zn ions was greater (226). 
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Overall, the research of Lu et al. found pH of the starting materials to be instrumental 

in the characteristics of the resultant ZnO and it could alter the morphology, aspect 

ratio and yield. In contrast, the temperature slightly reduced the particle size and yield. 

It was found to be important to reach a temperature of 100 °C (which the author 

denoted as a 0 h reaction) but increasing the reaction time to 2 h had little impact 

except a slight increase in yield (226).  

This is supported by Shang et al. who described the formation of ZnO flowers and 

nanoplates by varying the ratio of zinc sulfate heptahydrate and 5M NaOH (227). They 

stated that the size and morphology of ZnO is determined by competition between 

nucleation of crystals and crystal growth. With a higher concentration of NaOH in the 

precursor solution, flowers were formed, and plate-like structures formed at lower 

concentrations of NaOH as follows (227): 

Zn2+ + 2OH- → ZnO + H2O 

They suggested that, at low concentrations of NaOH, there was a low driving force for 

growth in the (001) plane. In contrast, at higher concentrations flower-shaped ZnO 

made up of pencil-like rods formed. It was proposed that ZnO nuclei are formed at the 

start of the reaction, and act as seeds for the growth of the 3-dimensional branched 

structures (227). As the reaction progresses, the solution becomes supersaturated 

with the amount of ZnO nuclei which encourages the formation of branched structures. 

Shang et al. also reported the flower-like ZnO structures to have weak emission at 405 

nm and 437 nm, and a broad green band at 500 nm and 573 nm, when excited at 325 

nm. Suggested explanation of the broad green emission could result from 

recombination of electrons in singly ionised oxygen vacancies with photoexcited holes, 

giving this potential application in white light-emitting materials (227).  

Similarly, Pal et al. controlled the structure of ZnO nanoparticles formed with zinc 

acetate dihydrate, using ethylenediamine as a “soft surfactant” and by varying the pH 

(228). They obtained nanorods at pH 11, with a broad emission band in the visible 

region, which corresponded to the overlap of green and yellow emissions likely due to 

recombination of electrons with photoexcited holes. Annealing the product appeared 

to reduce out of point defects and defect complexes, and the broad emission 

decreased (228).  
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Pariona et al. focussed on assessing the impact of morphology on the antifungal 

activity of ZnO particles, to control phytopathogenic fungi: Fusarium solani, Fusarium 

oxysporum f.sp. lycopersici, and Colletotrichum gloeosporioides (229). They 

evaluated three common morphologies: spheres, platelets, and rods (Figure 4.2). The 

latter two were produced hydrothermally while the first was synthesised by the colloidal 

method. In short, the ZnO particles were mixed with potato dextrose agar medium at 

various concentrations up to 1 mg/mL. A fresh spore sample was inoculated into the 

centre of the plates, that were then incubated for 6 days at 29 ± 1 °C. After which, the 

diameter of radial growth of fungi was measured and a growth inhibition percentage 

was calculated, relative to a control that used deionised water and no ZnO particles.  

 

Figure 4.2: Pariona et al. showing three morphologies of ZnO by SEM and TEM 
for spheroidal (a-b), platelets (c-d) and rods (e-f). Reproduced with 
copyright permission. 
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The results indicated that although all ZnO particles were able to inhibit the mycelial 

growth of all three fungi, the platelet-shaped particles were most successful and 

required lower concentrations. The rods proved to have the lowest antifungal activity. 

It has been reported that antimicrobial activity is greater on crystalline planes (002) 

and this is also the preferred direction of growth for platelets which might be one of the 

reasons they were most effective (229). Pariona et al. propose that growth inhibition 

of the fungi is due to the generation of ROS by ZnO, which are capable of causing the 

membrane to dysfunction (229). 

Using a one-step hydrothermal method, Marlinda et al. achieved different 

morphologies of ZnO nanostructures by adjusting between pH 9 and 12, with 0.1M 

NaOH (230). They formed batons, stars, flowers, and rod-shaped structures as shown 

in Figure 4.3 and attribute the variation in growth and morphologies to the abundance 

of OH- in the reaction medium. Secondary nucleation because of ZnO baton structures 

colliding with heat, was a proposed mechanism for the formation of flowers and star 

shapes.  

 

Figure 4.3: FESEM images of a) pH 9, batons b) pH 10, stars c) pH 11 flowers 

and d) pH 12, rods by Marlinda et al. (230). Reproduced with copyright 
permission. 
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4.1.3. Controlling properties of ZnO with organic additives  

The addition of organic additives can affect the nucleation and growth of ZnO crystals, 

while some can be integrated into the structure itself (231). Dopants can be 

incorporated into ZnO to increase absorption of UV and HEV light. They can introduce 

optically active electronic states within the band gap of ZnO, allowing electrons to be 

promoted between these states and into or out of the conduction and valence bands 

(232). Additionally, the inclusion of dopants into the lattice can lead to strain as a result 

of the size difference between themselves and the original atoms (232). The nature of 

the strain (compressive or tensile) can increase or decrease the band gap of ZnO 

(232). 

Cho et al. reported the use of ascorbic acid (vitamin C) as a carbon dopant in ZnO 

nanostructures, using a mild solution-based approach, as opposed to the 

hydrothermal technique (231). Zinc nitrate hexahydrate, hexamethylenetetramine and 

ascorbic acid were combined and kept at 95 °C for 1 h. The product was calcinated at 

500 °C for 2 h as it was not crystalline, increasing the energy consumption of an 

otherwise low-energy reaction. Interestingly, vitamin C appeared to slow the growth 

rate in the [001] direction leading to a decrease in aspect ratio of the ZnO rods. It was 

proposed that the carboxylate anions and hydroxyl groups on vitamin C might adsorb 

onto the positively charged (001) surface of Zn2+ which would prevent the growth units 

from making contact. Instead, this encouraged crystal growth along the six symmetric 

directions, reducing the aspect ratio of the ZnO rods. The absorption profile of the 

carbon-doped nanostructures was red-shifted compared to undoped ZnO, and as a 

result they had superior photocatalytic activities at λ ≥ 420 nm compared to their 

undoped equivalent (231). The extension of the absorption profile into the visible light 

region in this manner is also sought after in solar protection applications and could be 

investigated further for this purpose. 

Another example is the work of Zhang et al. who used a homogenous solution of zinc 

acetate and urea (carbon source), which was calcinated at 450 °C for 2 h, to form 

carbon doped ZnO nanostructures (233). In line with the findings of Cho et al., the 

addition of the carbon source interfered with the growth of regular ZnO nanorods, and 

the structures tended towards spheres as the concentration of urea increased. They 

proposed that urea condensed to form cyanuric acid at approximately 175 °C and the 
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resultant exposure of -OH groups encouraged adsorption on the positively charged 

(001) Zn2+ surface which inhibited growth in this direction. As a result, growth was 

promoted along the six symmetric directions leading to spheres (233). Zhang et al. 

found that the entrapment of carbon reduced the band gap of ZnO and prolonged the 

lifetime of electron-hole pairs, which improved the visible light photocatalytic activity 

as demonstrated by the degradation of methylene blue with visible light irradiation 

(233).  

Using a hydrothermal method (180 °C, 12 h), Muthuchamy et al. synthesised ZnO 

nanoparticles on N-doped carbon nanosheets, using peach juice as the carbon 

source, in aqueous ammonia (nitrogen source) alongside zinc powder (234). A variety 

of techniques were used to study the physiochemical properties: XRD, Raman 

spectroscopy, FT-IR, FESEM and HRTEM. EDX elemental mapping showed even 

distribution of carbon, nitrogen, and zinc, which suggested ZnO had formed over the 

N-doped carbon sheets. By immobilising glucose oxidase onto the nanocomposite, 

they were able to create a biosensor with good selectivity for glucose, for the purpose 

of diabetic glucose monitoring (234). 

Although there is some research dedicated to doping of ZnO with carbon species, few 

papers have investigated its potential from the perspective of solar protection. In 2016, 

Gershon et al. patented both the composition and technique of doping ZnO particles 

for sunscreen applications, with copper, chromium, cobalt, gallium, aluminium and/or 

tin (232). However, this work refers to the use of carbon-based species and does not 

infringe upon this patent. Though, it somewhat strengthens the argument that 

improving the technologies of ZnO in sunscreen application is sought after.  

4.1.4. Aims and objectives 

Hydrothermal synthesis is low cost and can be done on a large-scale. To date, a 

hydrothermally produced ZnO with broad-spectrum absorption that extends into the 

visible light region has not been investigated for the purpose of solar protection.  

The basis of this study was two-fold. From the literature, the refinement of zinc oxide 

optical properties with organic additives is promising. The broad aim was to explore a 

simple way of controlling the properties of ZnO using two types of organic additives.  
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The first aim was to investigate a method of doping ZnO with carbon dots in situ, to 

explore whether this would extend the optical properties of ZnO into the visible region 

and enhance its broad-spectrum light attenuation, either through inclusion or by 

influencing the morphology (Section 4.2). The second aim was to introduce a naturally 

occurring polysaccharide into the solvothermal synthesis of ZnO and explore how this 

effected the morphology and resultant optical properties (Section 4.3).  

4.2. Using nanoscale organic additives 

This section investigates the use of carbon dots: EthCitCD and UreCitCD as organic 

additives in the preparation of zinc oxide. The in-situ incorporation aimed to improve 

visible light attenuation of zinc oxide through doping or by changing the morphology, 

ultimately to be evaluated for use in solar protection applications.  

EthCitCD and UreCitCD are suspensions of carbon dots which have been 

characterised in Chapter 2. To briefly recap, EthCitCD was the result of the 

hydrothermal reaction of ethanolamine and citric acid, while UreCitCD was formed by 

the same reaction with urea and citric acid. Both reactions were carried out in a sealed 

autoclave, in a hydrothermal oven for 5 h at 200 °C. They were selected as they had 

the most desirable optical properties.   

Following a method reported by Bozetine et al. (235) zinc acetate dihydrate was stirred 

into a solution of sodium hydroxide and carbon dots. Concentrated sodium hydroxide 

was added to attain pH 10 before the reactants were sealed in an autoclave and 

heated for 3 h at 80 °C in a pre-heated oven. The solid product was purified by washing 

and centrifugation and dried in an oven at 75 °C. A control experiment that used no 

carbon dots was also carried out, to produce pure ZnO. The same molarity of sodium 

hydroxide solution was used, and the starting pH was 10.  

This procedure was chosen as it provided a good template for the preparation of 

crystalline ZnO alongside a carbon source and used mild reaction conditions of 80 °C, 

with a short reaction time of 3 h, and relatively mild reagents such as zinc acetate 

dihydrate, sodium hydroxide and water. It therefore seemed an appropriate method to 

apply carbon dots from Chapter 2 into ZnO preparation, and assess their impact on 

ZnO morphology, crystallinity, and optical properties. 



151 
 

The materials were analysed by FT-IR spectroscopy to determine the functional 

groups present, Scanning Electron Microscopy to analyse the morphology and 

homogeneity of the sample, X-Ray Diffraction to establish the crystallinity and crystal 

planes present, and finally UV-vis Spectroscopy to ascertain the product’s attenuation 

of UV and visible light and therefore its usefulness in solar protection. 

4.2.1. Analysis of morphology and crystallinity 

 

Figure 4.4: SEM images and XRD patterns of pure ZnO and ZnO grown with 
organic additives. Ai-ii) Pure ZnO, Bi-ii) EthCitCD-ZnO, Ci-ii) UreCitCD-ZnO 
and D) XRD of Pure ZnO, EthCitCD-ZnO and UreCitCD-ZnO. 

Here, two different organic additives, EthCitCD and UreCitCD (as characterised in 

Chapter 2) were incorporated into ZnO. The pH of the solution containing precursors 

was maintained at pH 10 in order to control the morphology of the ZnO crystals. It is 

suggested that the formation of ZnO in aqueous solution is as follows (236): 

𝑍𝑛2+ + 2𝑂𝐻− ↔ 𝑍𝑛(𝑂𝐻)2 

𝑍𝑛(𝑂𝐻)2 + 2𝑂𝐻
−  ↔  𝑍𝑛(𝑂𝐻)4

2− 

𝑍𝑛(𝑂𝐻)4
2−  

ℎ𝑒𝑎𝑡
→   𝑍𝑛𝑂 + 𝐻2𝑂 + 2𝑂𝐻

− 
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At pH 10, it is expected that Zn(CH₃CO₂)₂·2H₂O preferentially forms Zn(OH)2, some 

of which decomposes with heat during the first stages of the solvothermal reaction, to 

form ZnO nuclei. Under these alkaline conditions, some Zn(OH)2 can form growth units 

[Zn(OH)4]2- which would usually adsorb onto the (001) plane of ZnO blocking it and 

promoting growth in the [001] direction (237).  

With no additives, two-dimensional flakes formed which self-assembled into hollow 

spheres creating flower-like structures. Such formation of two-dimensional structures 

can occur when the rate of crystal growth along the lateral directions [100] and [120] 

is faster than growth rate in the [001] direction (238), as shown in Figure 4.5 

 

Figure 4.5: Growth directions of ZnO wurtzite crystals and probable structures. 
Copied and adapted from (238) (open access) (239) (with permission from 
Springer) to show the 3-axis Miller Index. 

On addition of EthCitCD, layered nano-discs were formed. The structures had good 

uniformity and were approximately 200 nm in diameter. It is expected that EthCitCD is 

made up of negatively charged structures which may be capable of forming complexes 

with free Zn2+ ions. Therefore, it is postulated that these complexes may preferentially 

adsorb on the (001) plane in place of the [Zn(OH)4]2-  growth units, slowing growth in 

the [001] direction. As a result, smaller ZnO crystals with a disc-like morphology were 

formed. Zhang et al. observed a similar morphology when they used citric acid in the 
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solvothermal preparation of ZnO and suggested it acted as a capping agent, as it 

repelled the [Zn(OH)4]2- growth units from adsorbing to (001) plane (237), much like 

what we have observed. The hydrothermal reaction reported by Zhang et al. took place 

at 200 °C for 20 h, while the preparation in our study occurred at the lower temperature 

of 80 °C and the shorter time of 3 h. Though the morphology was similar, the structures 

produced in this study were smaller (approximately 200 nm in diameter) while Zhang 

et al. achieved structures up to 2 µm in diameter. This may be because of the longer 

reaction time which allowed more time for growth. Additionally, Cao et al. produced 

layered nano-discs by inhibiting growth on the (001) surface of ZnO with didecyl 

benzene sulfonate (239). Theirs was a more energy-intensive, multi-step process, 

however, and involved refluxing for 24 h at the higher temperature of 139 °C (239). 

The structures formed on addition of UreCitCD are more comparable to those of pure 

ZnO, and consist of thin flakes self-assembled into porous, flower-like structures. 

However, the surfaces of the flakes are more textured than the smooth ones on pure 

ZnO. This may indicate that UreCitCD facilitates the nucleation of secondary 

structures on the initial flakes, and it could be speculated that with a longer reaction 

time, these self-assembled structures may be significantly more complex. 

There is one major change in the morphology on addition of EthCitCD and that is that 

the flower-like ZnO “superstructure” does not form. Instead, stacked discs were 

produced (Figure 4.4A and B). Flower structures can form because the primary ZnO 

nanosheets may contain more defects than other regions, and are therefore 

thermodynamically unstable (236). Surface reconstruction is one way that they can 

decrease their energy, and this tends to lead to site for secondary nucleation and 

growth. Therefore, it is possible that the discs are more thermodynamically stable and 

so do not aggregate in this manner. 

The XRD patterns of pure ZnO, EthCitCD and UreCitCD are shown in Figure 4.4. The 

diffraction peaks in each of them corresponds to the hexagonal wurtzite structure of 

zinc oxide, as is consistent with JCPDS card 36-1451 (240), and the sharp signals 

indicate high levels of crystallinity. From the SEM images, the shape of zinc oxide 

varies between samples, and this is due to preferential growth of specific crystal 

planes during synthesis. Naturally, this is reflected in the XRD patterns as, in each 

sample, there will be a different population of each crystal plane as a result, leading to 
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variation in the intensities of the signals. This is what is seen in Figure 4.4D. For 

example, the (002) plane has the lowest intensity relative to (100) and (101) planes in 

EthCitCD-ZnO which may indicate lack of growth on this plane, resulting in the disc-

like morphology with inhibited growth in the [001] direction. The relatively higher 

diffraction peak at (101) compared to (002) for all, suggests the nanosheets/flakes 

may be growing in the [210] direction. 

4.2.2. FT-IR and UV-vis spectroscopic analysis 

4000 3500 3000 2500 2000 1500 1000

 

Wavelength (cm-1)

 UreCitCD-ZnO

3
3

8
4

1
5

8
0

1
4

0
5

8
8

4

 

 UreCitCD

3
1

8
1

2
9

3
1

1
6

5
7

1
5

4
3

1
3

8
6

7
7

1

 

T
ra

n
s
m

it
ta

n
c
e
 (

%
)

 EthCitCD-ZnO

3
3

8
3

1
5

7
4

1
4

0
4

8
5

0

 

 EthCitCD

2
9

3
6

2
8

8
9

1
6

9
5

1
6

5
7

1
4

0
2

1
1

7
6

8
6

0

 

 

 ZnO

3
3

8
7

1
6

4
1

8
8

4

 

Figure 4.6: FT-IR spectra of pure ZnO and ZnO modified with organic additives 
(EthCitCD and UreCitCD). 

FT-IR analysis gives an understanding of what interactions, if any, occur between ZnO 

and the organic additives. The FT-IR spectra of ZnO, ZnO modified with organic 

additives: EthCitCD and UreCitCD and the organic additives themselves, are shown 



155 
 

in Figure 4.6, in the range of 550 – 4000 cm-1. There is evidence of a band forming at 

550 cm-1 which appears to peak in a region beyond what the instrument can measure, 

which is the typical ZnO band (241). The peak at 884 cm-1 is reportedly due to 

carbonate moieties and can be observed when FT-IR measurements are carried out 

in air (241). A peak in this region is consistent in all spectra here. Additionally, 

absorption bands at 3387 cm-1 and 1641 cm-1 can be assigned to the stretching and 

bending modes of O-H in water, which may be on the surface of the ZnO crystals 

(241). EDX analysis is in alignment with FT-IR and confirms the purity of the sample, 

in which it detected only zinc and oxygen containing units (Appendix 4.1 - Appendix 

4.5). The FT-IR spectra of EthCitCD-ZnO and UreCitCD-ZnO are comparable to pure 

ZnO, with the peak centred at 550 cm-1 present in all. Additionally, both spectra have 

peaks at 3383 cm-1 and 3384 cm-1 which correspond to stretching of O-H. Bands at 

1574 cm-1 and 1580 cm-1 can be assigned to C=C stretch for polycyclic aromatic 

hydrocarbons. These correspond to bands visible in the FT-IR spectra of each 

respective organic additive. Absorption bands at 1404 cm-1 and 1405  cm-1 for 

EthCitCD-ZnO and UreCitCD-ZnO, respectively, can correspond to C-O vibrations 

(235). This is indicative of the presence of organic additives. A shift in the FT-IR 

absorption bands is noticeable for EthCitCD-ZnO and UreCitCD-ZnO compared to 

pure ZnO, which may be explained by interaction between the two components (235). 
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Figure 4.7: UV-vis spectra of pure ZnO and ZnO grown with organic additives. 
Measured at room temperature (0.05 mg/mL). 
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Figure 4.7 shows the UV and visible light attenuation of pure ZnO and the ZnO grown 

with organic additives (EthCitCD and UreCitCD), suspended in 60 % EtOH at 

0.05 mg/mL. Of the three, EthCitCD-ZnO shows some broad attenuation of visible 

light. A single absorption peak of 367 nm is present for pure ZnO, which shows a blue 

shift compared to what is reported for ZnO bulk (375 nm) which may be due to the size 

of the nanocrystals. Sayari et al. reported a λmax of 367 nm for nanocrystalline flakes 

of ZnO, very similar to the morphology seen here (241). There is a slight blue-shift in 

the spectra of EthCitCD-ZnO and UreCitCD-ZnO (λmax = 362 nm and 361 nm, 

respectively), relative to pure ZnO, which may be as a result of the smaller size of the 

nanocrystals (242).  

4.2.3. Summary 

In this section, nanoscale organic additives from Chapter 2, namely EthCitCD and 

UreCitCD, have been incorporated into the hydrothermal synthesis of zinc oxide. 

Using FT-IR spectroscopy, the bands expected for zinc oxide were evident, alongside 

absorption bands for C=C and C-O. EDX confirmed the presence of Zn and O in all 

three samples (control included) and additionally detected C, N and O for modified 

ZnO. This would suggest the presence of organic moieties, which is also alluded to by 

the blue-shift of the FT-IR spectra. Furthermore, the X-Ray diffractograms are 

consistent with what is in the literature for zinc oxide. They showed that the result of 

each reaction was highly crystalline and did not contain any signals that would indicate 

impurities. As has been found in published literature, the small amounts of carbon 

present and its low crystallinity may give reason as to why its typical diffraction peaks 

at 10° and 20° (2θ) (243), are not detected (235).  

The addition of EthCitCD altered the morphology from flowers made up of nano-

sheets, to stacks of smaller nano-discs. It appears that the size may have led to the 

broad attenuation in the visible region, for this material. In contrast, smooth-surfaced 

flower-shaped ZnO and rough-surfaced flower-shaped UreCitCD-ZnO had similar UV-

vis spectra, with low visible light attenuation. 

Overall, the morphology of ZnO was successfully controlled using a simple, nanoscale 

organic additive and a low temperature reaction. The resultant UV-vis properties have 

been explored, and of the materials described here, EthCitCD-ZnO showed some 

visible light attenuation. The next section will discuss the incorporation of a 
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biopolymeric organic additive, to explore its impact on the morphology and properties 

of ZnO. 

4.3. Using a biopolymeric organic additive 

In this section, we investigated the use of chitosan, a natural biopolymer, as an organic 

additive in the preparation of ZnO6. Chitosan is derived from the partial deacetylation 

of chitin (244), which forms the basis of exoskeletons in insects, crustaceans and is 

used structurally in the cell walls of fungi (245). In industry, chitin is often sourced from 

waste from the food industry. For example, some factories remove the shells of crabs, 

shrimps, prawns and lobsters before canning, all of which are sources of chitin (246). 

Chitosan has greater than 7 % nitrogen content and a degree of acetylation lower than 

0.4. It is biocompatible as it does not react adversely with human cells and is 

biodegradable as it can be degraded by enzymes in the body (246). It has previously 

been investigated for use in medicine and pharmaceuticals, as it is also advantageous 

in drug delivery (246). A review by H. Ababneh and B.H. Hameed (247), discussed the 

applications of chitosan-derived materials from hydrothermal methods which include 

use in: electrochemical sensors (248), catalysis (249) and water treatment such as the 

removal of Cr (VI) from wastewater (250).  

4.3.1. Preparation of ZnO–chitosan materials 

As outlined in Figure 4.8, chitosan was introduced into the solvothermal preparation 

of crystalline zinc oxide. The aim was to modify zinc oxide with chitosan during crystal 

growth, utilising the affinity of chitosan for Zn2+, and investigate what impact this would 

have on the morphology and resultant properties of ZnO.   

 

6 In this section, reactions of ZnO with chitosan, UV-vis spectroscopy and FT-IR spectroscopy were 

carried out by MChem student Georgia McCluskey, under my supervision. 
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Figure 4.8: An illustration of the solvothermal preparation of ZnO with chitosan 
as an organic additive. Reactants were pH 12 after reflux. 

Three ratios of zinc precursor (zinc acetate dihydrate) and chitosan were used: 1:1, 

1:5 and 5:1, to determine their influence on the resultant properties of the materials. 

To further our understanding of the role of chitosan in this synthesis of ZnO, two 

additional experiments were undertaken: 1) solvothermal production of zinc oxide 

under the same reaction conditions but without the addition of chitosan and 2) a 

solvothermal reaction of chitosan and ammonium acetate in place of zinc acetate 

dihydrate. The reaction precursors were refluxed at 60 °C for 1 h, and then sealed in 

an autoclave and heated at 180 °C for 24 h. This solvothermal reaction was chosen 

as the conditions (180 °C, 24 h), closely resembled those used in Chapter 2, in the 

bottom-up synthesis of carbon dots. On completion of the reaction, the products were 

purified by centrifugation. 

At 180 °C for 24 h, it was expected that chitosan might break down into smaller 

fragments and interfere with the crystalline formation of zinc oxide, by providing 

alternative nucleation sites or acting as a platform upon which to grow. Additionally, 

co-ordination bonds between the amine and hydroxyl groups, with Zn2+ might be 

expected, leading to the possible formation of complexes with the smaller fragments. 

A similar phenomenon occurred during a sol-gel preparation of chitosan and ZnO 

(251). 
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Overall, three varying shades of brown coloured, crystalline material were produced, 

for all three reactions that incorporated chitosan. In addition, a translucent, fluorescent 

colloid (when excited at 365 nm) was also formed with each reaction. Images of the 

solids and supernatants are shown in Figure 4.9. The powders and solutions were 

characterised by Fourier-transform Infrared Spectroscopy (FT-IR), Powder X-Ray 

Diffraction (PXRD), Scanning Electron Microscopy (SEM), Ultraviolet–visible 

spectroscopy (UV-vis) and Fluorescence spectroscopy.     

 

Figure 4.9: Images of modified brown coloured ZnO powders and their 
corresponding fluorescent supernatants (excited at 365 nm). 
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4.3.2. Characterisation by FT-IR  
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Figure 4.10: FT-IR spectra of chitosan (CS), unmodified zinc oxide, and zinc 
oxide modified with chitosan at ratios of 1:5; 5:1 and 1:1. 

In the FT-IR spectrum of pure chitosan (Figure 4.10), the following characteristic bands 

include O-H stretching vibration and N-H stretching vibration (3339 cm-1, broad) (251, 

252), C-H stretching vibration for CH2 and CH3 (2872 and 2915 cm-1, respectively) 

(251, 252), C=O vibration (1650 cm-1) (252) of amide (i) group, protonated amino 

groups vibration (1589 cm-1) (252), C-N stretching vibration (1376 cm-1) (252) of amide 

(iii) and stretching band at (1062 cm-1) indicate secondary -OH groups of chitosan are 

shown. 
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For unmodified zinc oxide, it typically has an absorption band between 460 and 

700 cm-1 (252). Therefore, the broad absorption centring at 550 cm-1 can be assigned 

to pure ZnO (Figure 4.10). Due to the limitations of the spectrometer, absorption below 

550 cm-1 cannot be measured. Vibrational bands of C=O (1558 cm-1), C-O (1409 cm-1) 

may be indicative of acetate groups and stretching bands of O-H (3412 cm-1) are also 

evident, which can indicate moisture in the sample or evidence of H-bonding. 

For ratios 1Zn:5CS and 1Zn:1CS, both FT-IR spectra show a broad, strong absorption 

band at 3342 cm-1 and 3339 cm-1, respectively. These bands are in line with O-H and 

N-H stretching vibrations and suggest that these groups are present and available. 

There are further absorption bands overlaid with the broad band, which correspond to 

N-H stretching of primary amine (3455 cm-1), aliphatic primary amine (3366 cm-1) and 

secondary amine (3313 cm-1) which are more defined in reactions 1Zn:5CS and 1Zn:1CS, 

than in pure chitosan. The higher intensity peak might indicate some co-ordination with 

Zn2+ in these two materials.  

In contrast, the broad band (3450 cm-1) associated with H bonding of O-H and N-H 

groups is weaker when Zn2+ is in excess. As Hammi et al. suggest, this might indicate 

a consumption of O-H and N-H groups, as Zn2+ is abundant, alluding to the possibility 

that ZnO is embedded in a carbonaceous scaffold interacting with O-H and N-H 

groups (253).  

Overall, from FT-IR spectra, there is evidence to suggest a carbonaceous scaffold, 

functionalised with amino- and hydroxy groups is interacting with crystalline ZnO.  

4.3.3. Analysis of crystallinity and morphology 

Chitosan has two characteristic diffraction peaks that define its crystallinity: 10.6  

(020) and 20.1 (110), evident in Figure 4.11A (254). Following the reaction, these are 

replaced by three new diffraction peaks: 15.3°, 21.1° and 24.1°, which are accentuated 

when chitosan is in excess and weakened in an excess of zinc acetate dihydrate. Their 

presence suggests that chitosan is no longer in its original form. It is possible that 

chitosan undergoes carbonisation during the reaction, and forms an ordered, 

carbonaceous template, leading to these new diffraction peaks. Hammi et al. 

investigated a similar hydrothermal treatment of chitosan and metal alkoxides (titanium 

(IV) diisopropoxide bis (acetylacetonate), iron (III) acetylacetonate, germanium (IV) 

ethoxide). They proposed that the resultant nanostructured metal oxides had grown 
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on a framework of carbonised chitosan, which supports our findings (253). It should 

be noted that their work was published in 2021, after this project began.

 

Figure 4.11: A) XRD patterns of chitosan (CS), unmodified zinc oxide, and zinc 
oxide modified with chitosan at ratios of 1:5; 5:1 and 1:1. B) Representation 
of zinc oxide hexagonal unit cell and microrod crystal structure, as copied 
from K. Urs and V. Kamble. 

Additionally, N-doped graphene has been reported to form a diffraction peak at 25° 

(255). Therefore, the diffraction peak at 24.1° might be a result of the carbonaceous 

network described, doped with nitrogen. Furthermore, Safeera et al. formed chitosan-

capped ZnO-sodium nanoparticles and reported minute peaks between 23° and 27° 

which they attributed to the diffraction of chitosan (256). Therefore, it is highly likely 

that these diffraction peaks (at 15.3°, 21.1° and 24.1°) are linked to functionalised 

carbonaceous material formed from chitosan during hydrothermal synthesis. 

The XRD diffraction patterns in Figure 4.11, with the exception of pure chitosan, are 

consistent with crystalline ZnO, specifically the hexagonal wurtzite structure (JCPDS 

card 36-1451) (240). When chitosan is used in excess, the x-ray diffraction peaks are 

noticeably broadened. Literature states this phenomenon usually occurs when the 

crystallites are smaller than a micrometre or if lattice defects are abundant in the 

crystallite (257). If the former is true, it would indicate the formation of nanoparticles 
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which may provide better solubility, giving a reason as to why the material has 

enhanced fluorescence (described later in the chapter). 

The crystallite size can be determined using the Scherrer equation (186):  

 

𝐷 =
𝑘𝜆

𝛽𝐷 𝑐𝑜𝑠 𝜃
 

where D is the crystallite size (nm), k is Scherrer’s constant (0.90) (258), λ is the x-ray 

wavelength (0.152 nm), βD is the full width at half-maximum intensity (radians) and θ 

is the peak position (radians).  

Here, the crystallite size was calculated for three key peak positions: 32°, 34.5° and 

36.5°, which correspond to lattice planes (100), (002) and (101), to enable comparison 

between them.  

Table 4.1: Crystallite size (nm) of pure and modified ZnO, calculated using the 
Scherrer equation. 

 Crystallite size D (nm) 

Ratio of Zn:CS (100) (002) (101) 

No chitosan 20.5 21.4 19.8 

1:1 24.7 25.7 23.8 

1:5 12.3 9.9 12.4 

5:1 18.9 20.0 18.8 

 

The crystallite size increased in this order: 1Zn:5CS < 5Zn:1CS < no chitosan <1Zn:1CS, at 

all three peak positions 32°, 34.5° and 36.5° which correspond to lattice planes (100), 

(002) and (101). As D and 𝛽𝐷 are reciprocals in the Scherrer equation, the broader the 

XRD peaks, the smaller the crystallite size. Here, peak broadening is most prominent 

for 1Zn:5CS and this is reflected in the crystallite size as a large excess of chitosan 

appears to reduce the crystallite size significantly compared to pure ZnO.  

Peak broadening can also be caused by strain on the crystallite, which can affect the 

d spacings. Homogeneous strain typically reduces the d spacing while 

inhomogeneous strain can cause it to increase. From Table 4.2 it is evident that the d 

spacings are similar for the key peaks, therefore strain is unlikely to be altering the 

crystallite size.  
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Table 4.2: d spacings for dhkl (100), (002) and (101) 

 d spacing (Å) 

Ratio of Zn:CS (100) (002) (101) 

No chitosan 2.75 2.55 2.43 

1:1 2.76 2.55 2.43 

1:5 2.76 2.56 2.43 

5:1 2.75 2.55 2.42 

The crystallinity of a material can be determined from the XRD pattern using the 

following equation: 

𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 =  
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑝𝑒𝑎𝑘𝑠

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑒𝑎𝑘𝑠 (𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 + 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠)
 ×  100 

As shown in Figure 4.12, unmodified ZnO is > 99 % crystalline while for the modified 

materials, crystallinity decreases as the ratio of chitosan in the reaction increases, but 

by no more than 1 %. Overall, the materials maintain their crystallinity well when 

influenced by chitosan.  
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Figure 4.12: Percentage crystallinity of pure and modified zinc oxide 
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Figure 4.13: SEM images of pure and modified ZnO. Ai - Aii) ZnO; Bi - Bii) 
1Zn:1CS, Ci - Cii) 1Zn:5CS, Di - Dii) 5Zn:1CS 

Figure 4.11 depicts the hexagonal unit cell and microrod crystal of zinc oxide, taken 

from K. Urs and V. Kamble (259). Facets (100), (001) and (101) are indicated on the 

SEM images in Figure 4.13. Before the addition of zinc acetate dihydrate, the 

combination of 35 % ammonia, chitosan and sodium hydroxide created a highly basic 

mixture. As shown in the SEM images of pure ZnO, star-like ZnO structures were 

formed that are consistent with what Marlinda et al. achieved at pH 11 (230). 

Generally, the formation of ZnO occurs as follows (230):  

𝑁𝐻3.𝐻2𝑂 ↔ 𝑁𝐻4
+ + 𝑂𝐻− 

𝑍𝑛2+ + 2𝑂𝐻− ↔ 𝑍𝑛(𝑂𝐻)2 

𝑍𝑛(𝑂𝐻)2  ↔  𝑍𝑛𝑂 + 𝐻2𝑂 

OH- ions are abundant in the reaction and react with Zn2+ to form zinc hydroxide 

(Zn(OH)2). On application of heat, a dehydration reaction forces zinc hydroxide to ZnO 

and water. 
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At a lower pH of 9, fewer OH- ions mean the internal structure dictates the growth of 

ZnO and baton-like structures are formed (230). While, at pH 10-11 more OH- ions are 

available to react with Zn2+, this accelerates the production of baton-like structures 

which, on contact with one another, can spark secondary nucleation and lead to the 

star-like structures seen. The rate and direction of their growth varies which is in line 

with what the SEM images show for pure ZnO. 

Now to turn the attention to the incorporation of chitosan. When chitosan and Zn 

precursor were used in a 1:1 ratio, collections of baton-like structures were formed. 

Much like the star-shaped structures that formed following secondary nucleation for 

unmodified ZnO, these structures branched off in various directions but in a less 

regular way. The batons are also of a smaller diameter with blunter ends, rather than 

the tapered points seen for pure ZnO. Chitosan may be inhibiting the dissolution of 

ZnO, which can disrupt growth and lead to crystals of a smaller diameter (230).  

At a ratio of 5:1 for chitosan and Zn precursor, clusters like the star-like structure of 

unmodified ZnO, formed, built up of rods. In alignment with the XRD patterns, the ratio 

of planes 100/002, indicated that the crystals are getting shorter on increase of 

chitosan, while 100/101 and 002/101 suggested they are less sharp. Here, the crystals 

are not homogenous, although the familiar facets of ZnO are still apparent. It is 

expected that chitosan undergoes dehydration, among hydrolysis, decarboxylation 

and aromatisation during the solvothermal reaction (247). It may have broken down 

into much smaller fragments during reaction or formed carbonaceous networks which 

are acting as nucleation sites and leading to this irregular star shape as suggested by 

Hammi et al. (253) in sol-gel synthesis of ZnO. 

In an excess of zinc precursor, the preferred structure was a rod/baton shape. This 

might be because the ratio of free OH- ions to Zn2+ was too few, and so once again 

the internal structure dictated the growth of ZnO, leading to batons (230). The batons 

are coated in a nano-sized material which could be early secondary nucleation points. 

Aside from the shape, structure, and size of the materials; one of the key observations 

in the SEM images is the presence of pores. Figure 4.13A shows unmodified ZnO has 

formed star-like structures with smooth surfaces. In comparison, following the 

introduction of chitosan in a 1:1 ratio with the Zn precursor, pores and channels are 

visible in the crystal structure which is evident in Figure 4.13Bii and its corresponding 
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inset image which shows the pores on an enlarged scale. From the images, the pore 

size varies (approx. 52.6 nm). Chitosan can form complexes with Zn2+ ions (260). With 

an established affinity for Zn2+, it is possible that during the reaction, chitosan may act 

as nucleation sites for ZnO. With a melting point of 88°C, chitosan is expected to break 

down into smaller fragments over the course of the reaction and in doing so, channels 

might be created as the broken-down chitosan is solubilised. 

Pores were also observed, but to a lesser degree, when chitosan was in excess 

(Figure 4.13Cii and inset). However, in an excess of Zn precursor, pores were not 

visible with SEM. It seems, that a 1:1 ratio of chitosan and Zn precursor provided the 

correct balance to produce regular pores and channels in the system, while an excess 

of either did not. It would be interesting to further explore less dramatic ratios of 

chitosan and Zn precursor, such as 3:2, and investigate how these factors govern the 

formation of the pores. 
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4.3.4. Evaluation of optical properties 
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Figure 4.14: UV-vis spectra and fluorescence spectra of chitosan (CS), 
unmodified zinc oxide and zinc oxide modified with chitosan at ratios of 
1:5; 5:1 and 1:1. UV-vis measured at 0.8 mg/mL in 60 % EtOH and 
normalised between 0 and 1. Fluorescence measured at 0.2 mg/mL in 60 % 
EtOH and normalised between 0 and 1. 

Unmodified ZnO has a broad absorption band (300–800 nm) due to scattering of the 

particles in suspension, which peaks at 319 nm. Following the inclusion of chitosan 

into the solvothermal preparation of ZnO, each hybrid material absorbs strongly at 

approximately 235 nm which fits well with the absorption of pure chitosan (239 nm with 

a shoulder at 298 nm) and suggests the modified ZnO might share some of the 

functional groups of chitosan (-NH2, -OH). The intensity of this peak does not change 

much with the variation of chitosan loading in the reaction. However, there are 

noticeable differences in the range of 400–800 nm, which suggests particle size is 

playing a part in the optical response. Additionally, each of the materials modified with 

chitosan show a fluorescence peak at approximately 435 nm, when excited at 360 nm. 

It is evident the intensity of emission has increased significantly on inclusion of the 

chitosan, which exceeds the capabilities of pure ZnO.  
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4.3.5. Characterisation of supernatants 

Following the solvothermal reactions, the products were divided into their respective 

precipitates and supernatants. However, as the conditions of the reaction are very 

similar to those used in the preparation of carbon dots, which are characteristically 

fluorescent, further analysis of the supernatants was pursued. Interestingly, each 

supernatant showed blue fluorescence under a UV lamp when excited at 365 nm. 

These solutions were deemed worthy of further investigation and from now on will be 

labelled as: 1Zn:1CS_SUP, 1Zn:5CS_SUP and 5Zn:1CS_SUP corresponding to 

supernatants from the following reactions: 1Zn:1CS, 1Zn:5CS and 5Zn:1CS. It is possible 

that ammonia (from ammonia solution) and acetate (from zinc acetate dihydrate) were 

involved in the preparation of the suspected carbon nanoparticles in the supernatant. 

Therefore, an additional reaction was carried out where zinc acetate dihydrate was 

substituted for ammonium acetate to determine the impact of acetate, denoted as 

Chitosan CNPs. 

The UV-vis spectra of the supernatants share some similarities such as a λmax of 270 

nm and a shoulder at 300 nm, which also correspond with the UV-vis profile of chitosan 

CNPs, albeit less intense shoulders at 267 nm and 302 nm (Figure 4.15). The 

absorption at 270 nm can be attributed to the π→π* electronic transitions in the 

aromatic π system (presence of C=C), while the shoulder at 300 nm is consistent with 

n→π* transitions of C=O groups (253, 261). There is an additional shoulder at 256 nm 

when chitosan is in excess that shifts hypsochromically as the amount of Zn precursor 

increases. This might indicate interactions between the aromatic π system and Zn2+. 

4.3.6. Summary 

After analysis through XRD, SEM, UV-vis, and fluorescence spectroscopy it can be 

concluded that following the addition of chitosan to the solvothermal synthesis, three 

materials of crystalline ZnO, consistent with hexagonal wurtzite structure, were 

formed. Each material was a different shade of brown powder, and successfully 

extended the absorption profile of ZnO into the UVB region. Each material also 

showed fluorescence emission at approximately 435 nm, when excited at 360 nm, 

beyond the capability of pure ZnO. Also, through SEM analysis evidence of pores were 

found that could indicate that, alongside these enhanced properties, the surface area 
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of modified ZnO in reaction 1Zn:1CS also excelled. This could have uses in the 

biomedical field as well as in catalysis. 
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Figure 4.15: UV-vis spectra and corresponding fluorescence (λex 360) for 
chitosan CNPs, and supernatants of unmodified and modified ZnO. 

In Figure 4.15, the emission spectra when excited at 360 nm, are also shown. The 

chitosan CNPs fluoresced at 410 nm, with a broad shoulder at 435 nm. The emission 

was also measured at several excitation wavelengths between 300 and 400 nm and it 

was found that the resultant spectra were dependent on the excitation wavelength. A 

red shift in the emission maximum peak was evident as the excitation wavelength 

increased. This phenomenon is indicative of carbon dots, and has been reported in 

several studies, the cause of which may be varying size or functional groups on the 

surface of the carbon dots (262). 

There are some parallels with the emission spectrum of pure chitosan and the 

supernatants. Firstly, when excited at 360 nm, the emission of the supernatants 

ranges from 440 – 450 nm, bathochromically shifted from 435 nm for chitosan CNPs. 

The presence of Zn2+ might be influencing this shift. The peak becomes broader as 

the amount of chitosan increases which might be due to greater abundance of 

functional groups (carboxylic acids and amines) which could be introducing various 

defects onto the surface of the carbon dots, affecting fluorescence, or simply more 

variation in particle size (263). 
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To conclude, the fluorescence properties of the supernatant are strikingly like those of 

the pure chitosan carbon dots which strongly suggests they are present in the 

supernatants and have been formed alongside ZnO in the solvothermal preparation. 

It also strengthens the idea that the ZnO may have formed around the chitosan-carbon 

template, which has later degraded into fluorescent carbon dots, in some cases 

leaving a pores and channels in the ZnO.  
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Figure 4.16: FT-IR of dried supernatants corresponding to reactions with no zinc 
acetate dihydrate, followed by 1:5, 5:1 and 1:1 ratios of zinc acetate 
dihydrate and chitosan (top to bottom). 

The supernatants were dried in the oven at 75°C and then FT-IR analysis was carried 

out to investigate the chemical structure (Figure 4.16). For pure chitosan, the C-H 

stretch at approximately 2916 cm-1 is a broad peak of medium intensity. However, in 

all the supernatants including Chitosan CNP the C-H stretch is a much less significant 

peak, if discernible at all. This, coupled with the loss of intensity of the C-H bending 

vibrations (1165–992 cm-1) might suggest degradation of the chitosan chain and 

pyranose ring, through dehydration. Additionally, it is evident that the amine peak 

(1550–1590 cm-1) is prominent in all supernatants, although in some samples it is 

better defined than others. Overall, this is consistent with what has been found for 

amino-functionalised fluorescent CNPs in the literature (264). Additionally, Yang et al. 
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reported the reduction of intensity in the O-H/N-H stretch, which fits with our findings. 

As the ratio of chitosan to zinc precursor increased, this peak became even weaker.  

4.4. Conclusion 

To conclude, we have shown two facile methods of modifying the optical and 

morphological properties of ZnO with organic additives. First, we were able to 

successfully control the morphology of ZnO in a low temperature reaction, using 

biodegradable, nanoscale organic additives. Secondly, through preparation of ZnO 

alongside chitosan we have observed the formation of pores, which could improve the 

surface activity of ZnO from a catalysis perspective and have proposed a mechanism 

for the formation of pores and channels in ZnO which could be explored further by 

honing the ratio of Zn precursor and chitosan. Additionally, the modified ZnO was 

shown to exhibit some fluorescence which could be useful in biomedicine. Through 

extending the absorption of light into the UVB region, the material might also have 

application in skin protection and personal care.  

In conjunction to this, we simultaneously produced a suspension of fluorescent 

nanomaterial which had similar optical properties to chitosan carbon nanoparticles. 

This material could be useful in bioimaging, for it is fluorescent, however further 

purification might be needed first.   

4.5. Experimental 

4.5.1. Characterisation techniques 

Infrared spectra (IR) were obtained from solid phases using a Bruker Alpha Platinum 

ATR FTIR spectrometer with vibrational frequencies (cm-1). The electronic absorption 

spectra were recorded using a Cary 100 UV-Vis scanning spectrophotometer. 

Samples for scanning electron microscopic (SEM) analysis were dispersed in ethanol, 

a drop of suspension was cast onto a silicon wafer attached to an SEM stub using 

copper films. The samples were viewed with a FEI Nova 450 FEG-SEM operating at 

3 kV using a CBS detector at various magnifications. X-Ray diffraction (XRD) of the 

materials were recorded on Bruker D2-Phaser diffractometer using Cu Kα radiation, 

with a step size of θ = 0.01013° and x-ray wavelength (λ = 0.152 nm). Bragg’s law was 

used to calculate lattice spacings, and Gaussian fitting was used to measure the full 
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width at half maximum (FWHM) of the diffraction peaks. The fluorescence spectra 

were recorded on a FluoroMax-3 spectrofluorometer. 

4.5.2. Materials 

Zinc acetate dihydrate (97+ %) was supplied by Alfa Aesar. Fischer Scientific provided 

ammonium acetate, sodium hydroxide pellets and ammonia solution (35 %). 

4.5.3. Preparation of ZnO with nanoscale organic additives 

4.5.3.1. Preparation of pure ZnO 

Zinc acetate dihydrate (0.28 g) was dissolved in sodium hydroxide solution (0.25 M, 

10 mL). This was stirred for 15 minutes at room temperature, recorded at pH 10. It 

was transferred to an autoclave and heated for 3 h at 80 °C, in a hydrothermal oven. 

The product was washed with water and centrifuged three times, then dried in an oven 

at 75 °C. Yield: 0.0928 g.  

4.5.3.2. Preparation of EthCitCD-ZnO 

EthCitCD suspended in water (5 mL) was added to sodium hydroxide solution (0.5 M, 

5 mL). Zinc acetate dihydrate (0.28 g) was stirred in for 15 minutes, reading at pH 8. 

Sodium hydroxide solution (6 M) was added dropwise to attain pH 10. It was 

transferred to an autoclave and heated for 3 h at 80 °C, in a hydrothermal oven. The 

product was washed with water and centrifuged three times, then dried in an oven at 

75 °C. Yield: 0.0912 g.  

4.5.3.3. Preparation of UreCitCD-ZnO 

UreCitCD suspended in water (5 mL) was added to sodium hydroxide solution (0.5 M, 

5 mL). Zinc acetate dihydrate (0.28 g) was stirred in for 15 minutes, reading at pH 8. 

Sodium hydroxide solution (6 M) was added dropwise to attain pH 10. It was 

transferred to an autoclave and heated for 3 h at 80 °C, in a hydrothermal oven. The 

product was washed with water and centrifuged three times, then dried in an oven at 

75 °C. Yield: 0.0960 g.   
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4.5.4. Preparation of ZnO with a biopolymeric organic additive 

4.5.4.1. Preparation of pure ZnO 

Zinc acetate dihydrate (0.2752 g) and sodium hydroxide (0.1456 g) were dissolved in 

25 % ammonia solution (15 mL). The reactants were set to reflux with stirring, for 1 h 

at 60 °C, and reached pH 12. Water (5 mL) was added, no change in pH recorded, 

and the reactants were sealed in an autoclave and heated for 24 h at 180 °C. The 

product was centrifuged, and both the supernatant and residue solid were collected 

for analysis. The white solid product was washed with water and centrifuged three 

times, then dried in an oven at 75 °C.  

4.5.4.2. Preparation of ZnO-Chitosan (1:1) 

Chitosan (0.2797 g) was added to 25 % ammonia solution (15 mL) and sonicated for 

5 minutes at 30 °C. Sodium hydroxide (0.1443 g) and zinc acetate dihydrate (0.2791 g) 

were added to the suspension, with stirring. The mixture was refluxed for 1 h at 60 °C, 

and pH 12 was recorded before it was sealed in an autoclave and heated for 24 h at 

180 °C. The product was centrifuged, and both the supernatant (pH 10) and residue 

solid were collected for analysis. The solid product was washed with water and 

centrifuged three times, then dried in an oven at 75 °C.  

4.5.4.3. Preparation of ZnO-Chitosan (1:5)   

Chitosan (1.3743 g) was added to 25 % ammonia solution (15 mL) and sonicated for 

5 minutes at 30 °C. Sodium hydroxide (0.1386 g) and zinc acetate dihydrate (0.2726 g) 

were added to the suspension, with stirring. The mixture was refluxed for 1 h at 60 °C, 

and pH 12 was recorded before it was sealed in an autoclave and heated for 24 h at 

180 °C. The product was centrifuged, and both the supernatant (pH 10) and residue 

solid were collected for analysis. The solid product was washed with water and 

centrifuged three times, then dried in an oven at 75 °C.  

4.5.4.4. Preparation of ZnO-Chitosan (5:1)  

Chitosan (0.2796 g) was added to 25 % ammonia solution (15 mL) and sonicated for 

5 minutes at 30 °C. Sodium hydroxide (0.1441 g) and zinc acetate dihydrate (1.3737 g) 

were added to the suspension, with stirring. The mixture was refluxed for 1 h at 60 °C, 

and pH 12 was recorded before it was sealed in an autoclave and heated for 24 h at 

180 °C. The product was centrifuged, and both the supernatant (pH 10) and residue 
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solid were collected for analysis. The solid product was washed with water and 

centrifuged three times, then dried in an oven at 75 °C.  

4.5.4.5. Preparation of chitosan CNPs 

Chitosan (0.2319 g) was added to 25 % ammonia solution (15 mL) and sonicated for 

5 minutes at 30 °C. Sodium hydroxide (0.1209 g) and ammonium acetate (0.2330 g) 

were added to the suspension, with stirring. The mixture was refluxed for 1 h at 60 °C, 

sealed in an autoclave and heated for 24 h at 180 °C. A suspension of black solid was 

centrifuged, and both the supernatant (pH 9) and residue solid were collected for 

analysis. The solid product was washed with water and centrifuged three times, then 

dried in an oven at 75 °C. 

4.6. Appendices 

 

Appendix 4.1: EDX analysis of ZnO 

 

 

Appendix 4.2: EDX analysis of EthCitCD-ZnO (area 1) 
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Appendix 4.3: EDX analysis of EthCitCD-ZnO (area 2)  

 

 

Appendix 4.4: EDX analysis of UreCitCD-ZnO (area 1) 

 

 

Appendix 4.5: EDX analysis of UreCitCD-ZnO (area 2) 
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5. Conclusion 

A variety of carbon dots have been synthesised by a facile hydrothermal route and 

assessed for their UV-absorbing abilities, first and foremost. EthCitCD, UreCitCD and 

VanCitCD were the most promising and showed good potential as UV filters in 

sunscreen. The materials were characterised by FT-IR, TEM, and fluorescence 

spectroscopy to confirm the formation of carbon dots 

As has been demonstrated, the carbon dots (EthCitCD and UreCitCD) have shown an 

improvement in the in vitro SPF of two of Croda’s sunscreen formulations. Should the 

funding be acquired at a later stage, in vivo SPF analysis, which is measured by the 

erythemal response to UV radiation on the skin, would be necessary to confirm the 

SPF boosting quality induced by EthCitCD and UreCitCD. This is significant at very 

low loading of carbon dots therefore it would be interesting to investigate the impact 

of a higher loading, in the formulation. To do so, the carbon dots would need to be 

concentrated so as not to impact the overall water content of the formulation, which 

could be done by freeze-drying and redispersing them in less water. Aggregation of 

the carbon dots in these more concentrated samples may occur as a result, which may 

alter their optical properties, so this would need to be investigated. Further to this, the 

UVA blocking power in formulation, in addition to the SPF, could be studied. Cell 

toxicity must also be determined in order for the carbon dots to be appropriate for use 

within personal care products.  

The carbon dots are shown to be multi-functional in a formulation. On account of their 

radical scavenging activities, they could be used as an antioxidant within sunscreen 

formulations or within other personal care products, that frequently contain 

antioxidants. The benefit here, is a material that can provide both UV filtering and 

antioxidant activity, simultaneously, produced by one simple reaction. Industry 

standard antioxidant testing would need to be carried out first. 

From reactions with titanium dioxide, it was evident that the incorporation of carbon 

dots at 6.25 % improved the stability of the suspension over time, compared to pure 

TiO2. This, in conjunction with its broad attenuation of UV-HEVL light, might give it 

dual purpose as an additive in personal care formulations. An assessment of cell 

toxicity, radical scavenging activity and scalability are the logical next steps for this 

research. 
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From the zinc oxide studies, the introduction of carbon dots as nanoscale organic 

additives, was able to control the morphology of ZnO in a low temperature reaction. 

However, using a biopolymeric organic additive (chitosan) in place of this formed 

fluorescent carbon nanomaterial in conjunction with crystalline ZnO with broad UVB 

attenuation. It would be interesting to explore the inclusion of other biopolymers into 

this reaction, for the dual formation of fluorescent carbon material and crystalline ZnO 

as both materials are functional and so the reaction is less wasteful.  

This thesis has demonstrated the development of UV filters through facile 

hydrothermal synthesis reactions, with a focus on carbon dots in sunscreen 

formulations as well as their ability to enhance the UV attenuation of two metal oxides, 

through morphological changes. The findings may enable useful advancements in 

skincare applications, such as sunscreens. 
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