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Abstract 

In this thesis, active and passive antimicrobial methods have been applied to fabricate 

antifouling surfaces. In the first study, we reported the synthesis and characterization of neat 

TiO2 and Ag-TiO2 composite nanofilms prepared on silicon wafer by sol-gel method. The 

synthesized Ag-TiO2 thin films showed enhanced bactericidal activities compared to the neat 

TiO2 nanofilm both in the dark and under UV illumination. The advantage of Ag-TiO2 nano-

composites is to expand the nanomaterial’s antibacterial function to a broader range of 

working conditions. In the second study, we reported the synthesis, characterization and 

environmental application of nitrogen doped TiO2 photocatalyst in the form of powder and 

film. TiO2 photocatalysts were synthesized by hydrolysis of titanium tetra-isopropoxide in 

the presence of urea as nitrogen source. The visible light induced photocatalytic inactivation 

of bacteria (Escherichia coli) with the obtained nano-powders and nano-films was tested.  

In the following study, we reported the successful formation of a titanium dioxide (TiO2) 

layer on butyl rubber (BR) substrate, cotton sheet and silicon wafer surfaces by using 

modified liquid phase deposition (LPD) method at mild environmental conditions. Various 

synthetic conditions were studied to control the morphology and nanostructures of the 

deposited TiO2 coatings. Superoleophobic TiO2 coatings were prepared after surface 

fluorination. The formed TiO2 coatings showed excellent antibacterial adhesion ability. 

Superoleophobic surfaces, which are thought to limit bacterial contamination, were 

fabricated by an easy spray method. The surface of any polymers can be made 

superoleophobic using the following simple three-step process: (1) the spraying of polymer-

nanoparticle mixtures; (2) cross-linking the coating to the substrate; and (3) chemical 

modification of the outer surface by perfluorosilane. Superoleophobicity is achieved by the 

combination of re-entrant and convex morphology of multiscale agglomerates produced by 

nano-particles embedded in polymer matrix and surface fluorination. Preparation parameters 

were optimized. Surface characterizations were extensively studied on the surface 

morphology, roughness and chemical compositions of the composite coatings with different 

nanofillers loading. The superoleophobic coatings presented excellent resistance to non-
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specific protein adsorption and show antibacterial adhesion. It is a promising material for 

biomedical and industrial applications. 

 

Keywords: Titanuim oxide, nitrogen doped, butyl rubber, liquid phase deposition 

superoloephobic, non-fouling, biofilm, protein adsorption, bacterial adhesion. 

 



www.manaraa.com

 

v 

 

Co-Authorship Statement  

This doctoral thesis has been carefully prepared according to the regulations for an 

integrated-article format thesis stipulated by the Faculty of Graduate and Postdoctoral 

Studies at the University of Western Ontario, and has been co-authored as follows: 

CHAPTER 2: SYNTHESIS OF SILVER-TIO2 COMPOSITE 

NANO-THIN FILM FOR ANTIMICROBIAL APPLICATION 

All the preparation for experimental testing and set-up was undertaken by B. Yu under the 

supervision of Dr. J. Yang. All the experiments were conducted by B. Yu under the 

supervision of Dr. J. Yang. Drafts of Chapter 2 were prepared by B. Yu and reviewed by Dr. 

J. Yang. A paper co-authored by B. Yu, W.M.Lau and J. Yang has been published on 

Nanotechnology. 

CHAPTER 3: PREPARATION AND CHARACTERIZATION OF 

NITROGEN-TIO2 PHOTOCATALYST WITH HIGH 

CRYSTALLINITY AND ENHANCED PHOTOINACTIVATION 

All the preparation for experimental testing and set-up was undertaken by B. Yu under the 

supervision of Dr. J. Yang. All the experiments were conducted by B. Yu under the 

supervision of Dr. J. Yang. Drafts of Chapter 3 were prepared by B. Yu and reviewed by Dr. 

J. Yang. A paper co-authored by B. Yu, and J. Yang is to be submitted. 

CHAPTER 4: CHARACTERIZATION AND ANTIBACTERIAL 

ADHESION PERFORMANCE OF TIO2 COATING PREPARED 

BY LIQUID PHASE DEPOSITION METHOD 

All the preparation for experimental testing and set-up was undertaken by B. Yu under the 

supervision of Dr. J. Yang. All the experiments were conducted by B. Yu under the 



www.manaraa.com

 

vi 

 

supervision of Dr. J. Yang. Drafts of Chapter 4 were prepared by B. Yu and reviewed by Dr. 

J. Yang. A paper co-authored by B. Yu, and J. Yang is to be submitted. 

CHAPTER 5: A NOVEL METHOD FOR ENGINEERING 

SUPEROLEOPHOBIC AND CONDUCTIVE DUAL-

FUNCTIONAL COATINGS ON FLEXIBLE AND 

STRETCHABLE SUBSTRATES 

All the experiments were conducted by B. Yu under the supervision of Dr. J. Yang. An 

invention report was submitted to World Discoveries. Drafts of Chapter 5 were prepared by 

B. Yu and reviewed by Dr. J. Yang. A paper co-authored by B. Yu, and J. Yang is to be 

submitted. 

CHAPTER 6: SUPEROLEOPHOBIC SURFACES AND THE 

RESISTANCE TO PROTEIN ADSORPTION AND BACTERIAL 

ADHESION 

All the preparation for experimental testing and set-up was undertaken by B. Yu under the 

supervision of Dr. J. Yang. All the experiments were conducted by B. Yu under the 

supervision of Dr. J. Yang. Drafts of Chapter 6 were prepared by B. Yu and reviewed by Dr. 

J. Yang. A paper co-authored by B. Yu, and J. Yang is to be submitted. 

 



www.manaraa.com

 

vii 

 

ACKNOWLEDGMENTS 

First I would like to thank my research supervisor, Prof. Jun Yang, for his guidance, support 

and discussions throughout my PhD research work. I also thank Prof. Jun Yang for providing 

me the opportunity to work with industry partners, including Ross-tech Inc. and LANXESS. I 

would also like to thank my committee members, Prof. Leo Lau and Prof. Jin Zhang, for your 

time and constructive suggestion for this thesis. 

Furthermore, I would like to thank all my colleagues, to these who help me and challenge me 

during my PhD study. My sincere thanks also go to Dr. Richard Gardiner, Karen Nygard and 

Nicole Bechard from Biotron, Kimberley R. Law from Department of Earth Science for your 

discussions and helpful technical support during this research work. I also acknowledge 

technicians and scientists in Surface Science Western, including Mr. Ross Davidson, Ms. 

Mary Jane Walzak, Mr. Brad Kobe, Dr. Mark Biesinger, Dr. Heng-Yong Nie and Ms. 

Heather Bloomfield, for the help and assistance in sample measurement. My thanks also go 

to my other friends in and outside of Western for the generous help and encouragement 

during my PhD study.  

Finally, I would like to dedicate this thesis to my family. I deeply thank my parents for the 

years of understanding and supporting. And to my dear husband Jie, who always inspire me, 

encourage me and turn my life to a different and positive way and made me to become more 

than I was. Thanks for your endless love.  



www.manaraa.com

 

viii 

 

Table of Contents 

CERTIFICATE OF EXAMINATION ........................................................................... ii 

Abstract ............................................................................................................................. iii 

Co-Authorship Statement ..................................................................................... v 

ACKNOWLEDGMENTS ...................................................................................... vii 

Table of Contents ............................................................................................... viii 

List of Tables ...................................................................................................... xiii 

List of Figures ..................................................................................................... xiv 

Chapter 1 ........................................................................................................................... 1 

1 General introduction ..................................................................................................... 1 

1.1 Problems of biofouling in the environment and biomedical field ................... 1 

1.2 Principle of Biofouling ........................................................................................... 3 

1.2.1 Protein adsorption ...................................................................................... 3 

1.2.2 Bacterial adhesion ...................................................................................... 6 

1.3 Strategies to prepare antifouling surface ........................................................ 10 

1.3.1 Active antifouling coatings ...................................................................... 10 

1.3.2 Passive antifouling coatings ................................................................... 16 

1.4 Scope of the thesis ............................................................................................. 25 

1.5 Literature citations .............................................................................................. 27 

Chapter 2 ......................................................................................................................... 41 

2 Synthesis of Ag-TiO2 composite nano-thin film for antimicrobial application .... 41 

2.1 Introduction .......................................................................................................... 41 

2.2 Materials and methods ....................................................................................... 43 

2.2.1 Materials ......................................................................................... 43 

2.2.2 Preparation of silicon wafer supported TiO2 and Ag-TiO2 films ....... 44 



www.manaraa.com

 

ix 

 

2.2.3 Materials characterization ............................................................... 45 

2.2.4 Measurements of photoinduced super-hydrophilicity ...................... 45 

2.2.5 Antibacterial activity evaluation ....................................................... 46 

2.3 Results and discussion ...................................................................................... 47 

2.3.1 Characterization of the TiO2 and Ag-TiO2 films ................................... 47 

2.3.2 Hydrophilicity ............................................................................................. 55 

2.3.3 Antibacterial activity evaluation .............................................................. 56 

2.4 Conclusions ......................................................................................................... 60 

2.5 References ........................................................................................................... 61 

Chapter 3 ......................................................................................................................... 65 

3 Preparation and characterization of Nitrogen doped TiO2 photocatalst with high 
crystallinity and enhanced photoinactivation......................................................... 65 

3.1 Introduction .......................................................................................................... 65 

3.2 Materials and methods ....................................................................................... 67 

3.2.1 Chemicals and materials ......................................................................... 67 

3.2.2 Preparation of materials .......................................................................... 67 

3.2.3 Characterization methods ....................................................................... 68 

3.2.4 Photocatalytic activity measurement ..................................................... 69 

3.3 Results and discussion ...................................................................................... 70 

3.3.1 Characterization of N-TiO2 ...................................................................... 70 

3.3.2 Photocatalytic degradation of Methyl blue under visible light ........... 77 

3.3.3 Antibacterial activity evaluation .............................................................. 80 

3.4 Conclusions ......................................................................................................... 82 

3.5 References ........................................................................................................... 83 

Chapter 4 ......................................................................................................................... 88 

4. Characterization and antibacterial adhesion performance of TiO2 coatings 
preparaed by liquid phase deposition .................................................................... 88 



www.manaraa.com

 

x 

 

4.1 Introduction .......................................................................................................... 88 

4.2. Methodology ....................................................................................................... 89 

4.2.1 Chemicals and materials ......................................................................... 89 

4.2.2 Preparation of seeds ................................................................................ 90 

4.2.3 Preparation of TiO2 coating .................................................................... 90 

4.2.4 Surface characterization ......................................................................... 91 

4.2.5 Tape test .................................................................................................... 91 

4.2.6 Bacterial adhesion test ............................................................................ 91 

4.3 Results and Discussion ..................................................................................... 92 

4.3.1 Reaction mechanism of LPD-derived TiO2 coating ............................ 92 

4.3.2 Characterization of LPD-derived TiO2 coating on different substrates
................................................................................................................... 93 

4.3.3 Morphology control by addition of seeds .............................................. 98 

4.3.4 Effect of the amount of additives ........................................................... 99 

4.3.5 Effect of the surface property of additives .......................................... 101 

4.3.6 Customized the LPD-derived TiO2 coating in the presence of seed
................................................................................................................. 102 

4.3.7 Surface wettability .................................................................................. 104 

4.3.8 Bacterial adhesion activity of the LPD-derived TiO2 coating ........... 106 

4.4 Conclusions ....................................................................................................... 107 

4.5 References ......................................................................................................... 108 

Chapter 5 ....................................................................................................................... 112 

5 A novel method for engineering superoleophobic and conductive dual-
functional coatings on flexible and stretchable substrates ............................... 112 

5.1 Introduction ........................................................................................................ 112 

5.2 Experimental Section ....................................................................................... 114 

5.2.1 Materials .................................................................................................. 114 



www.manaraa.com

 

xi 

 

5.2.2 Preparation of Ultraviolet (UV) cross-linked coatings on butyl rubber 
surface ................................................................................................... 115 

5.2.3 Wettability Test ....................................................................................... 116 

5.2.4 Tensile Testing ....................................................................................... 116 

5.2.5 Surface Characterization ...................................................................... 116 

5.2.6 Conductivity Measurements ................................................................. 117 

5.3 Results and Discussion ................................................................................... 117 

5.3.1 Superoleophobic results for UV cross-linked coatings ..................... 117 

5.3.2 Adhesion of the UV Cross-linked Coatings ........................................ 124 

5.3.3 Effect of cross-linking method on contact angle ................................ 126 

5.3.4 Effect of Strain on Contact Angle ........................................................ 127 

5.3.5 Electrical Conductivity of the UV cured coatings............................... 128 

5.4 Conclusions ....................................................................................................... 129 

5.5 References ......................................................................................................... 130 

Chapter 6 ....................................................................................................................... 132 

6 Superoleophobic surfaces and the resistance to protein adsorption and 
bacterial adhesion ................................................................................................... 132 

6.1 Introduction ........................................................................................................ 132 

6.2 Materials and methods ..................................................................................... 134 

6.2.1 Materials .................................................................................................. 134 

6.2.2 General procedure for silane-coated glass/silicon wafer surface ... 135 

6.2.3 Preparation of PIP-CB-TiO2 coatings on PET ................................... 135 

6.3 Surface contact angle measurement and surface characterization ......... 136 

6.3.1 Contact angle measurements .............................................................. 136 

6.3.2 XPS, SEM and EDX measurements ................................................... 136 

6.3.3 Atomic force microscope (AFM) characterization ............................. 136 

6.4 Protein solution preparation and single protein adsorption studies .......... 137 



www.manaraa.com

 

xii 

 

6.5 Antifouling experiment ..................................................................................... 138 

6.5.1 Static growth ........................................................................................... 138 

6.5.2 Dynamic growth ...................................................................................... 138 

6.6 Results and Discussion ................................................................................... 139 

6.6.1 X-ray photoelectron spectroscopy ....................................................... 139 

6.6.2 Surface morphology of various coatings ............................................ 144 

6.6.3 Single protein adsorption on various surfaces .................................. 153 

6.6.4 Bacterial adhesion on various surfaces .............................................. 158 

6.7 Conclusions ....................................................................................................... 162 

6.8 References ......................................................................................................... 162 

Chapter 7 ....................................................................................................................... 166 

Curriculum Vitae ........................................................................................................... 169 



www.manaraa.com

 

xiii 

 

List of Tables  

Table 2-1: Composition of Ag-TiO2 composite films according to EDX analysis ................ 53 

Table 2-2: Surface roughness of the resultant films with different silver content. ................. 55 

Table 2-3: The antibacterial test result of the composite films with different silver content 

against E. coli. ......................................................................................................................... 57 

Table 5-1: Concentration of solutions/dispersions for UV cured spray coatings. ................ 118 

Table 5-2: Apparent contact angle of UV cross-linked spray coatings. ............................... 122 

Table 6-1: XPS elemental analysis. Atomic percent concentration (at.%) of the elements 

taken on fluorinated polymer-nanoparticle composite surface and reference PEO and PFTS 

modified silicon wafer surface.  ............................................................................................ 140 

Table 6-2: Apparent contact angle for hexadecane of various coatings. .............................. 151 

 



www.manaraa.com

 

xiv 

 

List of Figures  

Figure 1-1: Schematic view of simplification of protein model, with hydrophobic, neutral 

hydrophilic, negatively and positively charged domains (sides). The adsorption occurred on 

the domains that can interact with a surface having comparable properties. Reproduced from 

Reference [14]. .......................................................................................................................... 4 

Figure 1-2: Scheme of biofilm development. Reproduced from Reference [43]. .................... 7 

Figure 1-3: Scheme of the biofilm development. Details of the step 2 in the bacterial 

adhesion process. Reproduced from Reference[43]. ................................................................ 8 

Figure 1-4: Schematic photoexcitation on TiO2 after UV excitation. Reproduced from 

Reference [96]. ........................................................................................................................ 12 

Figure 1-5: The photodegradation of bacteria. Reproduced from Reference [105]. .............. 14 

Figure 1-6: The chemical structures of polymers for antifouling coating. ............................. 19 

Figure 1-7: Three different wetting models. (1) Young’s model, (2 ) Wenzel model and (3) 

Cassie-Baxter model. .............................................................................................................. 23 

Figure 2-1: Wide-angle x-ray scattering patterns of the result films with different Ag 

contents: sample SG0-SG4 is labeled as (a)-(e) in sequence. ................................................. 47 

Figure 2-2: XPS spectra of TiO2 (a) and Ag-TiO2 (b) composite films of SG4. .................... 48 

Figure 2-3: High-resolution XPS spectra of Ag 3d5/2 in Ag-TiO2 composite film SG4. (a) 

before UV exposure and (b) after 0.6 mW cm-2 UV exposure for 1 h. .................................. 49 

Figure 2-4: Scanning electron micrographs of the (a) the neat TiO2 film surface of SG0, (b) 

SG1, (c) SG2, (d) SG3 and (e) SG4 Ag-TiO2 composite film surfaces. (a)-2, (b)-2, (c)-2, (d)-

2 and (e)-2 are enlarged images of (a), (b), (c), (d) and (e) respectively. (f) The thickness of 

the films is about 370 nm as determined by the cross-section image. .................................... 52 



www.manaraa.com

 

xv 

 

Figure 2-5: AFM top view images (left) and AFM angle view images(right) of the composite 

films: (a) SG0, (b) SG2, (c) SG3, (d) SG4.............................................................................. 54 

Figure 2-6: Zone of inhibition test results. Comparison of the composite Ag-TiO2 film and 

the neat TiO2 film for E.coli with agar plating. ...................................................................... 57 

Figure 2-7: Killing ratio of E.coli in the liquid film on Ag-TiO2 compostie film and neat TiO2 

film under 1h UV light illumination (0.6mW cm-2) and in the dark for 1h. For the blank 

silicon wafer, the killing ratio is 18±5% under the same UV-irradiation. .............................. 58 

Figure 3-1: XRD patterns of the doped and undoped TiO2 nanoparticles prepared at different 

pH with r = 100, (a) pH = 1, without urea, (b) pH = 1, with urea, (c) pH = 3, without urea, (d) 

pH = 3, with urea. A represents anatase phase and B reprensents brookite phase. All the 

powder samples have been annealed at 400 oC for 4 h. .......................................................... 71 

Figure 3-2: XRD patterns of TiO2 powder samples prepared with molar ratio of water to 

TTIP at 10 and pH = 3 in the presence of various content of urea, (a) NT4, (b) NT3, (c) NT2, 

(d) NT1 and (e) NT0. .............................................................................................................. 72 

Figure 3-3: TEM image of typical TiO2 powder (sample NT3). ............................................ 73 

Figure 3-4: (a) The XPS spectra of N-TiO2 (NT3). (b) Ti 2p of N-TiO2 XPS region; (c) N 1s 

of N-TiO2 XPS region. ............................................................................................................ 74 

Figure 3-5: N2 adsorption-desorption isotherm of (a) homemade pure TiO2, (b) N-doped TiO2 

(NT3) and (c) P25. .................................................................................................................. 75 

Figure 3-6: UV-visible diffuse reflectance spectra of the N-TiO2 with various content of urea 

in the precursor solution as well as the undoped TiO2 samples. (a) NT1, (b) NT2, (c) NT3 

and (d) NT4. The insets on the right side show the pictures of (i) undoped and (ii) N-TiO2 

sample (NT3). ......................................................................................................................... 76 

Figure 3-7: Comparison of percentage degradation of methylene blue aqueous solution by 

Degussa P25, N-TiO2 (NT1, NT2, and NT3) under the visible light irradiation and in the dark 

condition. ................................................................................................................................ 78 



www.manaraa.com

 

xvi 

 

Figure 3-8: (i) adsorption followed by photocatalytic degradation of MB over various 

photocatalysts under visible light (λ > 400 nm) irradiation. (a) no catalyst (b) Degussa P25 

(c) N-TiO2 powders (NT3). (ii) the UV visible spectroscopic changes of the MB solution 

over the N-TiO2 sample (NT3). .............................................................................................. 79 

Figure 3-9: Schematic illustrations of the photodisinfection test. .......................................... 80 

Figure 3-10: Emission spectrum of (a) halogen lamp and (b) 13 W fluorescent lamp used in 

the visible light photo disinfection measurement, (1) without filter, (2) with 400 nm cut off 

filter. ........................................................................................................................................ 80 

Figure 3-11: Killing ratio of E.coli (105 CFU mL-1) in the presence of N-doped TiO2 nano 

material and pure TiO2 nano material after exposure to the halogen lamp and fluorescent 

lamp source. (a) Illumination was carried out under halogen lamp at a light density of 3×104 

lux for 1 h with nanoparticles (b) Illumination was carried out under halogen lamp at a light 

density of 3×104 lux for 15 min with nanothin film (c) llumination was carried out under 

fluorescent lamp at a light density of 5000 lux for 18 h with nanothin film. Bacterial solution 

alone under various light illumination was chosen as control. Bars indicate average value 

from three independent experiment data. (●p<0.05) .............................................................. 81 

Figure 4-1: SEM images of TiO2 coated on various substrates with different magnification. 

(a) LPD-derived TiO2 coating on UV/Ozone treated butyl rubber; (a)-2 zoom in picture in the 

white square area of (a); (b) LPD-derived TiO2 coating on pristine cotton sheet; (b)-2 zoom 

in picture in the white square area of (b); (c) LPD-derived TiO2 coating on prianha solution 

treated silicon wafer; (c)-2 zoom in picture in the white square area of (c); (a)-4 EDX result 

corresponding to (a)-2, carbon comes from the butyl rubber substrate, and fluorine comes 

from the LPD solution, Pt comes from the deposited condutive Pt layer. .............................. 95 

Figure 4-2: Optical microscopy of TiO2 coated on butyl rubber substrates after tape test. (a) 

LPD-derived TiO2 coating on UV/Ozone treated butyl rubber, (b) after tape test once, (c) 

after tape test twice. The circle area showed the changes after tape test. ............................... 96 

Figure 4-3: The XRD patterns of (a)TiO2 coating on butyl rubber surface and (b) TiO2 

powders collected from precipitates from LPD method. ........................................................ 97 



www.manaraa.com

 

xvii 

 

Figure 4-4: AFM images of 3D morphology and height images of the TiO2 coating on a butyl 

rubber surface deposited by the LPD method. ........................................................................ 97 

Figure 4-5: SEM micrographs of the silicon wafer surface immersed in 0.05 M (NH4)2TiF6 

and 0.15 M H3BO3 solution with seed of 0.3 µg mL-1 at 50 oC after (a) 6 h and (b) 12 h. .... 99 

Figure 4-6: SEM micrographs of the silicon wafer substrates immersed in 0.05 M (NH4)2TiF6 

and 0.15 M H3BO3 solution at 50 oC for 12 h with or without various concentration of seed 

(a) without seed, (b) with seed 0.15 µg mL-1, (c) with seed 0.4 µg mL-1, (d) with seed 3 µg 

mL-1. ...................................................................................................................................... 100 

Figure 4-7: SEM micrographs of the silicon wafer surface immersed in 0.05 M (NH4)2TiF6 

and 0.15 M H3BO3 solution at 50 oC for 12 h with (a) PEI modified seed at 2 µg mL-1 (b) 

PAA modified seed at 2 µg mL-1. ......................................................................................... 102 

Figure 4-8: Typical SEM micrographs of sphere-like TiO2 crystallites on the silicon wafer 

surface. .................................................................................................................................. 103 

Figure 4-9: Typical SEM micrograph of TiO2 crystallites formed clusters in sedimentation.

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

Figure 4-10: SEM micrographs of the fluorinated silicon wafer surface with coating which 

immersed in 0.05 M (NH4)2TiF6 and 0.15 M H3BO3 solution at 50 oC for 6 h with seed at 1µg 

mL-1. Optical image of the hexadecane contact angle is inserted in the top-right corner of the 

SEM images. (a)-(d) The top view of the surface coating with different magnification. (e) 

The cross-section view of the TiO2 particles formed cluster structure. EDX result showed the 

chemical composition of the cluster. .................................................................................... 104 

Figure 4-11: Representative SEM micrographs of the silicon wafer substrates with LPD-

derived TiO2 coating after 6 h incubation in E. coli suspensions: (a) pristine LPD-derived 

TiO2 coating deposited for 6 h without seed, (b) fluorinated pristine LPD-derived TiO2 

coating deposited for 6 h without seed, (c) LPD-derived TiO2 coating deposited for 12 h with 

seed, (d) fluorinated LPD-derived TiO2 coating with hierarchical structure. ....................... 106 



www.manaraa.com

 

xviii 

 

Figure 5-1: Schematic illustration of the spray apparatus. The spray distance (L) is 15 cm and 

the pressure P is 60 psi under room temperature (T=25 oC) and a range of relative humidity 

(RH: 40-50%)........................................................................................................................ 116 

Figure 5-2: Representative SEM images at various magnifications showing the surface 

morphology of the UV cross-linked coatings with a solute concentration of 12.5 mg mL-1. 

The solute concentrations are: (a) 50/50 wt% PIP/CB, (b) 45/55 wt% PIP/CB, (c) 40/60 wt% 

PIP/CB, and (d) 34/66 wt% PIP/CB. The insets are contact angle images of hexadecane (left) 

and methanol (right). ............................................................................................................. 119 

Figure 5-3: SEM images of the UV cross-linked superoleophobic coating (P45C55) in cross-

section at different magnification increasing from left to right. The cross-section was 

produced by freeze-fracturing. .............................................................................................. 120 

Figure 5-4: High resolution C (1s) spectrum of a spray coating containing 66% CB. Note the 

evidence of the –OH functionality on the surface. ............................................................... 121 

Figure 5-5: SEM images of UV cured coatings sprayed on 6×6 cm2 butyl rubber substrate 

(P40C60, 40/60 wt% PIP/CB blends, 12.5 mg mL-1) using different suspension volumes: (a) 

50 mL, (b) 25 mL and (c) 15 mL. Optical images of the hexadecane contact angles are given 

as inserts in the top-right corner of the corresponding surface. ............................................ 123 

Figure 5-6: Different magnification SEM images showing the coating morphology before 

and after tape test. Sample P40 C60 (40/60 wt% PIP/CB blends, 12.5 mg mL-1) was sprayed 

on 6×6cm2 butyl rubber substrate using 25 mL of suspensions. (a) UV cured and before tape 

test; (b) UV cured and after tape test; (c) not UV cured and before tape test and (d) not UV 

cured and after tape test. Optical image of the hexadecane contact angles are inserted in the 

top-right corner of the SEM images. ..................................................................................... 125 

Figure 5-7: SEM morphology of coatings (P50 C50, 50/50 wt% PIP/CB blends, 12.5 mg mL-

1) with different crosslinking methods. (a) HHIC treatment for 2 min treatment (b) UV cured 

20 min. Optical image of the hexadecane contact angles are inserted in the right corner of the 

corresponding SEM images. ................................................................................................. 126 



www.manaraa.com

 

xix 

 

Figure 5-8: Contact angles of Hexadecane as a function of strain for coatings deposited on 

butyl rubber substrate. The contact angle measurements were averaged for each data point.

............................................................................................................................................... 128 

Figure 5-9: Resistivity of composite coatings on butyl rubber substrate with different CB 

percentage (12.5 mg mL-1). ................................................................................................... 129 

Figure 6-1: XPS survey spectra performed on PEO modified silicon wafer surface in the 

binding energy range of 0-1100 eV with a pass energy of 80 eV......................................... 142 

Figure 6-2: XPS high-resolution C 1s spectrum of PEO control ( (EtO)3Si-(CH2)3-

(OCH2CH2)6~9-OCH3 grafted silicon wafer). The observed C 1s peak was fitted with two 

Gaussian peaks at binding energies of 284.99 eV (C-C/C-H), 286.78 eV (C-O). ................ 142 

Figure 6-3: XPS survey spectra performed on PFTS modified silicon wafer surface in the 

binding energy range of 0-1100 eV with a pass energy of 80 eV......................................... 143 

Figure 6-4: XPS high-resolution C 1s spectrum of PFTS grafted silicon wafer (PFTS 

control). The observed C 1s peak was fitted with five Gaussian peaks at binding energies of 

285.00 eV (C-C/C-H), 286.50 eV (C-O/C-O-C), 288.0 eV (CFx), 290.29 eV (CF2) and 

292.76 (CF3). ......................................................................................................................... 143 

Figure 6-5: Plan view for polyisoprene-nanofiller composite coating on PET surface of 33.3 

wt% of polyisoprene with different nanofiller loading: (a) CB 6.7 wt%, titanium dioxide 60.3 

wt%; (b) CB 13.4 wt%, titanium dioxide 53.6 wt%; (c) CB 33.4 wt%, titanium dioxide 33.3 

wt%. Optical image of the hexadecane contact angles are inserted in the top-right corner of 

the corresponding surface. .................................................................................................... 147 

Figure 6-6: Plan view for polyisoprene-nanofiller composite coating on PET surface (a)  

polyisoprene 40 wt%, CB 30 wt%, titanium dioxide 30 wt%; (b) polyisoprene 50 wt%, CB 

25 wt%, titanium dioxide 25 wt%. Optical image of the hexadecane contact angles are 

inserted in the top-right corner of the corresponding surface. .............................................. 148 



www.manaraa.com

 

xx 

 

Figure 6-7: (a) Plan view for Polyisoprene-TiO2 composite coating (polyisoprene 33 wt%, 

titanium dioxide 67 wt%) on PET surface. (b) the zoom-in image of the area as highlighted 

by the black circle in (a)........................................................................................................ 149 

Figure 6-8: Details of a superoleophobic surface coating on PET surface with composition of 

polyisoprene 40 wt%, CB 30 wt% and titanium dioxide 30 wt% and EDX element mapping.

............................................................................................................................................... 150 

Figure 6-9: 2D and 3D AFM togographical images of (a) composite film with the 

composition of PIP 40 wt%, CB 30 wt%, titanium dioxide 30 wt%, Rq=500±46 nm.(b) 

composite film with the composition of PIP 50 wt%, CB 25 wt%, titanium dioxide 25 wt%, 

Rq=375±47 nm. RMS roughness (Rq) of the composite coating surface, defined as the 

standard deviation of the elevation, z values. The average RMS roughness value was 

determined for responding surface from three different locations........................................ 152 

Figure 6-10: Representative fluorescence microscopy graphs of samples immersed in 0.1 mol 

L-1 BSA PBS solution surface for 3 h. (a) PCT (PIP 40 wt%, CB 30 wt%, titanium dioxide 30 

wt%), (b) FPCT (superoleophobic coatings with the composition of PIP 40 wt%, CB 30 wt%, 

titanium dioxide 30 wt%)...................................................................................................... 154 

Figure 6-11: Relative BSA (0.1 mg mL-1) adsorption on various surfaces for 3 h. FPCT 

stands for superoleophobic coatings with the composition of PIP 40 wt%, CB 30 wt%, 

titanium dioxide 30wt%. Fluorinated silicon wafer and PEO silane modified silicon wafer 

was used as reference. ........................................................................................................... 154 

Figure 6-12: Representative fluorescence microscopy graphs of samples immersed in 1 mg L-

1 BSA PBS solution surface for 3 h. (a) PCT (PIP 40 wt%, CB 30 wt%, titanium dioxide 30 

wt%), (b) FPCT (superoleophobic coatings with the composition of PIP 40 wt%, CB 30 wt%, 

titanium dioxide 30 wt%)...................................................................................................... 155 

Figure 6-13: Representative fluorescence microscopy graphs of samples immersed in 0.1 mg 

L-1 fibrinogen PBS solution surface for 3 h. (a) PCT (PIP 40 wt%, CB 30 wt%, titanium 

dioxide 30 wt%), (b) FPCT (superoleophobic coatings with the composition of PIP 40 wt%, 

CB 30 wt%, titanium dioxide 30 wt%). ................................................................................ 155 



www.manaraa.com

 

xxi 

 

Figure 6-14: Relative fibrinogen (0.1mg mL-1) adsorption on various surfaces for 3 h. FPCT 

stands for superoleophobic coatings with the composition of PIP 40 wt%, CB 30 wt%, 

titanium dioxide 30 wt%. Fluorinated silicon wafer and PEO silane modified silicon wafer 

was used as reference. ........................................................................................................... 156 

Figure 6-15: SEM images after various coatings immersed in E.coli suspensions (108 CFU 

mL-1) for 24 h at different magnification: (a) pristine PET substrate, (b) FPCT composite 

coating on PET substrate, (c) pristine PCT composite coating on PET substrate. ............... 159 

Figure 6-16: SEM images of various coatings after dynamic growth using a parallel-plate 

flow chamber with E coli 108 CFU mL-1 for 24 h (shear rate 3.6 s-1). (a) pristine PET 

substrate, (b) FPCT composite coating on PET substrate, (c) pristine PCT composite coatings 

on PET substrate. .................................................................................................................. 160 

Figure 6-17: Representative fluorescence microscopy images of attached E.coli cells from a 

suspension with 108 CFU mL-1 for 24 h dynamic growth. Bacterial cells were stained with 

LIVE/DEAD BacLight. Live cells fluoresce green. (a) Pristine PET substrate imaged at 20× 

(b) FPCT superoleophobic coating imaged at 63×, (c) Pristine PCT composite coating 

imaged at 20×. ....................................................................................................................... 161 

 

 

 

 

 

 

 

 

 



www.manaraa.com

1 

 

Chapter 1  

1 General introduction 

1.1 Problems of biofouling in the environment and biomedical field 

Microorganisms are found everywhere in our daily life and most are harmless. However, 

humans and animals can be infected by microorganisms, such as bacteria, yeast, spores, 

and viruses, which may come from contaminated food and other sources. Common 

surfaces such as doorknobs, key boards and cell phones being constantly touched by 

hands, and ceramic tile in public washrooms are all compatible places for bacteria to 

grow and spread. Door handles and ceramic tiles themselves normally do not have 

antibacterial activity and microorganisms easily breed on their surfaces, resulting in 

biofilm formation and bacterial spread. These areas can serve as reservoirs of microbes 

for the transfer of infections. Public places, such as schools and hospitals, are risk areas 

for infection when children and patients may be vulnerable due to a weakened immune 

system. Disinfection is crucial to prevent infectious diseases. 

Controlling bacterial adhesion and protein adsorption is crucial to the safe function of 

biosensors, therapeutic and diagnostic devices, and implant materials where the long-term 

exposure to physiologic fluids is required. In physiologic fluids, biofouling produced by 

protein and cell accumulation on vascular stents and cardiovascular implants, can result 

in thrombus and vascular occlusion [1, 2]. The nonspecific adsorption of proteins on 

biosensors decreases signal quality and reduces the efficacy of biomedical devices [3, 4]. 

Protein adsorption on surfaces provides the condition for bacterial colonization and 

subsequent biofilm formation. Bacterial colonization on surgical tools, catheters and 

contact lenses, impairs the function of such devices and the surface microbial infestation 

can cause serious infections [5]. There are considerable interests in the development of 

antimicrobial materials and surfaces to suppress bacterial growth and to reduce the risk 

for infestation.  
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Staphylococcus bacteria are known as a major cause of both hospital-acquired and 

community-based infections [6]. Coagulase-negative staphylococci (CoNS) that secrete 

bacterial slime (a polysaccharide) and form a biofilm firmly adhering on surfaces, are by 

far the most common cause of bacteremia related to indwelling devices [7]. Particularly, 

the bacteria Escherichia coli (E.coli) have been recognized as a significant cause of 

catheter infections [8]. Since the first report about drug resistance in Staphylococci 

aureus (S.aureus) in early 1960s [9], the increasing rate of drug resistance among 

S.aureus and CoNS species has been reported. In addition, S.aureus and CoNS, 

particularly those strains acquired in hospital, have become resistant to multiple 

antimicrobial agents [6]. 

Disinfectants to kill microbes are widely used in hospitals and other health care settings 

for a variety of topical and hard-surface applications. They are non-selective towards 

microorganisms in a broader spectrum of biocide ability, compared to antibiotics which 

are essential to prevent nonsocomial infection. A variety of active chemical agents 

including alcohols, iodine, chlorine and triclosan have been used for a long time in 

disinfection. However, the use of chemical disinfectants is accompanied by the risk of 

allergic reactions and toxicity to humans. The traditional surface cleaning procedures 

might not be sufficient to remove formed biofilms and kill attached bacteria [10]. Due to 

the outbreak of infectious diseases caused by different pathogenic bacteria and the 

emergence of more-resistant microorganism owing to widespread use of antibiotics, more 

rigorous hygienic standards in public areas and hospitals are being promoted [11]. There 

is an urgent need to develop alternative efficient and sustainable antibacterial strategies, 

which are non-toxic and green (i.e. environmentally compatible and biodegradable). 

In this thesis, we focused on the antimicrobial adhesion and anti-protein adsorption 

surfaces, which are able to reduce microbial contamination of the inanimate environment 

to prevent infectious diseases. First of all, microbial adhesion and protein adsorption 

mechanisms and processes will be introduced. Current strategies and recent reports to 

prepare surfaces with bactericidal ability, antifouling ability and resistance to microbial 

adhesion will be further discussed.  
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1.2 Principle of Biofouling  

1.2.1 Protein adsorption 

Biofouling is a dynamic process, in the form of protein, and bacterial attachment on a 

solid surface. When biomedical materials contact biological fluids such as blood, serum 

proteins regulate the process of bacterial adhesion [12], and protein adsorption is the first 

stage. A material surface that resists the adsorption of protein is normally a good 

candidate to resist bacterial adhesion [13]. Generally, proteins include serum proteins, 

enzymes, antibodies and foreign antigens. They are complex biopolymers composed of 

amino acids as monomeric units which have highly ordered structures. The approaching 

of protein molecules to the interface is driven by diffusion processes, which is dependent 

on the bulk concentration and the appropriate diffusion coefficient [14]. Protein 

adsorption spontaneously occurs if Gibbs free energy of the system decreases, ∆adsG = 

∆adsH−T∆adsS < 0, where G, H, S and T are the Gibbs free energy, enthalpy, entropy and 

the absolute temperature, respectively. ∆ads represents the change of the thermodynamic 

function. Partial or complete conformational changes lead to an increase in 

conformational entropy, providing the driving force for protein adsorption. In contrast to 

small rigid molecules that can simply attach to or detach from an interface with certain 

adsorption and desorption probabilities, the irreversible adsorption of proteins is 

generally observed, owing to complex composition and structure of protein [15]. Protein 

at interfaces affects a wide variety of phenomena, including mammalian cell growth, 

reactions to implanted biomaterials, the formation of organized layers of protein and 

growth of bacteria [16]. Often protein adsorption onto a surface is energetically favorable 

to reduce the interfacial energy. 

The environment of the solution in which the protein adsorption experiments are 

conducted, including pH, ionic strength, temperature and buffer composition, have 

significant effects on adsorption behaviour. Under mimicked physiological conditions, 

the environmental parameters of the solution are fixed. Furthermore, various proteins 

with remarkably diverse characteristics like size, structural stability and composition, 

have different behaviours on solid surfaces. For small and rigid proteins such as 

lysozyme, β-Lactoglobulin demonstrate little tendency for structural change upon surface 
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adsorption [17-19]. For high-abundance plasma proteins such as albumin, transferrin and 

immunoglobulin, the conformational reorientations occur in the course of surface 

adsorption [20]. The class of proteins with high molecular weight shows a strong affinity 

to hydrophobic surfaces with significant conformational reorientation owing to the large 

content of lipids or glycans in the structure [21]. Fig 1-1 illustrates the possible collision 

of protein to surface. The affinity of protein to any surface is determined by its 

independent acting domains.  

 

Figure 1-1: Schematic view of simplification of protein model, with hydrophobic, 

neutral hydrophilic, negatively and positively charged domains (sides). The 

adsorption occurred on the domains that can interact with a surface having 

comparable properties. Reproduced from Reference [14]. 

 

Other than the influence of the intrinsic properties of protein on the protein-surface 

interaction, the surface properties also play an important role, including surface 

morphology, surface energy, polarity and charge [22]. A series of experiments on 

materials with the potential applications on implant materials, biosensor surfaces and 

filter membranes have been performed to investigate protein adsorption behaviour on 

solid flat surfaces, especially self–assembled monolayers with various chemical 
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properties [23-29]. In most case, protein adsorption increases on hydrophobic substrates 

and decreases on hydrophilic substrates. As indicated in Fig 1.1,  the non-polar surfaces 

destabilize proteins and facilitate conformational reorientations due to the strong 

hydrophobic interactions [25]. In general, proteins tend to adhere more strongly to 

nonpolar surfaces than to polar ones, to high surface tension rather than to low surface 

tension surfaces and to charged rather than to uncharged surfaces [20]. 

The kinetics of protein adsorption is complicated, including factors such as surface 

diffusion, aggregation and conformational changes, which are sensitive to surface 

properties. For example, many investigations studied the effect of surface morphology on 

protein adsorption both experimentally and theoretically [30-33]. The overall effect of 

nano-topographic factors, including roughness, curvature and geometry, on protein 

adsorption is still not clear according to the recent reports. Cai et al. [34] studied the 

protein adsorption of titanium films with different topographies (2 nm < Rrms < 21 nm) 

produced by electron beam deposition. The protein adsorption results (with albumin and 

fibrinogen) indicated that nano-scale roughness had little effect. Han et al. [35] also 

reported that there was no obvious correlation between roughness (5 nm < Rave < 60 nm) 

and the amount of adsorbed protein (in the case of lysozyme). However, Rechendorff et 

al. [36] showed that the saturation amount of fibrinogen increased by about 70% with 

only 20% increase of surface area which was attributed to the nano-rough surface 

morphology. Dolatshahi et al. [37] also found similar results that the fibrinogen 

adsorption was influenced by surface roughness. Greater fibrinogen uptakes compared to 

more smoothly shaped surface features have been observed. The nano-rough surface 

morphology, in particular the sharp sidewalls of whisker-like surface protrusions, might 

force individual fibrinogen molecules to adsorb in a more upright position, thus, forming 

more closely packed protein layers leading to increased affinity [37]. The different results 

might be attributed to the methods applied to measure protein adsorption, the kind of 

protein and the roughness scale of the substrates. In our judgement, the inconsistent 

results require further investigation particularly the effect of surface roughness on protein 

adsorption behaviour, before general conclusions can be drawn.  
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Surface curvature as a measure of topography also influences protein-surface interaction. 

Lundqvist et al. [38] analyzed the adsorption of human carbonic anhydrase, a globular 

protein of comparable size to albumin, to the surface of silica nanoparticles with various 

diameters (6 to 15 nm) and found that particles with a larger diameter caused more 

perturbations of the protein secondary structure owing to larger particle–protein 

interaction surfaces. The same effect has also been reported from studies of the 

adsorption of egg lysozyme on silica nanoparticles of varying size (4, 20 and 100 nm) 

[39]. The author also reported that more α-helix structure of protein was lost on large 

silica nanoparticles. It is suggested that the decreased curvature of larger nanoparticles 

produced a shorter distance from the silica surface to the protein molecule and caused 

stronger interaction (Columbic and hydrophobic interaction). In contrast to small globular 

proteins, bigger conformational changes of fibrinogen on smaller nanoparticles (radius 

less than 30 nm) have been observed [40]. More studies are needed involving a broader 

range of proteins and different surfaces to explore the effect of curvature on protein 

adsorption. 

Current literatures suggested that the surface morphology and nano-scale roughness have 

influence on protein adsorption to the surface on the amount of adsorption, conformation 

change. More experimental results are needed in order to draw general conclusions. 

1.2.2 Bacterial adhesion 

Bacteria are prokaryotic cells with size range from under 1 µm to 10 µm. Their semi-

rigid walls are composed of phospholipids responsible for maintaining the three-

dimensional shape of bacteria. Gram-positive bacteria have thick cell walls consisting of 

many layers of peptidoglycan and teichoic acids, whereas Gram-negative bacteria have a 

relatively thinner cell wall but more complex structures, containing a few layers of 

peptidoglycan, polysaccharides, proteins and lipids [41]. Bacterial survival depends on 

membrane lipid homeostasis and bacteria have the ability to adjust lipid compositions to 

acclimatize to different environments [42].   
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Figure 1-2: Scheme of biofilm development. Reproduced from Reference [43]. 

 

Bacterial adhesion to a surface and consequent biofilm development can be described as 

a four-phase process as schematised in Fig 1-2, including 1) the transport of the 

bacterium to the surface, 2) the initial surface interaction with a reversible physical phase 

and the attachment by specific interactions, a time-dependent and irreversible adhesion, 

3) proliferation, formation of micro-colonies and synthesis of biofilm matrix and 4) 

maturation and detachment events [44, 45]. Other than the simple passive assembly of 

cells at the surface, the biofilms are structurally and dynamically complex biological 

systems consisting of an active aggregate of cells immersed in a matrix of extra-cellular 

polymeric substances (EPS). Biofilms trap nutrients from the environment and provide 

shelter for bacterial growth [46, 47]. In the final mature stage, biofilms release 

microorganisms back to the environment. As biofilms are particularly durable and 

persistent, the preventing of their initial formation to limit the detrimental impact is more 

effective than remediation [10]. Therefore, it is very important to control the initial 

attachment of bacteria to solid surfaces. Herein, we focus on the bacterial adhesion in the 

initial physical phase and bacteria substratum surface interactions.  

 



www.manaraa.com

8 

 

 

Figure 1-3: Scheme of the biofilm development. Details of the step 2 in the bacterial 

adhesion process. Reproduced from Reference[43]. 

 

Bacteria prefer to grow on available surfaces rather than in the surrounding aqueous 

phase [48, 49]. The physiochemical forces that control the initial attachment of bacteria 

are primarily Brownian motion, Van der Waals attraction forces, gravitational forces, 

electrostatic, hydration and hydrophobic interaction, followed by other short-range (< 5 

nm) stereospecific interactions, such as chemical bonds, ionic and dipole interactions, 

hydrophobic interactions, mediate irreversible adhesion and attachment of the 

microorganism to a surface [50]. Fig 1-3 displays detailed information about the process 

of the initial surface interaction with a reversible physical phase and the attachment by 

specific interactions. Molecular specific reactions between bacteria and substrate surface 

are predominant in the short range of adhesion process, forming a stronger adhesion 
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between bacteria and a surface through a selective bridging function of bacterial surface 

polymeric structures including capsules, fimbriae/pili and slime. [44].  

Bacterial adhesion is a complicated process that is affected by many factors, including the 

environment, the presence of serum proteins or bactericidal substances, the properties of 

the target surface and the intrinsic characteristics of the bacteria itself [44]. Our focus is 

on how the properties of surfaces influence bacterial adhesion. 

Surface properties, e.g. material hydrophobicity and surface charge, influence bacterial 

adhesion. Generally, bacteria with hydrophobic properties prefer hydrophobic surfaces, 

while bacteria with hydrophilic characteristics prefer hydrophilic surfaces [44, 51]. 

Hydrophilic materials are more resistant to bacterial adhesion than hydrophobic materials 

[44, 52-54]. Bacterial adhesion is hindered by surface modification with ethylene glycol 

(EG) monolayer. The EG provides a template for water nucleation and forms a stable 

interfacial hydration layer [55, 56]. Bacteria in aqueous suspension are always negatively 

charged [57]. It was reported that the tested bacterial strains adhered rapidly to positively 

charged surfaces, although no subsequent growth of the Gram-negative strains was 

observed [58]. Long-range electrostatic forces may influence the initial phase of bacterial 

adhesion; positively charged surface can only inhibit growth of some adhered bacteria. 

Surfaces with bactericidal substances displayed a decreased adhesion [59-63].  

Surfaces of the same materials and surface chemistry may have different bacterial 

attachment affinity in the same environmental conditions owing to different surface 

topography [45]. It has been shown that in general surfaces with higher roughness 

promote better bacterial adhesion owing to the greater surface area compare to smoother 

surface [64, 65]. However, Harris et al. [66] found that no differences between the 

adhesion of S.aureus on micro-scale rough standard titanium and smooth electropolished 

titanium surfaces under static conditions in vitro. Bacterial adhesion affected by micro-

scale surface features has yet to be extensively studied, while few studies addressed the 

effect of nano-scale topography on bacterial response [67]. In an early work [68], a small 

increase in Ra values (0.04-1.24 µm, the surface roughness of a substratum was evaluated 

by laser profilometry), resulted in a significant increase of bacterial attachment, 



www.manaraa.com

10 

 

compared to a larger increase of surface roughness (Ra=1.86-7.89 µm), although both 

adhesion values were higher than on smooth surfaces. A similar non-linear relationship 

between bacteria adhesion to the increase of roughness has been obtained by using AFM 

to measure the surface roughness and bacteria adhesion image [69]. More bacteria 

adhesion on a modified nano-scale smooth surface with an average surface roughness of 

1.3 nm than the native sample surface with an average roughness of 2.1 nm was 

observed. This inverse relationship manifested that bacteria might be more susceptible to 

nano-scale surface roughness. The surface nanotopography was also found to stimulate 

the exerting of bacterial exopolysaccharide (EPS), which promote adhesion [70]. 

Furthermore, the surfaces with certain pattern or some hierarchical structure roughness 

might possess superhydrophobic wettability. These surfaces with self-cleaning ability 

demonstrated resistance to bacterial adhesion [71, 72]. Discussion of these concepts 

follows in later sections.  

1.3 Strategies to prepare antifouling surface 

Several strategies have been developed to fabricate antifouling surfaces or to overcome 

problems of biofouling on surfaces, such as the chemical modification involving biocidal 

agents and fouling release coatings, and the introduction of surface modified coatings 

with appropriate surface patterns and structures. Herein, methodologies towards 

preparing antifouling coatings are reviewed and those methods are basically categorized 

into two directions: 1) active methods, with intrinsic bactericidal properties such as metal 

and metallic oxide nanoparticles, carbon nanotubes and fullerenes, polycations (chitosan) 

and polysaccharide (antimicrobial peptides) and 2) passive methods, showing resistance 

to the adhesion of microorganisms including hydrophilic and superhydrophobic surfaces.  

1.3.1 Active antifouling coatings 

Metal and metallic oxide are among the most commonly studied active agents and 

applied for antibacterial applications [73]. The germicidal activity of metal, both as free 

or complexes species, is well known and has been well documented. Compared to the 

bulk micro-size structures, nanomaterials with size less than 100 nm possess unique 

properties (such as high surface-to-volume ratios, high reactivation and so forth) due to 
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size effects and surface phenomena at the nano-scale. A variety of metallic nanoparticles 

and compounds with bacteriostatic and bactericidal properties have been reported 

including copper [74-78], zinc oxide [79-82], magnesium oxide [59, 83], iron [84, 85], 

iron oxide [86-88] and titanium oxide (TiO2) [89]. Production of reactive oxygen species 

(ROS) or heavy metal ions, which would result in oxidative damage to bacterial 

membranes, proteins and DNA, is the main mechanisms of antibacterial activity of metal 

oxides [59, 90, 91]. In addition, penetration of metal oxide nanoparticles into cells [59], 

electrostatic interactions [53] as mechanism of antibacterial activity have also been 

proposed. Among the metal with antibacterial properties, silver is the most promising and 

potent agents [81, 92]. 

Silver has been in use for the treatment of burns and chronic wounds for centuries in the 

form of metal silver, silver nitrate and silver sulfadiazine [93]. In the industrial field, 

silver nanoparticles and silver ions loading materials are dominated in the inorganic 

disinfection agent application due to its broad biocide spectrum and high efficiency. 

Possible mechanisms of antimicrobial action of silver ions have been suggested 

according to the morphological and structural changes in the bacterial cells. When silver 

ions are close enough to bacterial cell wall, the Coulomb attraction owing to opposite 

charges carried by silver ions and cell membrane, drives the coordination of silver ions to 

cell membrane. Thus, silver ions penetrate inside the bacterial cell and react to the thiol 

group proteins, resulting in the DNA molecules turn to the condensed form and lose the 

replication ability, eventually leading the death of cells [93]. Silver ions may also 

inactivate protein by acting with the sulfur containing protein [94]. As for the 

mechanisms of silver nanoparticles, it was demonstrated that the toxicity of various silver 

nanoparticles followed the dose-response pattern of bacterial exposed to silver ions [95]. 

It is believed that the silver ions released from silver nanoparticles exert the toxicity to 

bacteria instead of the silver nanoparticle itself. The antibacterial activity of silver 

nanoparticles can be controlled by modulating silver ions release through manipulation of 

oxygen availability, particle size, shape and types of coating [95].  
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Figure 1-4: Schematic photoexcitation on TiO2 after UV excitation. Reproduced 

from Reference [96]. 

 

TiO2 is one of the most effective photocatalysts because of its strong oxidizing power, 

non-toxicity and long-term photostability. It is well-known that photocatalytic activity is 

strongly related to the physical properties including crystallinity, crystal structure, 

particle size, specific surface area (SSA) and morphology. As reported, TiO2 has three 

main types of crystalline structures, known as anatase (tetragonal, band gap = 3.2 eV, 

which is equivalent to a wavelength of 388 nm), rutile (tetragonal, band gap = 3.02 eV) 

and brookite (orthorhombic, band gap = 2.96 eV) [97]. Anatase and brookite are 

thermodynamically metastable phases at lower temperatures and the bulk rutile is the 

most thermodynamically stable polymorph. An irreversible phase transition from 

brookite to anatase and to rutile usually occurs with increasing temperature [98]. Anatase 

and rutile phase are commonly used as photocatalysts, and most practical work has been 

carried out with either rutile or anatase [96]. In contrast, brookite has attracted much less 

interest due to the generally considered lack of photocatalytic activity, although 

continuing studies have shown that brookite is photocatalytically active [99]. 

TiO2 as a photocatalyst has been extensively studied over recent decades for the strong 

oxidizing power when illuminated by UV light with wavelength <385 nm. When light 

absorption with energy equal to or greater than the band gap energy of the TiO2, electron-
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hole pairs are generated at the surface of the TiO2. Upon excitation, the photoinduced 

electron-hole pair is separated into a free electron and a free hole. The electron and hole 

either transfer to the surface of the photocatalyst or trapped there. Fig. 1-4 shows the 

electron-hole excitation process, characteristic surface reaction and some of the de-

excitation pathways [96]. At the surface, the electron can transfer to atmospheric oxygen 

to form superoxide ions (O2
•-) and holes can react with adsorbed H2O or OH- at the 

catalyst/water interface to produce the highly reactive hydroxyl radicals (•OH). The 

photocatalytic process generates reactive oxygen species (ROS) such as hydroxyl radical 

(•OH), hydrogen peroxide (H2O2) and superoxide (O2
•-) which can oxidize and 

decompose many types of organic compounds and microbial organisms, such as cancer 

cells, viruses and bacteria [100-102]. Complete oxidation of organic compounds and 

whole cells to carbon dioxide can be achieved without crating secondary pollution [103]. 

Moreover, it also simultaneously degrades the toxic compounds released from the 

bacteria [104].  

With excellent chemical stability, low cost and non-toxicity, TiO2 became attractive for 

practical applications. Since 1985, the first report about that TiO2 photocatalyst could kill 

bacterial cells in water, a variety of research works have been carried out related to the 

bactericidal effect of TiO2 photocatalyst [89]. Fig. 1-5 schematically illustrates the 

process of photodegradation of bacterial cells. Hydroxyl radicals produced during the 

illumination process on TiO2 surfaces may harm cellular macromolecules (e.g. lipids, 

proteins and nuclei acids) and promote other deleterious changes in bacterial cells (e.g. 

phospholipids peroxidation) [105]. The loss of bacterial respiratory activity owing to 

oxidation/reduction of the intracellular Coenzyme A (CoA) will cause bacteria death. If 

the TiO2 particles are sufficiently small, they can penetrate the cell and implement the 

photocatalytic process inside and directly attack intracellular components [105]. Most 

studies reported the killing or inhibition of bacteria growth by using TiO2 nanoparticles 

owing to the very large surface area and high efficiency. Lu et al. [106] have reported a 

possible bactericidal mechanism of the illuminated TiO2 thin film. The cell wall was 

decomposed first and then the cell membrane was destroyed, resulting in the leakage of 

intracellular molecules and eventual cell death. 
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Figure 1-5: The photodegradation of bacteria. Reproduced from Reference [105]. 

 

Considering to expand the application field to indoor condition in the absence of UV-

light and to utilize the solar energy efficiently, it is necessary to develop titania with 

photoresponse capacity within the visible range. Several methods have been used to 

improve the photocatalytic properties and antibacterial activities, including the reduce 

form of the band gap energy via surface modification with metal or another 

semiconductor and the generation of a defect structure to induce space-charge separation 

through metal or non-metal dopants. For instance, Yu et al. [107] described that 96.7% 

Gram positive bacterium Micrococcus lylae (3×106 CFU mL-1) were killed by S-doped 

TiO2 nanoparticles after 1 hour visible light illumination (100 W tungsten halogen lamp 

with 420nm filter). The doping of commercial TiO2 powder with nitrogen and sulfur by 

direct heating the mixture of TiO2 with thiourea showed high photocatalytic activity 

towards E.coli inactivation (~104 CFU mL-1) under blue light illumination [108]. Li et al 

reported enhanced photodisinfection of E. coli by using carbon and nitrogen co-doped 

TiO2 [109]. The addition of noble metals such as gold and silver as electron trapper to 

reduce the electron-hole recombination rate also lead to the increase of photocatalytic 

efficiency. Wu and co-workers [110] studied the visible light induced bactericidal effect 
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of TiO2 co-doped with nitrogen and silver. The resultant co-doped powder samples 

showed the survival fraction of E. coli <10-5 within approx. 30 min irradiation, which is 

fastest ever reported using TiO2 based photocatalyts.  

Compared to the application of nanopowders, which in some practical applications 

require extra nanopowder filtration and recollection processes and have the potential 

environmental pollution risk, the form of a thin film is more favourable. Many techniques 

have been developed to coat surfaces with photocatalyts including wet methods such as 

sol-gel and spraying, or dry processes, such as ion-assisted electron beam evaporation, 

reactive sputtering, pulsed laser deposition and chemical vapour deposition [111-117]. 

Shieh et al. [115] developed a defective TiO2 thin film on glass and steel substrates using 

radiofrequency sputter technique. They demonstrated a stronger antibacterial 

performance against E.coli than plain TiO2 nanoparticles, with a killing efficiency of 

approximately 99.99% versus 50% under 5 h illumination of four 15 W fluorescent 

lamps. Wong et al. [114] demonstrated disinfection of various bacterial strains using 

nitrogen-doped TiO2 films and carbon-doped TiO2 films, prepared in an ion-assisted 

electron bean evaporation system. The study showed that nitrogen-doped TiO2 films had 

better visible light photocatalytic bactericidal activity against human pathogens than TiO2 

film and carbon-doped TiO2 films. Several pathogens also showed resistance against 

ROS attributed to the presence of the enzyme system. The presence of protein such as 

BSA or dye contaminant in the solution will inhibit the antibacterial performance. The 

mechanism remains to be further investigated.  

Gram-negative bacteira E.coli and Gram-positive bacteria S.aureus are two commonlt 

used organism models in antimicrobial tests. Although some researches claimed that 

E.coli is more easily deactivated under photocatalytic reaction than S.aureus caused by 

the thinner cell wall [118], it should be noted that S.aureus is more light sensitive and 

spontaneously exhibits a high kill rate purely from the light source [119], while Gram 

negative bacteria are far less susceptible to light-activated antimicrobial agents [120]. 

Therefore, E.coli is harder to kill than S.aureus [121]. The antibacterial activities of TiO2 

based photocatalyst are dependent on bacterial strains, light source, irradiation time, 

photocatalyst type, structure and the concentration. As there are no standardized 
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conditions for photocatalytic inactivation of bacteria, a direct comparison among the 

reported photosterilization activity data of TiO2 under UV or under visible light 

irradiation is not realistic. However, N-doped TiO2 is less effective than the pure TiO2 

under UV light irradiation, because the recombination sites from the dopant ions lead to 

the faster recombination of the electron-hole pairs, preventing the antimicrobial effects 

[121]. 

Carbon nanotubes (CNTs) and graphene have attracted great attention owing to the 

unique electrical properties and structural characteristics. CNTs with high surface areas 

and strong adsorption capacities as an effective dopant to TiO2 based photocatalytic 

materials give rise to the enhanced visible light photocatalytic performance and improved 

bacterial inactivation [122]. CNT nanocomposites were reported to be resistant to protein 

adsorption [123]. Graphene-based nanomaterials (graphene oxide GO) also suppressed 

the growth of E.coli with mild cytotoxicity [124]. The antibacterial activity was attributed 

to the membrane stress induced by sharp edges of graphene nanosheets, leading to the 

damage of cell membranes and leakage of RNA [125].  

1.3.2 Passive antifouling coatings 

The surface chemistry of a solid substrate is one of key determinants of the initial 

adhesion, formation, stability and release of adhesion of fouling organisms to a surface 

[126]. Surface energy, mechanical properties and wettability also play an important role 

in the surface resistance to biofouling [127]. A general relationship (Baier curve) between 

surface tension and the relative amount of bioadhesion demonstrates that the minimal 

fouling is at a critical surface tension of 22-24 mN m-1, which is equal to the cost for 

water rewet the surface [126]. One method of varying surface energy without changing 

the bulk materials is through surface modification by introducing materials fall above the 

zone of low cell adhesion defined by Baier. 

In recent years, the polymer modification on various substrates to construct the 

antifouling surfaces has attracted much attention, especially after the development of 

surface initiated living radical polymerization techniques, e.g. reversible addition-

fragmentation chain transfer (RAFT) polymerization and atom transfer radical 
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polymerization (ATRP). The advantages of the polymer modification include, 1) low cost 

of the abundant available monomers; 2) the well-defined surface chemistry of polymers; 

3) the facile surface patterning as a means to construct various nanostructures on 

substrates; and 4) the advanced functionalities of polymers, e.g. stimuli-responsive 

polymers. In general, the adhesion strength of bioactive molecules to polymer surfaces 

(A) is dependent on the polymer modulus (E) and surface energy (ɤ), A~(Eɤ)0.5 [128]. 

As a consequence, a number of polymers having low surface energy, including 

poly(ethylene glycol) (PEG), fluoride poly(methyl)acrylates, zwitterionic polymers, and 

polyelectrolytes, have been investigated for antifouling surface coating; besides, the low 

modulus polymers, e.g. poly(dimethylsiloxane) (PDMS) and polyurethane (PU) have 

been studied for the fouling release properties. 

PEG with rather low polymer-water interfacial energy (σ < 5 mJ m-2) is a completely 

biocompatible polymer and has been widely used in biomedical industries [129]. The 

antifouling property of PEG modified substrates was firstly revealed in the studies of 

self-assembled monolayers (SAMs) of oligo (ethylene glycol) functionalized 

alkanethiolates on Au films by Prime and Whitesides [130]. SAMs composed of 

HS(CH2)11(OCH2CH2)6OH and HS(CH2)11CH3 strongly prevented the protein adsorption 

on the modified substrates, when the hydrophilic thiolates reached above 60 mol. The 

theoretical calculation demonstrated that the chain length and grafting density of PEG on 

substrates played important roles in the antifouling behaviour [131]. The hydrated PEG 

layer acted as a kinetic “barrier” of substrate surfaces. Despite hydrophobic interaction 

between proteins and substrates, protein molecules approaching to the substrate surface 

compressed the hydrated PEG chains, resulting in a strong steric repulsion force of PEG 

chains and the unfavourable enthalpy. The short PEO chain with low surface coverage 

might lead the failure of antifouling due to the insufficient repulsion force [132, 133]. For 

example, using the “grafting to” approach where PEG chains were directly attached to 

substrates through the covalent bonding, the obtained surface could not inhibit the 

adsorption of bacteria [134]. Given that high surface coverage of PEG chains on 

substrates is required, the “grafting from” polymerization technique has been applied to 

in situ grow dense PEG chains on substrates [133, 135]. Using surface-initiated ATRP 

with a trimethoxysilane-based initiator, Tugulu et al. have systematically studied the 
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effect of PEG chain density on the nonfouling properties [135]. At high grafting density, 

the PEG grafts in the brush state detached from the substrate and had the highest 

resistance to the protein adsorption; while, the decrease of PEG grafting density that gave 

rise to the mushroom conformation of polymer chains on the substrate, resulted in the 

increase of protein attachment. However, the stability of PEG in biomedical environment 

limits the in vivo application, due to the autoxidation of PEG in the presence of transition 

metal ions and oxygen radicals. 

The Zwitterionic polymers resembling the phospholipid design of cell membranes are 

composed of both positively and negatively charged repeat units. The non-fouling 

mechanism of Zwitterionic groups is attributed to the hydration layer of water molecules 

that bond to the charged terminal groups through solvation, and thus does not allow the 

attachment of proteins. Whitesides’s group rendered the combinations of charged groups 

on SAMs to resist the nonspecific adsorption of proteins, using the mixed thiolates with 

trimethylammonium and sulfonate end groups [136]. The neutral surfaces formed by 1:1 

positive and negative charge groups considerably prevented the nonspecific adsorption of 

proteins, while the single-component SAM with net positive or negative charged surface 

fully covered with monolayer of proteins. The resistance of Zwitterionic group 

functionalized surface to proteins presented the interesting dependence on the ionic 

strength and pH of solution. This suggested the possible design of stimuli-responsive 

protein adsorption, that is, proteins attach on surface at low ionic strength while detach at 

high ionic strength. Compared to the PEG surface, Zwitterionic polymers can 

significantly improve the stability. A number of Zwitterionic polymers based on 

poly(carboxybetaine) and poly(sulfobetaine) have been studied as non-fouling surfaces to 

protein, blood, and bacteria in recent years refer to Fig. 1-6 [137]. To avoid the complex 

design of Zwitterionic monomers, Chen et al. have designed the polyelectrolyte hydrogel 

composed of a variety of positively and negatively charged monomers [138]. The mixed 

charged groups (e.g. amine and carboxylic acid) formed the random network of charge 

distribution in nano-sized domains can substitute the Zwitterionic monomers. They 

demonstrated excellent antifouling properties of hydrogels from the simple, costless and 

commercialized monomers, similar to the ionic solvation behaviour of Zwitterionic 

monomers.  
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Figure 1-6: The chemical structures of polymers for antifouling coating. 

 

Polycations are known for the antibacterial and anti-cell adhesion properties in solution 

due to their diffusion across the bacterial membranes and disruption of the membranes. 

Due to the bactericidal ability, they should be categorized as active agents for 

antibacterial adhesion. However, we mentioned them in this section because of their 

polymer intrinsic properties. A number of polymers with primary, secondary or tertiary 

amine groups (e.g. poly(4-vinyl pyridine) (P4VP), poly(2-dimethylaminoethyl 

methacrylate) (PDMAEMA), polyethylamine (PEI) and polyallylamine (PAAm)) have 

been investigated as antifouling coatings in the form of quaternary ammonium refer to 

Fig. 1-6 [139-141]. Lin et al reported the effect of chemical structures of quaternary 

ammoniated PEI on the antibacterial properties [142]. The unreacted PEI only showed a 

bactericidal efficiency of 14%; while the increase of chain length of alkylation on PEI 

quickly improved the bactericidal efficiency up to 80% for hexyl groups. It was possible 

due to the increase of penetration of quaternary ammoniated PEO through the 

hydrophobic membrane by increasing its hydrophobicity. Lee et al also demonstrated the 

antifouling behaviour of quaternary ammoniated PDMAEMA by using the surface-

initiated ATRP [140].  
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Other than the low surface energy polymers, the fouling release properties of low 

modulus polymers are of interest in the field of bioimplants, artificial vessels and 

biomimic devices that serve in dynamic fluids [143-145]. The apolar surfaces of the 

rubbers or elastomers (e.g. silicone, PDMS and PU) can easily be attached by proteins or 

bacteria in aqueous media, whereas such surfaces have low modulus that result in the 

easy detaching of proteins or bacteria under hydrodynamic forces [129]. As these 

polymers are environmentally friendly, the possible application of these polymers for the 

marine bio-antifouling coating has been intensively studied. Callow et al. studied the 

effect of PDMS film modulus and thickness on the fouling release of spores by varying 

the cross-linking density of PDMS [143]. The detaching of spores only occurred at the 

modulus ~0.2 MPa. To improve the adhesion and antifouling properties of PDMS coating 

to substrates, the copolymers of PDMS/PU or PDMS/polyacrylates have been 

investigated [146, 147].  

In contrast to complete wetting surface, which forms the hydrated interfacial layer, the 

other approach to prevent microbes coming into contact with the surfaces is developing 

superhydrophobic or superoleophobic surfaces.  

Static contact angle θ (CA) is the primary parameter and the most straightforward method 

to characterize the surface wettability. The contact angle is affected both by the surface 

chemical nature and roughness. The affinity of a flat (atomically smooth, chemically 

homogeneous) surface towards a liquid is defined in terms of the “flat” (or intrinsic, or 

Young’s) contact angle, 
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where γ is the surface energy or surface tension, subscripts S stands for solid, L stands for 

liquid and A stands for air. The solid-liquid surface energy can be approximately 

estimated by the other two as follows [148]: 
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(2) 

If the liquid wets the surface, the value of the static contact angle is 0 ≤ θ ≤ 90o and the 

corresponding surface is hygrophilic (where the prefix hygro means liquid in Greek, can 

be replaced by hydro-, oleo-, etc., depending on the wetting liquid) [149], whereas if the 

liquid does not wet the surface, the value of the contact angle is 90o < θ ≤ 180o and the 

corresponding surface is called hygrophobic For water (surface energy γLA = 73 mJ m-2) 

the best non-wetting situation on a flat surface is achieved by terminated with the -CF3 

group, which lowers the surface energy to γSA ~ 6 mJ m-2. The value of the intrinsic 

(Young’s) CA for water on such a surface is θflat ~ 120o which is close to the estimation 

via Eqs.(1) and (2) [150]. By contrast, many organic liquids such as oils and alcohols 

have very low surface energies (e.g. γLA = 27.6 mJ m-2 for hexadecane, γLA = 22.5 mJ m-2 

for methanol). Consequently, even on the chemically least energetic surface terminated 

with -CF3 groups, the intrinsic CA for typical oils such as hexadecane is θflat ~ 78o. In 

other words, all flat solid surfaces in nature are intrinsically oleophilic (in terms of the 

Young’s CA) no matter their chemical compositions. This circumstance has profound 

consequences on the design of super-oleophobic surfaces, as we describe in more detail 

below. 

Real surfaces are always rough, which introduce a multitude of metastable states, thus 

one may observe different apparent contact angles for a surface. The CA at the front of 

the droplet (advancing contact angle) is greater than the one at the back (receding contact 

angle), resulting in contact angle hysteresis (CAH), which is the difference between 

advancing and receding contact angles due to surface roughness and heterogeneity [151]. 

CAH is a measurement of energy dissipation during the flow of a droplet along a solid 
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surface [152]. Surfaces with a CA of less than 10o are called superhygrophilic, while 

surfaces with both advancing and receding contact angle for liquid droplet exceed a value 

of 140o called superhygrophobic [153]. Such a superhygrophobic surface is also 

characterized by a low CAH, which has a common qualitative feature that liquid droplets 

do not stick to such a surface and easily roll off from the surface when the surface is 

titled. The definition of superoleophobic is high CA for organic liquids with low 

hysteresis. 

A multitude of wetting behaviours on surfaces can be divided into two major classes (1) 

homogenous and (2) heterogeneous. Two theoretical models are widely used to explain 

the wettability phenomena of surfaces. Homogenous wetting is where the liquid wets all 

the details of a rough surface and is described by the Wentzel’s model [154] In the 

Wentzel’s model, the roughness r (r > 1) of a surface is known to amplify both its 

hygrophobicity and hygrophilicity, comparing to a chemically identical and flat surface: 

)cos()cos( flatrough r θθ =        
(3) 

According to the Eq.(3), both hygrophobicity and hygrophilicity are enhanced by 

roughness, θadv < θflat , in the hygrophilic case (θflat < 90o); and on the other side, θadv > 

θflat , in the hygrophobic case (θflat > 90o). However, the receding contact angle is very 

low in the Wenzel state, and consequently has a very high CAH because the liquid 

droplets remain pinned in the roughness valleys. 

The second class of wetting behaviour is heterogeneous wetting and is described by the 

Cassie-Baxter model [155], where the liquid droplets only contact the top of the 

roughness asperities, staying in contact with a fraction f1 of the rough solid surface. The 

liquid does not penetrate the roughness valleys as seen in Fig.1-7. It is this relation that 

provides the superhygrophobic property to surfaces. In general, it is approximately 

described by the formula: 
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21rough )cos()cos( ff flat −= θθ   with   f1+f2 ≥ 1         (4) 

where f1 is defined as the total area of solid under the drop per unit projected area under 

the drop, with θflat is the CA on a smooth surface of material 1, f2 defined in an analogous 

way with material 2 as air (θ2 = 180o) [156]. 

 

Figure 1-7: Three different wetting models. (1) Young’s model, (2 ) Wenzel model 

and (3) Cassie-Baxter model. 

 

As described in Cassie-Baxter model, one can achieve very high apparent CA with low f1, 

which implicitly assumes the CAH is low. It is easy to realize the Cassie-Baxter state in 

the case of water on the surfaces which are intrinsically hydrophobic (θflat > 90o for 

water). In such a case, a hydrophobic material has higher surface energy when it is wet 

than when it is dry; Water does not penetrate the rough valleys because it is energetically 

unfavourable [157, 158]. It is not surprising that there exist a large number of known 

superhydrophobic surfaces discovered in nature (such as the lotus leaf [159] and water 

strider’s leg [160]) and artificial structures [161] but superoleophobic surfaces are still 

extremely rare in nature [162].  

It is easy to see why superoleophobic surfaces are exotic. If a surface is intrinsically 

hygrophilic when flat (θflat < 90o, which is typical for most oils on flat natural surfaces), 

then the condition described in Eq. (4) can not be satisfied for any roughness r. Thus, the 

Cassie-Baxter state can at best be metastable. If sufficiently large perturbations (such as 

pressure) are applied to an oil droplet, the oil will eventually wet any rough surface.  
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However, low-surface energy liquid droplets such as oil (θflat < 90o) can be kept in the 

metastable Cassie-Baxter state for a sufficient long time, showing that some local 

stability criteria for a liquid-solid contact line are met [149, 157, 163]. While a detailed 

description of these conditions is out of scope of the present work, here we only note that: 

(i) the intrinsic CA at the contact line must be equal to the value at flat surface θflat; (ii) 

parts of the roughness asperities where the contact line finds a stable position must be of 

a convex shape. It has been shown [149, 164], that for low-surface energy oil-like liquids 

(θflat < 90o) the above conditions can be satisfied in the case when surface morphology 

bears some “over-hanging” or “re-entrant” features [162, 165-167]. However, to reduce 

the fraction f of a rough surface in contact with a liquid in Eq. (4), such a surface must 

possess rough features on a multiple scale, ideally like a fractal [164].   

The natural lotus leaf surface is one of the most typical examples of the self-cleaning 

effect as a result of combined low surface energy chemicals and the micro-nano structure 

surface [159, 168]. Many other biological materials also exhibit excellent surface 

wettability [169]. Contaminant particles can be easily removed from the surface when 

water droplet roll off the surface. Inspired by the hierarchical structure features and 

mechanisms of the self-cleaning, many superhydrophobic surfaces have been developed 

through creating surfaces with appropriate chemical composition and hierarchical 

geometrical structures using top-down or bottom-up approaches or the combination of the 

two methods [170]. One of the most frequently applied methods is silanization of 

hydroxyl group bearing rough surfaces through chlorosilanes or ethoxysilanes. Other than 

isotropic hierarchical structures, anisotropic wetting surfaces fabricated through chemical 

patterning also showed superhydrophobicity.[169] Air trapped in the nanostructures of 

those superhydrophobic surfaces plays a key role in the self-cleaning property. Some 

research groups have recently reported the possibility of using superhydrophobic surfaces 

to resist bacteria adhesion and consequent colonization [72, 153, 171]. Ma et al. [72] 

studied the adhesion of biological (P.aeruginosa) and nonbiological particles on natural 

taro leaves with hierarchical structures and confirmed that the nanostructure could resist 

particle/bacterial adhesion under both wet and nonwet conditions. However, in the 

bacterial adhesion experiment process, 30 min immersion period in bacterial solution is 

quite short. Recently Fadeeva et al. reported that S.aureus was shown to be able to 
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colonize on the lotus-like Ti surfaces [172]. Truong et al. also found four different 

bacteria attached to the lotus-like Ti surfaces after 1 h immersion period due to the 

replacement of trapped air by the incubation medium [173].  

Compared to superhydrophobic surface, superoleophobic surface is relative harder to 

achieve owing to critical requirement on the structure parameters. Some superoleophobic 

surfaces have been developed by the creation of re-entrant or overhanging features and 

multi-scale hierarchical structures [162, 165-167, 174-179]. Most of these research 

focused on propose fabrication processes and few studies have considered the 

applications such as antifouling from biological and organic contaminants.  

1.4 Scope of the thesis 

The overall objectives of the research work presented in this thesis are to develop 

strategies and methodologies to fabricate nanostructured materials and composite 

materials which have the ability to resist bacterial adhesion. TiO2 is identified as a unique 

material with significant potential owing to its excellent photocatalytic ability, chemical 

inert property and because it is environmentally friendly. The self-sterilizing property 

also gives TiO2 materials have many fascinating applications. In particularly, we have 

synthesized active antibacterial TiO2 nanomaterials that kill bacteria under UV 

illumination or in the dark. A green and low-cost method to involve silver nanoparticles 

in TiO2 nanothin film matrix to enhance the antibacterial property has been investigated. 

Furthermore, we have synthesised nitrogen doped TiO2 nanomaterials (nanoparticles and 

nanothin film) to promote the antibacterial properties to visible light range. By applying 

liquid phase deposition (LPD) method through the control of nucleation process by 

adding seed, TiO2 coatings with controllable structures have been achieved. More 

importantly, we have designed, fabricated and characterized durable superoleophobic 

composite surfaces based on polymer matrix and nanoparticles. We have demonstrated a 

novel method that has a potential to develop a number of polymer-nanoparticle 

composites with multiple functions. The study of antibacterial adhesion and protein 

adsorption of the resultant polymer-nanoparticles composite coatings with 

superoleophobicity showed excellent antifouling properties, which have the potential to 

apply in the biomedical field. 
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In Chapter 2 and Chapter 3, active component was involved to fabricate antifouling 

surfaces. We developed a strategy to prepare TiO2 nanothin film on silicon wafers with 

various silver content. Nitrogen doped TiO2 nanomaterials have also been prepared to 

expand the application field to visible light range and to utilize the solar energy 

efficiently. The morphology of the resultant nanomaterials was controllable by tuning the 

molar ratio composition in the precursor solution. Different characterization methods 

were used to analyze the prepared films and nanoparticles. The antibacterial ability of the 

obtained thin films and nanoparticles on Gram-negative bacteria was tested.  

In Chapter 4, TiO2 coatings were deposited on the interested substrates, such as butyl 

rubber, silicon wafer and cotton sheet, at mild environmental conditions by using the 

LPD approach. SEM and AFM have been used to observe the surface morphology of the 

resultant coatings. The morphology of the thin film can be controlled by tuning the 

solution composition which, in principle, tunes the formation mechanism of TiO2 film. 

After surface fluorination treatment, the TiO2 coatings with hierarchical structure became 

superoleophobic. Furthermore, preliminary results on antibacterial adhesion have been 

explored.  

In Chapter 5, we described an easy method to fabricate superoleophobic and conductive 

dual-functional coatings which are also flexible and stretchable. The durability of the 

resultant nanocomposite coatings have been tested by tape test. The conductivity and 

wettability as the function of stretch was measured. In the work described in Chapter 6, 

the same design principle of superoleophobic surface was applied to involving TiO2 as 

another nanoparticle loading. The formed structures were characterized and process was 

optimized. The distribution of the nanofillers and surface roughness of the resultant 

composite coatings was further investigated. The resultant superoleophobic surfaces are 

evaluated regarding their non-fouling performance by resisting protein adsorption as well 

as bacterial adhesion. 

Finally, a general discussion and some future work are presented in Chapter 7. 
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Chapter 2 

2 Synthesis of Ag-TiO2 composite nano-thin film for 
antimicrobial application 

2.1 Introduction 

Researchers have shown constant interest in developing antimicrobial materials 

containing various organic chemical antibiotics and inorganic substances. Among these 

fine structural functional materials, nanosized organic and inorganic particles have 

attracted increasing attention in medical applications due to their unique properties and 

amenability to biological functionalization [1-3]. Compared with the organic 

antimicrobial materials, the key advantages of inorganic antibacterial agents are 

improved safety and stability. Titanium dioxide (TiO2) is one of the most effective 

photocatalysts currently in use due to its strong oxidizing power, non-toxicity and long-

term physical and chemical stability. It has been widely used for the decomposition of 

organic compounds and microbial organisms, such as cancer cells, viruses and bacteria as 

well as its potential application in sterilization of medical devices and air-conditioning 

filters owing to its self-sterilizing property [4-7]. When irradiated with near UV light, 

TiO2 exhibits strong bactericidal activity [8]. The photo-generated holes and electrons 

react with water and oxygen respectively to form hydroxyl radicals (˙OH) and other 

reactive oxygen species, such as singlet oxygen (O2
-), and hydrogen peroxide (H2O2) [9]. 

Thus, TiO2 and TiO2-deposited materials could kill bacteria and also simultaneously 

degrade the toxic compounds exhausted from the bacteria [7]. Complete oxidation of 

organic compounds and the whole cells to carbon dioxide can be achieved [10]. 

However, its drawbacks of the low quantum yields and the lack of visible-light utilization 

hinder its practical application. To overcome these problems, numerous studies have been 

recently performed to enhance the photocatalytic efficiency and antibacterial activities, 

such as doping noble metals [11-14]. It is reported [15-17] that loading of silver 

nanoparticles highly enhances the photocatalytic activity of TiO2. The enhancement is 

attributed to its ability to trap electrons at Schottky barriers at each Ag-TiO2 contact 

region, which reduces the recombination of light generated e--h+ at TiO2 surface. 
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Therefore charge separation is promoted and more electron transfer occurs, and 

consequent longer electron-hole pair lifetimes. 

Silver metal and silver solutions have been known as effective antimicrobial agents for 

centuries, owing to a broad spectrum of antibacterial activity as well as low toxicity 

towards cells [18]. Several studies have been reported to explain the inhibitory effect of 

silver on bacteria. In general, it is believed that silver ions interact with proteins by 

reacting with the SH groups present in bacteria, leading the inactivation of the proteins 

[19]. Moreover, silver ions can interact with DNA of bacteria preventing the cell 

reproduction [20]. Both effects lead to the death of the bacterial cells. In contrast to the 

use of silver ions, silver nanoparticles are long lasting, stable and are subject to controlled 

release. Especially with decreasing of the silver crystal size, there are more chemical 

reaction sites available. Silver-doped materials are chemically durable and release silver 

ions for a long period time. It is promising to fix silver nanoparticles on various supports 

[21-24], to perform as an excellent antibacterial coating in the food industry, water 

disinfection and other disinfection related fileds.  

The importance of silver in medical applications and antibacterial activity of TiO2 

together led researchers to think about the manufacture of systems combing both titania 

and embedded silver compounds or silver nanoparticles, to expand the nanomaterial’s 

antibacterial functions to a wider variety of working conditions. Synthesis of TiO2/Ag 

nanocomposites has been carried out through different synthetic techniques. In the 

literature, a solvothermal method is commonly used to obtain the nanoparticles. But for 

practical applications, the sol-gel process is the most attractive method to introduce 

foreign metal ions into TiO2 particles and films; for example, the photoreduction under 

UV exposure of Ag+ containing films [25-28], and direct calcination of the sol-gel 

material [29-31]. However, photoreduced silver cannot be highly dispersed into the depth 

beneath the surface of TiO2, especially when the adhesion force is weak for the coating 

surface. Moreover, for the direct annealing methods, because of aggregation, 

agglomeration and other factors, the resultant composites showed a broad size 

distribution and non-uniform allocation of metal nanoparticles [25, 31]. Fortunately, 

these drawbacks could be suppressed by the use of sonochemical method. Since the early 
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1980s, sol-gel processes in which precursor-water mixtures are exposed to intense 

ultrasonic vibration have been investigated [32]. It has been demonstrated that the 

irradiated solution will result in higher density gel and less shrink during the following 

annealing process. Sonochemistry has been used not only for the preparation of the 

mesoporous materials, but also for the insertion of nanoparticles into the mesoporoes 

[33].  

In this study, TiO2 thin films with different silver content deposited on silicon wafers 

were prepared by a template sol-gel method. We could control the morphology of the 

composite film by tuning the molar ratio of water to Ti when introducing the silver ion. 

The interaction between the TiO2 grains and the nanosized silver particles was enhanced 

by forming more hetero-junctions, such as Ag/anatase in the Ag-TiO2 multiphase 

nanocomposite films. A low-intensity ultrasonic cleaning bath was used to help disperse 

the silver ions. Different characterization methods were used to analyze the resultant 

films. The antibacterial effect of the obtained thin films on Gram-negative bacteria was 

tested. 

2.2 Materials and methods 

2.2.1 Materials 

Titanium (IV) isopropoxide (TTIP), AgNO3, acetylacetone, Poly(propylene glycol)-block-

poly(ethylene glycol)-block-poly(propylene glycol) (P123, Mn ~ 4,400) were all purchased 

from Sigma-Aldrich Chemical Co. The anhydrous ethanol was a commercial product and 

was used as received without further purification. Ultrapure Milli-Q water was used in all 

experiments. Gram-negative bacteria (Escherichia coli ATCC 29425) were used to test 

the antimicrobial activity of the resultant films. The strains were cultured in Nutrient 

Broth (BD DifcoTM) and Standard Methods Agar (BD DifcoTM) using the appropriate 

times and temperatures of incubation. 
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2.2.2 Preparation of silicon wafer supported TiO2 and Ag-
TiO2 films 

TiO2 thin films were synthesized by a surfactant-templating method using a triblock 

copolymer (P123) as a template [34-36]. In a typical synthesis, 15 mL titanium 

isopropoxide was added drop-wise to a template solution prepared by dissolving 10 g of 

P123 in 100 mL of absolute ethanol. Then 5 mL acetylacetone was added to control the 

polymerization via the condensation rate. After stirring vigorously for 1 h at room 

temperature, 1 mL of water was added drop-wise to the solution under vigorous stirring. 

To form Ag nanoparticles embedded within the TiO2 composite films, a solution B 

composed of an appropriate amount of AgNO3 (the molar ratio of Ti to Ag was varied 

from 50:1 to 5:1) and 1 mL deionized water was added drop-wise into the precursor 

solution under stirring. The mixture was sonicated at room temperature for 30 min using 

a low-intensity ultrasonic cleaner bath (Fisher FS 30 50/60HZ 130W). Then the resultant 

alkoxide solution was kept standing at room temperature for hydrolysis reaction for 1h. 

The vigorous chemical reduction yields a brownish dispersion; there is a change of color 

(from yellow to brownish). All reactions containing AgNO3 were conducted in amber 

glassware to prevent photoreduction of the silver ions. Samples with varying molar 

composition of Ti4+ to Ag+ as 50:1, 20:1, 10:1 and 5:1, were named SG1, SG2, SG3 and 

SG4, respectively. The sample without the addition of silver nitrate was labeled as SG0. 

The as-prepared sol could be applied onto different substrates by various techniques, such 

as dip-coating, a spraying process and spin coating. In our study, a spin processor 

(Laurell Technologies Corporation, PA) was used for the deposition of the solution onto 

washed silicon wafer. The silicon wafer substrates were cleaned in a piranha solution (7:3 

concentrated H2SO4/H2O2) for 1 h at 90 oC, followed by thorough rinsing with distilled 

water and dried under a stream of nitrogen. A number of 100 µl of precursor solution, 

prepared according to the procedure described above, were applied onto modified silicon 

wafer (160 × 160 mm2) by spin-coating at 2500 rpm for 30 s. The obtained films were 

typically dried at 100oC for 30 min and then heat-treated at 500oC for 1 h (1oC min-1) and 

cooled to ambient temperature. The thickness of the resultant films was controlled by 
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repeating the cycle three times from spinning to heat treatment. Silver only samples were 

also prepared through the same process without adding TTIP. 

2.2.3 Materials characterization 

The crystalline structures of the Ag-TiO2 and TiO2 films were determined by x-ray 

diffraction (XRD) with Co (λ = 1.79026 Å) radiation operated at 45 kV and 160 mA with 

a rotating anode x-ray generator (Rigaku Rotaflex RTP 30). The scanning range was from 

20o to 75o. The surface compositions were characterized by x-ray photoelectron 

spectroscopy (XPS; Kratos Axis Ultra spectrometer, Surface Science) using Al Kα (E = 

1486.6 eV). All the binding energies were referenced to the C 1s peak at 284.8 eV of the 

surface adventitious carbon. The as-deposited surface was etched by Ar ion sputtering at 

energy of 4 keV for 5 min to analyze the chemical state of the Ag-TiO2 films. Survey 

scan analyses were carried out with an analysis area of 300 µm × 700 µm. The surface 

morphology of the films was assessed by scanning electron microscopy (SEM, HITACHI 

S-4500) with an energy-dispersive x-ray spectrometer (EDX). The cross-section of the 

samples was covered by a Pt layer to increase the conductivity. The surfaces were further 

visualized by an atomic force microscopy (AFM).  Images were obtained by scanning a 

surface of 1 µm × 1 µm in a tapping mode using silicon nitric cantilevers with a spring 

constant of 40 N m-1 at ambient conditions.  

2.2.4 Measurements of photoinduced super-hydrophilicity 

The surface wettability was measured in ambient air at room temperature using a contact 

angle meter (Model 100-00 contact angle goniometer) based on the sessile drop method. 

The photoinduced hydrophilicity of the resultant films was also evaluated by the water 

contact angle difference before and after illumination with an 8 W UV lamp (emission in 

340nm-400nm, with a peak at 365nm UVP, Inc. Upland, CA, USA). The droplet size 

used for the measurements was 8 µl. At least five measurements on each sample were 

recorded and the average value was adopted as the static contact angle.  
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2.2.5 Antibacterial activity evaluation 

The bacteria was cultivated in Nutrient Broth medium at 37oC for 18-24 h, and then 

harvested by centrifugation at 3000 rpm for 10 min. After removing the supernatant, the 

cells were washed with phosphate buffer solution (PBS) twice and were resuspended with 

the same PBS solution. The final concentration of bacterial cells was diluted to 

approximately 2×106-2×105 CFU mL-1 with PBS solution. The antibacterial activity of 

the coatings against E.coli was determined by two different methods: (i) qualitative 

evaluation using the zone of inhibition method and (ii) quantitative evaluation. 

For the qualitative evaluation (zone of inhibition test), 20 mL liquid nutrient agar was 

poured onto disposable sterilized Petri dishes and allowed to solidify. Then 100 µL of the 

bacterial PBS solution (106 CFU mL-1) was streaked over the plate and spread uniformly. 

Both the silicon wafer substrates coated with Ag-TiO2 and pure TiO2 films were gently 

placed over the solidified agar gel in different Petri dishes. The plates were incubated at 

37oC for 24 h and the antagonistic activity was estimated by a clear zone of inhibition 

around the coated substrate. Uncoated silicon wafers were also tested as negative 

controls. 

In order to quantitatively evaluate the antibacterial activity, samples were investigated 

both under the low-intensity UV light and in the dark. For the antibacterial evaluation 

under the UV light, an 8 W UV lamp (emission in 340nm-400nm, with a peak at 365nm 

UVP, Inc. Upland, CA, USA) was used as the light source. The sample was placed in a 

sterilized Petri dish. Then 100 µL of PBS solution containing bacteria was added drop-

wise onto the surface of each sample. The Petri dish was sealed and illuminated with UV 

light from above. The light intensity at the working films was 0.6 mW cm-2 measured by 

a UV intensity meter (Model 1000 SUSS Micro Tec, Inc.). To measure the antibacterial 

activity in the dark, the experiment was carried out under similar conditions without 

illumination. After a certain period the bacteria liquid drops were washed from the 

surface of the sample by using 10 mL PBS in the sterilized Petri dish. Then 100 µL of 

each bacteria suspension was dispersed on the plate count agar. The number of surviving 

bacterial colonies on the Petri dish was counted after incubation for 24 h at 37oC. The 

counts on three plates corresponding to a particular sample were averaged. 
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2.3 Results and discussion 

2.3.1 Characterization of the TiO2 and Ag-TiO2 films 

2.3.1.1 XRD and XPS analysis 

The x-ray diffraction patterns of the resultant films (Fig.2-1) showed the six typical TiO2 

peaks can be attributed to the (101), (004), (200), (105), (211) and (204) crystal planes, 

respectively. This indicated that all the resultant films exhibit a pure anatase phase 

structure. For all the composite films after heat treatment at 500oC for 1 h, no crystalline 

phase of metallic silver formation was detected. This may due to the uniform distribution 

of silver nanoparticles in the titanium matrix, or the peak of silver at 2θ = 44.3o was 

covered by the peak of TiO2 at 2θ = 44.47o owning to the low content of silver. Similar 

behavior was also reported by Chang et al. [37]. Different from the previous study [31], 

the presence of silver content does not lead to apparent varieties on crystalline structure. 

There is no significant reduction in particle size observed with the increase of silver 

amount. 

 

Figure 2-1: Wide-angle x-ray scattering patterns of the result films with different Ag 

contents: sample SG0-SG4 is labeled as (a)-(e) in sequence. 
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To confirm the metallic state of the silver on the surface of these samples, the resultant 

film samples were further characterized by XPS measurement. Fig. 2-2 shows the XPS 

profiles of the prepared TiO2 and Ag-TiO2 composite films. The peak position of 368.5 

eV for Ag0 was taken as reference values. The Ag element clearly appeared on the 

surface of Ag-TiO2 composite thin films. The XPS spectra of Ag 3d5/2 of the fresh SG4 

sample right after the calcination process were recorded. As shown in Fig.2-3, XPS 

spectra of the fresh SG4 samples before and after 8 W UV lamp exposure were fitted 

with a nonlinear least-squares fitting program. The Ag 3d5/2 peak appeared at a binding 

energy of 368.5 eV. This binding energy indicated that the silver was of metallic nature 

[38]. After 0.6 mW cm-2 UV exposure for 1 h, the XPS spectra of Ag 3d5/2 indicated that 

there were two components after deconvolution, ascribed to Ag2O (367.9 eV) and Ag0 

(368.6 eV) respectively [38]. The Ag species mainly exist as Ag2O after UV exposure, 

while there is still Ag0 on the surface. Thus we may conclude that metallic silver is 

oxidized due to the strong oxidation ability of TiO2 matrix under UV exposure.  

 

 

Figure 2-2: XPS spectra of TiO2 (a) and Ag-TiO2 (b) composite films of SG4. 
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Figure 2-3: High-resolution XPS spectra of Ag 3d5/2 in Ag-TiO2 composite film SG4. 

(a) before UV exposure and (b) after 0.6 mW cm
-2

 UV exposure for 1 h. 
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2.3.1.2 SEM/EDX analysis 

SEM images of the pure TiO2 and the composite films with different silver content are 

presented in Fig. 2-4. While all the films were sintered at 500oC, the morphology of the 

constituted grains seems to be different dependent on the Ag content. The image of the 

pure TiO2 film (Fig.2-4 (a)) illustrates an extremely smooth and dense surface. There are 

no defects observed, and the average size of the TiO2 granular structure is approximately 

20 nm in diameter. Considering that heavy element (e.g. Ag) backscatter electrons more 

strongly than light elements (e.g. O, Ti), the metallic silver appears brighter in the image. 

At low AgNO3 concentrations, the bright Ag nanoparticles with a diameter around 20-30 

nm were well dispersed as shown in Fig. 2-4 (b) and (c). The surface of the SG1 is very 

similar to that of SG2; and the density of Ag nanopartciles was increased with respect to 

SG2 due to the Ag+ concentration being increased in the sol solution. The TiO2 substrate 

films are still smooth and worm-like TiO2 grains appear. For a higher silver 

concentration, the Ag nanoparticles became gradually aggregated but still remained 

roughly uniform on the surface as shown in Fig.2-4 (d)-1. Instead of having a smooth 

surface, the Ag-TiO2 composite films displayed a rough surface morphology. The 

addition of silver salt results in more mesoporous TiO2 matrix (Fig.2-4 (d)-2), which 

included TiO2 crystallites of 10-20 nm in size and small Ag nanoparticles (white spots) 

with various size ranging from 10 to 30 nm. Finally, when the concentration increased 

further, no obvious aggregation was observed on the surface (Fig.2-4 (e)-1). The enlarged 

image (Fig.2-4 (e)-2) shows the smaller Ag nanoparticles more uniformly distributed in 

the TiO2 matrix. Although the size of the silver particles is smaller with diameter around 

10 nm, there are more nano-pores detected in the thin film. It is reported that heating 

promotes aggregation of Ag atoms. As the radius of Ag+ ions (ca.126 pm) is much larger 

than that of Ti4+ (ca.68 pm), the Ag+ ions introduced by the sol-gel process would not 

enter into the lattice of TiO2 anatase phase [40]. When the samples were heat-treated to a 

certain temperature, the reduction of Ag+ to Ag0 took place as the AgNO3 decomposed. 

During the calcination process, these uniformly dispersed Ag+ ions would gradually 

migrate along with the anatase grain boundaries to the surface of TiO2 film, while TiO2 

anatase grains would grow at the same time. Finally, the Ag+ ions probably exist on the 
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surface of the anatase grains by forming Ag–O–Ti bonds. In our present study, the 

movement of the resulting nanoparticles in the TiO2 matrix could also be restricted by 

tuning the molar ratio of water to Ti when adding the Ag+ preparing sol, and hence 

particle aggregation is controlled. The anatase grain growth is thereby depressed and the 

specific surface area increase. The porous feature of the film indicates that it should have 

a rough surface. 

Spin-coating resulted in TiO2 and Ag-TiO2 thin films with a thickness of approximately 

370 nm as determined from the cross-section images (Fig.2-4 (f)). From spin-coating 

theory, the resultant film thickness is mainly decided by two factors: liquid viscosity and 

rotating speed. In our case, rotating speed was kept the same and the viscosity of the 

precursor solution did not change much as silver concentration changes. Hence the film 

thickness could be kept as the same.  
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Figure 2-4: Scanning electron micrographs of the (a) the neat TiO2 film surface of 

SG0, (b) SG1, (c) SG2, (d) SG3 and (e) SG4 Ag-TiO2 composite film surfaces. (a)-2, 

(b)-2, (c)-2, (d)-2 and (e)-2 are enlarged images of (a), (b), (c), (d) and (e) 

respectively. (f) The thickness of the films is about 370 nm as determined by the 

cross-section image.  
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EDX spectra of the film showed the presence of a small amount of silver within the 

surface. Quantification of the spectra indicates that the silver content varies with the 

different AgNO3 amount and the molar ratio of Ti to Ag are around 4.5:1, 13:1 in SG4 

and SG3, respectively, (Table 2-1). This is in good agreement with theoretically 

calculated values of the precursor solution composite.  

 

Table 1: Composition of Ag-TiO2 composite films according to EDX analysis 

samples O Si Ti Ag 

SG0 

SG3 

SG4 

31.48 

34.94 

31.01 

58.98 

53.06 

56.49 

9.54 

11.16 

10.21 

- 

0.85 

2.28 

 

2.3.1.3 AFM 

AFM was used to characterize the morphology and surface roughness of the samples. 

Fig. 2-5 shows the representative top view images and angle view images of the surface 

morphology of scan area 1 µm×1 µm of the Ag-TiO2 composite films on silicon wafer by 

three spin-coating cycles. It is clear to see from the height images that the surface of SG2 

is smooth with an rms roughness of 1.22 nm. The AFM image confirms the results 

obtained by SEM since the surface of SG3 is covered with some silver particles with 

diameter around 30 nm. The statistical mean roughness of the surface is about 3.44 nm, 

while the maximum height within this area is about 30 nm. As for the sample SG4 with 

the highest silver content, no obvious silver aggregation was observed, indicating that 

silver nanopartilces uniformly dispersed in the matrix without aggregation. This result is 

in general agreement with the SEM observation. The height image of SG4 shows a 

mesoporous surface structure with the rms about 8.57 nm. The grain size of TiO2 
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estimated from AFM images was quite large, which may be due to the worm-like 

structure as shown in SEM image and the silver nanoparticles embedded within the TiO2 

matrix. The average roughness (Ra) and mean square roughness (Rq) of the resultant films 

are listed in Table 2-2.  

 

Figure 2-5: AFM top view images (left) and AFM angle view images(right) of the 

composite films: (a) SG0, (b) SG2, (c) SG3, (d) SG4. 
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Table 2-2: Surface roughness of the resultant films with different silver content. 

samples Rqa Rab  

SG0 

SG2 

SG3                   

SG4 

0.859 

1.222 

3.440 

8.570 

0.677 

0.965 

2.020 

6.710 

a Mean square roughness of resultant films 

b Average roughness of resultant films 

 

2.3.2 Hydrophilicity 

The photoinduced hydrophilicity of TiO2 via UV light irradiation is well known. It is 

assumed that photogenerated holes lead to the oxidation of the bridging oxygen (O2
-) to 

oxygen and generate oxygen vacancies simultaneously. The adsorption of water 

molecules on the surface was dissociated via the oxygen vacancies under UV 

illumination. This process created hydrophilic OH group on the illuminated TiO2 surface 

[40]. Prior to UV light irradiation, the freshly prepared neat TiO2 film showed a highly 

hydrophilic property, with the water contact angle around 15o ± 2o. It was observed that 

the water contact angle of the composite films were 20o ± 2o for SG1 and SG2, 25o ± 2o 

for SG3 and SG4 respectively. However, the water contact angle of all the resultant films 

could drop to 5o ± 2o after 2 h UV irradiation of 0.6 mW cm-2 in ambient conditions. It is 

known that the wettability of a solid surface is influenced by both surface energy and the 

geometrical microstructure of the surface. It is expected that the initial water contact 

angle various with the composite films of different roughness. The loading of silver has 

no effect on the photoinduced hydrophilicity of TiO2. Moreover, the composite films of 

higher silver loading showed higher hydrophilicizing rate. The water contact angle tended 
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to increase up to a certain angle due to gradual adsorbing of contaminants on the surface, 

which make the surface more hydrophobic. However, the water contact angle could be 

recovered by UV illumination again. In our case, the water contact angle would drop 

from 40o -25o to 8o. 

2.3.3 Antibacterial activity evaluation 

The antibacterial activity is evidenced by an inhibition zone of bacteria (E.coli) growth 

around the resultant substrates as shown in Fig.2-6 as a typical result. No bacterial growth 

was observed on the top of and adjacent to the Ag-TiO2 coatings. The result demonstrates 

that all composite films could inhibit the bacterial growth. Bacterial growth was seen 

around and on the top of the neat TiO2 coated substrate without UV exposure, as 

indicated by the presence of colonies. Table 2-3 presents the experimental results for the 

qualitative evaluation. The diameter of the inhibition zone increases from 0.3 to 0.7 cm 

with the growing silver loaded in the composite films. This result was expected, because 

the driving force of silver ion diffusion from the bulk to the surface is larger for films 

with higher silver content. Ag only samples without the TiO2 matrix with the same silver 

content in solution as their counterparts of the composite films SG2 and SG4 did not 

show clear inhibition zones. For the present method of material synthesis, the silver only 

samples appeared as bulk silver or silver crystal aggregations, which led to very limited 

silver ion diffusion. While in the Ag–TiO2 composite films the silver appeared as 10–30 

nm nanoparticles and was well dispersed in the TiO2 matrix, the Ag–TiO2 composite 

films exhibited much larger inhibition zones. These results indicate that the diffusion of 

silver ions may depend on the formation of silver in the nanofilms. In this work, silver 

ion diffusion has been evaluated in the sample SG4 by ICP-AES (inductively coupled 

plasma atomic emission spectroscopy). To avoid the possible formation of insoluble salt 

crystals on the coating surface in the saline solution, we chose deionized water as test 

fluid to evaluate the silver ion release. Non-cumulative release of silver ions into 50 mL 

of deionized water from 10 cm2 and 370 nm thick SG4 Ag–TiO2 composite film was 

recorded, whose concentration was 0.4 ppm, 0.26 ppm and 0.005 ppm for 1 h, 24 h and 7 

days after immersion, respectively. 
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Figure 2-6: Zone of inhibition test results. Comparison of the composite Ag-TiO2 

film and the neat TiO2 film for E.coli with agar plating. 

 

Table 2-3: The antibacterial test result of the composite films with different silver 

content against E. coli. 

Samples Diameter of inhibition zone(cm)a,b 

SG0 

SG1 

SG2 

SG3 

SG4 

0 

0.25(0.05) 

0.50(0.05) 

0.65(0.05) 

0.7(0.06) 

a Duplicate experiments gave similar results 
  bStandard deviations are given in parentheses 
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As expected, the composite film with the highest silver loading (SG4) showed the most 

notable antibacterial effect and the inhibition zone diameter increased about three times 

compared to SG1. The actual antibacterial mechanism of silver nanoparticles is still 

under debate. Some research suggested the silver may be used as a metal, but the active 

agent appears to be the ions produced. In the presence of water and oxygen, elemental 

silver particles release small amounts of silver ions [41], which induce the cell death. 

While a study by Panacek [42] suggested that the silver nanoparticles might attach on the 

surface of the cell membrane, affecting the permeability and respiration. The interactions 

of silver nanoparticles with the bacteria are dependent on the size and shape of the 

nanoparticles. In our experiment, the observed inhibition zone is a result of the leaching 

of active biocidal Ag+ ions from the embedded silver nanoparticles present in the 

composite coating matrix into the surrounding aqueous medium, which cause the bacteria 

death.  

 

Figure 2-7: Killing ratio of E.coli in the liquid film on Ag-TiO2 compostie film and 

neat TiO2 film under 1h UV light illumination (0.6mW cm
-2

) and in the dark for 1h. 

For the blank silicon wafer, the killing ratio is 18±5% under the same UV-

irradiation. 
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On the basis of the qualitative results, quantitative tests were carried out on the films of 

SG0, SG2, SG3 and SG4. Fig.2-7 shows the bacteria killing ratio under UV light 

illumination and in the dark. After 1 h UV exposure the viable count for E. coli showed 

almost 100% bacterial killing by the sample SG4, while under the same conditions the 

neat TiO2 (SG0) film showed a decrease of about 60% only. The samples SG2 and SG3 

with less silver content showed decrease of 78% and 90%, respectively. The bactericidal 

effect of TiO2 under UV irradiation has been well documented [7]; the ultraviolet A 

(UVA) light intensity, the extent of irradiation and the catalyst concentration play an 

important role in disinfection properties. It is reported that anatase TiO2 film exhibits a 

strong photocatalytic reaction under UVA illumination and the bactericidal activity of 

TiO2 is directly related to ultraviolet light absorption and the formation of various 

reactive species such as superoxide radicals and hydroxyl radicals [11], so in the dark 

TiO2 particles present no bactericide activity. Furthermore, silver ions are also 

photoactive in the presence of UVA and the photochemical reaction of silver-cysteine 

complex hinders the enzymatic function of the affected protein, leading to enhanced 

inactivation of bacteria [43]. The silver only film prepared from the highest silver nitrate 

concentration showed 63 ± 15% decrease after 1 h UV of illumination and 39 ± 16% 

decrease in the dark respectively. The Ag-TiO2 composite film SG4 with richest content 

of silver nanoparticles also showed the highest antimicrobial activity against E.coli in the 

dark and at least 80% of decrease in terms of the number of grown bacterial colonies was 

found, while SG2 and SG3 showed decreases of 45%, and 63.5%, respectively, after 1 h 

interaction. For the neat TiO2 coating, the decrease of the number of viable cells by 5% is 

caused by natural apoptosis. In our study, 0.6 mW cm-2 UV light intensity was chosen 

and the blank washed silicon under the same UV illumination was considered as blank 

control. The control result showed around 13% inactivation of E.coli after 1h UV 

irradiation. This could be explained by the exposure to long wavelength UV light, which 

damaged organisms by the exposure to long wavelength UV light, which damaged 

organisms by exciting photosensitive molecules within the cell to produce active species 

to damage the genome and other intracellular molecules [44].  

The above results demonstrated that all the Ag-TiO2 composite films have antibacterial 

activity even when no light is present, indicating that silver nanoparticles were 
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responsible for the antimicrobial effect of the coatings in the dark. The higher 

antibacterial activity of the composite films under the UV light is due to the synergistic 

antibacterial effects of the photocatalytic reaction of the TiO2 coating and silver 

nanoparticles in the matrix. After storing for two months in the dark in an atmospheric 

environment, the Ag-TiO2 composite film SG2 showed 76.7 ± 3% and SG4 showed 99.7

±2% inactivation of E .coli after 1 h UV exposure. This indicated the stability of the Ag-

TiO2 composite film. The advantage of Ag-TiO2 nanocomposite is to expand the 

antibacterial nanomaterial’s functions to a wider variety of working conditions. Thus, the 

present Ag-TiO2 composite films are effective in diminishing the living cells and are 

promising as antibacterial coatings. More detailed silver ion release tests combined with 

antimicrobial dynamic tests and anti-biofilm properties of the resultant films will be 

studied in further work. 

2.4 Conclusions 

Mesoporous TiO2 thin films of polycrystalline anatase containing silver nanoparticles 

were prepared by the template sol-gel method on silicon substrates. The morphology of 

the obtained films could be tuned by changing the ratio of water to Ti in the precursor 

solution. Silver nanoparticles can be uniformly distributed and strongly attached to the 

mesoporous TiO2 matrix. The inactivation results of E.coli in the dark and under UVA 

illumination of the composite films with different silver loadings were compared. The 

composites films display excellent antibacterial activity and better antibacterial effect 

with increase of the silver content of the samples. A similarly strong antimicrobial 

property was observed even after the composite films stored for long periods. The 

synthesis process is simple, convenient and low cost. It may be reasonably presumed that 

such mesoporous TiO2 substrates with silver loaded composite films will prolong the 

release time of silver ions and preserve the sustained antibacterial behavior. However, 

further studies must be conducted to examine silver ion release kinetics combined with 

antimicrobial efficacy test and the cytotoxicity of the composite films. Such mesoprous 

TiO2 substrate structures with silver loading could have promising applications as 

antibacterial materials for biomedical use and in the water treatment field. 
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Chapter 3 

3 Preparation and characterization of Nitrogen doped TiO2 
photocatalst with high crystallinity and enhanced 
photoinactivation 

3.1 Introduction 

Titanium dioxide (TiO2) has attracted much attention as one of the best semiconductor 

photocatalysts due to its strong redox power in the presence of oxygen and water, non-

toxicity, outstanding stability and low cost. It has been frequently used in practical 

applications such as self-cleaning coating, air purification and water sterilization. 

However, TiO2 only exhibits photocatalytic properties under ultraviolet (UV) range (< 

385 nm) and only 5% of the total irradiated natural sunlight has sufficient energy to 

generate effective photosensitization [1]. The indoor applications were limited in the 

absence of UV-light. To expand the application field and to utilize the solar energy 

efficiently, it is necessary to develop titania with photoresponse capacity under visible 

light. 

Recently, extensive research efforts have been directed toward the synthesis and 

characterization of cation doped (e.g. Pt, Cu, and Fe) [1-4] and anion doped (e.g. N, F, C, 

and S) [5-12] TiO2 photocatalysts. The enhanced photocatalytic activity under visible 

light illumination has been observed, which is attributed to band-gap narrowing after 

doping [2-12].  

Compared to using cations as doping agents, anion doping avoids the risk caused by 

thermal instability and possible toxic leakage resulting in adverse effect when exposure to 

ecosystem or humans. Among various approaches of anion doping, doping TiO2 with 

nitrogen is one of the most effective approaches to improving photocatalytic activity of 

TiO2 in visible light range and enhancing the hydrophilicity [5, 10]. Nitrogen doped TiO2 

(N-TiO2) nanomaterials have been prepared by a number of physical and chemical 

techniques. The physical techniques used to dope nitrogen atoms into substitutional sites 

in the crystal structure of TiO2 include heat treatment in ammonia atmosphere [13-15] 
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and sputtering and implantation [16-18], which need expensive special equipment, 

involving sophisticated vacuum apparatus, limited the large-scale application. The wet 

chemical route is a simple one-step process to synthesize nanomaterial; it is convenient 

for scaling up application. Particularly, the sol-gel method [19, 20] is most widely 

employed in nanomaterial preparation due to its inexpensive equipment requirements and 

easy fabrication procedure. And the produced nanomaterial is pure and homogeneous.  

When utilizing the sol-gel method, N-TiO2 powder is generally prepared by the 

precipitation of titanium hydroxide by the hydrolysis of the titanium compound such as 

titanium tetra-isopropoxide with urea or other nitrogen-containing compounds and the 

following thermal decomposition process [21-23]. Compared to nanopowders, in some 

practical applications such as water disinfection, the form of a thin film is greatly 

favoured, which requires no extra nanopowder filtration and recollection process and 

reduces the potential environment pollution. However, the precipitation produced by 

most sol-gel methods cannot be employed for the preparation of nano thin film by dip-

coating or spin-coating procedures which require stable sols. 

It is known that the efficiency of titania photocatalysts strongly depends on several 

factors, including crystallite phase, crystallite size, surface area, amount of dopants and 

methods of preparation. Simple operation variables as solvent selection, catalysis amount 

and the use of stabilizing agent can influence the properties of the final product. In this 

paper, the effect of water amount and the pH value on the sol-gel system, final crystal 

structures and composition of the resultant nanomaterial were investigated in the 

presence of urea as doping agent, by the characterization methods of x-ray powder 

diffraction (XRD), specific surface area and x-ray photoelectron spectra (XPS). The 

morphology of the produced nanomaterials was further characterized by transmission 

electron microscopy (TEM) and atomic force microscopy (AFM). The synthesis 

conditions of N-TiO2 catalyst were optimized and the catalytic activity of N-TiO2 catalyst 

for degradation of methyl blue and photo inactivation of bacteria solution under variable 

light source were compared with that of pure TiO2 and commercial product P25. 
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3.2 Materials and methods 

3.2.1 Chemicals and materials 

Titanium (IV) isopropoxide (TTIP) and urea purchased from Sigma-Aldrich were used in 

this study as precursors to provide titanium and nitrogen sources respectively. 

Isopropanol, and nitric acid were commercial products and used as received without 

further purification. Methylene blue (MB) was used as target degradation dye under 

visible light irradiation. Ultrapure Milli-Q water was used in all experiments. Gram-

negative (Escherichia coli ATCC 29425) bacteria were used to test the anti-microbial 

activity of the resultant nanomaterials. The strains were cultured in Nutrient Broth (BD 

DifcoTM) and Standard Methods Agar (BD DifcoTM) using the appropriate times and 

temperatures of incubation. The silicon wafers and glass slides were cleaned with freshly 

prepared piranha solution (H2O2:H2SO4 = 3:7) for 1h, followed by rinsing with excess of 

water. The cleaned silicon wafers and glass slides were stored in ultrapure water until 

further use. 

3.2.2 Preparation of materials 

The TiO2 sols were prepared by sol-gel process using acid catalyst. The hydrolysis and 

polycondensation reaction of TTIP were carried out at room temperature with different 

molar ratio of catalyst/TTIP. Generally, the molar ratio of isopropanol to TTIP was 120. 

The concentration of TTIP in the solution was 0.2 mol L-1. Firstly, TTIP was added drop-

wise to isopropanol under vigorous stirring, forming solution A. Secondly, a certain 

amount of urea were mixed with deionized water (the molar ratio of H2O to TTIP was 

varied from 10:1 to 100:1) containing a certain amount of nitric acid with different pH 

values, forming solution B. Then the acid urea solution was dropped under stirring into 

the transparent solution A to promote hydrolysis. Rapid precipitation was observed when 

large amounts of water was added to the TTIP isopropyl alcohol solution. The obtained 

stable sol was further aged until transparent gel was obtained. The gel was dried at room 

temperature and ground to fine powder and subsequently heat-treated in air for 4 h at 400 
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oC. The precipitation produced by adding large amount of water was collected and dried 

at room temperature, followed by the same grind and heat-treatment process. 

To prepare the N-TiO2 thin film samples, piranha solution washed glasses and silicon 

wafers were chosen as substrates. The resultant stable TiO2 sols were spin-coated on 

treated glasses and silicon wafers, then dried at 80 oC and annealed at 400 oC in air for 4 

h. For comparison, pure TiO2 was prepared by the same process without adding urea. The 

powder samples were prepared by grinding the dry gel into a fine powder in a mortar and 

heated in air for 4h.  

3.2.3 Characterization methods 

The structure of the samples were determined by XRD with Co (λ=1.79026 Å) radiation 

operated at 45 kV and 160 mA with a rotating anode x-ray generator (Rigaku Rotaflex 

RTP 30). The scanning range was from 20o to 75o. The surface composition was 

characterized by XPS (Kratos Axis Ultra spectrometer, Surface Science) using Al Kα 

source (15mA, 14kV). Survey scan analyses were carried out with an analysis area of 300 

µm ×700 µm, a pass energy of 160 eV. High resolution analyses were carried out with an 

analysis area of 300 µm ×700 µm and a pass energy of 20 eV. All the binding energies 

were referenced to the C 1s peak at 284.8 eV of the surface adventitious carbon. Spectra 

were analyzed using CasaXPS software (version 2.3.14). Specific surface area was 

measured using nitrogen adsorption-desorption at 78 K via Micrometircs ASAP 2010 

Surface Area Analyzer instrument and calculated by the Brunauer-Emmett-Teller (BET) 

method. The UV-vis absorption spectra of the resultant powder samples were recorded on 

a Cary 100 Scan UV/Vis spectrophotometer from Varian equipped with a DRA-CA-301 

Labsphere diffuse reflectance cell referenced to BaSO4. AFM measurements were carried 

out under ambient conditions using a Dimension V AFM equipped with Nanoscope 

controller V (Veeco, Inc.) in tapping mode. The samples were probed at three different 

random locations with scanned areas of 25 µm2. 
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3.2.4 Photocatalytic activity measurement 

The photocatalytic activity of obtained N-TiO2 nanoparticles was evaluated by measuring 

the photodegradation of the aqueous methylene blue solution under visible light 

irradiation. A 300 W halogen lamp was used as the light source in the homemade 

photoreactor. Running water was circulated at the outer wall through the jacket to ensure 

constant temperature of the reaction mixture. The temperature of the photocatalytic 

reaction was kept around 25oC. A 400 nm cut-off glass optical filter was placed in front 

of the reactor. The distance between the lamp and the center of the glass tube was 25 cm. 

For a typical photocatalytic experiment, a total of 20 mg of nanoparticles was added to a 

glass tube with 20 mL of methylene blue solution. Prior to irradiation, the suspensions 

were magnetically stirred in the dark for 1 h to ensure the establishment of an 

adsorption/desorption equilibrium. Varian CARY 100 UV-Vis spectrophotometer was 

used for recording absorption spectra. According to the standard curve of absorption to 

concentration, the value of ∆C/C0 was calculated to indicate the decomposition 

efficiency. 

3.2.5 Antibacterial activity evaluation 

Escherichia coli ATCC 29425 were used in the photocatalytic inactivation experiment. 

Before the experiment, bacteria were long-term stored at -80 oC in glycerol solution. 

From the frozen stock, a sample was inoculated on Tryptic Soy Agar plates for short-term 

storage in the refrigerator at 2-8oC. Two bacteria colonies were precultured in 20 mL of 

Nutrient Broth medium in the incubator at 37oC overnight and then harvested by 

centrifugation at 3000 rpm for 10 min. After removing the supernatant, the cells were 

washed with phosphate buffer solution (PBS) twice and were resuspended in PBS 

solution. The final concentration of bacterial cells was diluted to approximately 3×105 

CFU mL-1 in PBS solution.  

Powder samples were mixed with the E. coli suspension at a fixed concentration of 1 mg 

mL-1. The covered petri dish containing nanoparticles and bacterial suspension were 

illuminated by a halogen lamp with a 400 nm cut-off filter, which was used as the visible 
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light source. During the exposure period, samples (50 µl) were taken at different time 

interval and diluted in PBS. After serial dilutions, 100 µl of bacteria suspension was 

spread on the plate count agar. The number of surviving bacterial colonies on the Petri 

dish was counted after incubation for 24 h at 37oC. The counts on three plates 

corresponding to a particular sample were averaged. 

For the antibacterial evaluation of resultant N-TiO2 thin film samples, a 13 W fluorescent 

lamp with the 400 nm cut-off filter was also used as the light source. In a typical 

experiment, 100 µl of PBS solution containing bacteria was spread on the N-TiO2 thin 

film samples with an area of 2.25cm2 in a sterilized Petri dish. The Petri dish was sealed 

and illuminated for 18 h. The light intensity at the working films was 5000 lux (luminous 

flux per unit area) measured by a light meter. The control samples of photocatalytic thin 

film were placed in the dark under similar conditions without illumination. The bacteria 

containing drops were washed from the surface by using 10 mL of PBS in the sterilized 

Petri dish. After appropriate dilution, the same colonies counting method was used to 

verify the bacteria viability. The counts on the three plates were averaged. All results 

were calculated from the data of three independent experiments. When comparing two 

data sets, unpaired, two-tailed T tests were used to assess the statistical significance of 

difference in results of antimicrobial effects. A P value of less than 0.05 was considered 

significant. 

3.3 Results and discussion 

3.3.1 Characterization of N-TiO2 

The crystal phase, particle size and surface structure of the sol-gel derived TiO2 

nanomaterial highly depend on the fabrication methods, anneal temperature and precursor 

solution composition. In the sol-gel process, TiO2 colloids were formed through two 

simultaneous hydrolysis and polycondensation reactions of titanium alkoxides with 

water. The molar ratio of catalyst/Ti and Ti/H2O controlled the hydrolysis/condensation 

rate and phase transformation, which result in different photocatalytic activity [24-29]. 

High molar ratio of water-to-titanium (r = [H2O]/[Ti]) is of great interest owing to the 
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small size of particles obtained under these conditions [26]. However, the higher r value 

produced large numbers of TiO2 colloids to aggregate, resulting in precipitation. Fig. 3-1 

shows the XRD patterns of powder samples obtained at various pH value with r = 100. 

The heat-treated powder samples appeared to be crystalline with distinctive diffraction 

peaks of anatase in all the samples. When the pH value is 1, the plane of brookite (121) at 

35.8o appeared for both powder samples with urea as doping agent. When the pH value 

increased to 3, the (121) peak of brookite appeared only in the powder samples without 

urea. It is also noted that when pH increased from 1 to 3, the intensity of the peak around 

35.8o became weaker. In contrast, the intensity of anataseas shown at 29.7o increased with 

the increase of pH. The powder sample prepared at pH = 3 with urea showed highest 

anatase crystallinity.  

 

Figure 3-1: XRD patterns of the doped and undoped TiO2 nanoparticles prepared at 

different pH with r = 100, (a) pH = 1, without urea, (b) pH = 1, with urea, (c) pH = 3, 

without urea, (d) pH = 3, with urea. A represents anatase phase and B reprensents 

brookite phase. All the powder samples have been annealed at 400 
o
C for 4 h. 

 

We decreased the ratio of water-to-titanium to 10 and kept the pH value equal to 3 to 

obtain stable solution for further study. And the XRD patterns of N-TiO2 and pure TiO2 
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powders under these preparation conditions were shown in Fig. 3-2. Samples with 

varying molar composition of urea to TTIP as 1:1, 2:1, 3:1 and 4:1 were named NT1, 

NT2, NT3 and NT4, respectively. Label (e) was homemade pure TiO2 powder, denoted 

as NT0. XRD results demonstrated that the doped TiO2 powders were of homogeneous 

anatase structure with high crystallinity, and the average grain sizes were between 22-35 

nm calculated from Scherer equation (crystallite size, d= 0.94λ/β1/2cosθ, where λ is the 

characteristic x-ray wavelength applied (1.79026 Å), β is the half width of the peak at the 

2θ value at the peak of 29.7o. The crystallite size decreased with the increase of the urea 

concentration. The NT4 sample had the lowest crystallite size of 22 nm, while the NT1, 

NT2, NT3 sample had crystallite size of 35, 26 and 23 nm, respectively. Home prepared 

pure TiO2 powders displayed the lowest crystallite size of 14nm. The particle size of 

homemade pure TiO2 was smaller than the N-doped ones. The presence of urea affected 

the phase transformation from anatase to rutile. Titania powders prepared with urea 

raised the transformation temperature of anatase to rutile to higher temperature. All the 

doped samples showed a pure anatase phase, including the one which calcinated at 600oC 

for 4 h (data not shown). 

 

 

Figure 3-2: XRD patterns of TiO2 powder samples prepared with molar ratio of 

water to TTIP at 10 and pH = 3 in the presence of various content of urea, (a) NT4, 

(b) NT3, (c) NT2, (d) NT1 and (e) NT0. 
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TEM analysis was used to examine the microstructure of nanoparticles. As shown in Fig 

3-3, the primary particles size of N-TiO2 nanoparticles (NT3) is consistent with the XRD 

result.   

 

Figure 3-3: TEM image of typical TiO2 powder (sample NT3). 

 

To evaluate the chemical composition of the prepared materials, XPS studies have been 

carried out. Fig. 3-4 shows the representative XPS survey spectra of N-TiO2 powders 

(NT3) calcinated at 400 oC in air. The characteristic peaks of C 1s (284.6 eV), Ti 2p 

(458.5 eV), O 1s (530.2 eV) and N 1s peak (400 eV) can be recognized clearly. It 

confirmed the existence of O and Ti in these powders. The status of doping N in TiO2 

nanoparticles was examined by measuring of the N 1s binding energy. High-resolution 

XPS spectra of N 1s shown in Fig. 3-4 (c) revealed the corresponding N 1s spectra of the 

N-doped TiO2 (NT3) sample, which consisted of two peaks: one was centered at 399.97 

eV and the other one was centered at 398.30 eV. The assignment of XPS features in N-

TiO2 and the position of N 1s responsible for the band gap narrowing remained debatable 

according to previous reports [30, 31]. The binding energy of N 1s was observed in the 

range of 396-404 eV in different studies and assigned as substitutional and interstitial 

states of nitrogen in TiO2 lattice, depending on specific preparing method and ingredient 

used in the preparation process [32, 33]. It is now generally accepted that substitutional 

doped nitrogen exhibits the binding energy at 397 eV [5, 15] and the interstitial N shows 
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a binding energy around 400 eV [34, 35]. Substitutional doping involves oxygen 

replacement in the TiO2 lattice forming TiO2-xNx, while the interstitial doping involves 

the formation of TiO2Nx. High nitrogen concentration is likely to result in substitutional 

doping at lower binding energy to form O-Ti-N and Ti-N structures. Lower nitrogen 

concentration favors to form interstitial doping at higher binding energy. In fact, the 

species of TiO2-xNy (x<y) often formed in nitrogen doping nanomaterial. Both doping 

states can result in the visible light activity of nitrogen-doped TiO2. In our samples, the 

two features of 398.3 eV were attributed to the Ti-O-N binding, and the N 1s peak at 

399.97 eV indicated the interstitial nitrogen content [16, 36]. No appreciable signal 

related to substitutional N doping was observed, which might correspond to the low 

amount of nitrogen doping. 

 

 

Figure 3-4: (a) The XPS spectra of N-TiO2 (NT3). (b) Ti 2p of N-TiO2 XPS region; 

(c) N 1s of N-TiO2 XPS region. 
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In order to determine the specific surface areas (SSAs) of the N-TiO2, BET experiments 

were carried out. Doped materials presented a decrease of their surface area with increase 

of nitrogen doping content, as given in Fig. 3-5. Home-made pure TiO2 had a SSA 

around 116 m2 g-1 and the total pore volume and average pore size of 0.1728 cm2 g-1 and 

5.94 nm, respectively. N-doped powder NT3 presented a smaller SSA of 76 m2 g-1 and 

less total pore volume and average pore size of 0.0849 cm2 g-1 and 4.49 nm, respectively. 

The measured surface area of P25 as reference was about 50.5 m2 g-1, which is consistent 

with the report data. It can be clearly seen that the prepared powder samples are 

mesoporous in nature. The surface area of photocatalysts decreases with increasing of 

crystallite/particle sizes, as discussed below. 

 

 

Figure 3-5: N2 adsorption-desorption isotherm of (a) homemade pure TiO2, (b) N-

doped TiO2 (NT3) and (c) P25. 
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Figure 3-6: UV-visible diffuse reflectance spectra of the N-TiO2 with various content 

of urea in the precursor solution as well as the undoped TiO2 samples. (a) NT1, (b) 

NT2, (c) NT3 and (d) NT4. The insets on the right side show the pictures of (i) 

undoped and (ii) N-TiO2 sample (NT3). 

 

The surface spectral properties of the derived photocatalysts are fundamental to their 

photocatalytic activity. The optical properties of the home made N-TiO2 and pure TiO2 

samples were investigated by UV-visible diffuse reflectance spectroscopy, and the results 

are shown in Fig. 3-6. It is clear that the pure TiO2 nanoparticles have the absorption 

below 410 nm, which is consistent with the well-known band gap of anatase TiO2 bulk. 

The absorbance shoulder of nitrogen doped samples obviously shifted into the visible-

light region compared with the undoped TiO2, and this enables the nitrogen doped 

samples to have an extensive absorbance from 400 to 550 nm. It is obvious that N-doped 

powders possessed two absorption edges around 410 and 530 nm, which indicate the 

interstitial doping of nitrogen. The first absorption edge around 410 nm was related to the 
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original structure of TiO2. The second absorption edge was attributed to the formed N 1s 

orbits after nitrogen doping in the molecular structure. The shift in the absorption band 

edges of the doped TiO2 samples indicates that the optical band gap decreased, compared 

to the pure TiO2. From the insets of Fig. 3-6, one can see that the undoped TiO2 sample is 

white colored, while the nitrogen doped sample is yellow. A comparison study revealed 

that the visible light absorption characteristic was obtained only after the sample was 

heat-treated below the temperature of 600oC.  

3.3.2 Photocatalytic degradation of Methyl blue under visible 

light 

The photocatalytic activity of the prepared samples was evaluated by the degradation of 

the methylene blue (MB) aqueous solution under visible light (λ> 400 nm) irradiation, 

and the results have been compared with the degradation result by using Degussa P25 as 

the photocatalyst and the result of MB photolysis (without photocatalyst). The 

concentration of photocatalyst was 1 g L-1. It should be pointed out that the physical 

adsorption can occur during the degradation process. In our experiments, it took 1 h to 

reach the adsorption saturation in the dark, where approximately 15% of MB 

disappeared. And the concentration of MB solution after 1 h interaction was reset as the 

initial concentration for measuring the photocatalytic degradation efficiency. The 

degradation of MB solution under visible light radiation over N-doped samples with 

different nitrogen content is as shown in Fig. 3-7. It can be seen that the highest 

percentage degradation was observed in the case of NT3 followed by NT2 and NT1. The 

visible light induced higher photocatalytic activity is due to several reasons. Crystallite 

phase, crystallite size, surface area and porosity of N-doped TiO2 could significantly 

influence the photocatalytic activity. It is also suggested that the most important cause of 

the photocatalytic activity enhancement is the absorption shift to visible light region due 

to the interstitial nitrogen doping. The comparison of the photocatalytic activity among 

N-doped samples with different nitrogen doping content revealed that the decreased 

crystallite size, as evident from XRD studies, increased the exposed surface area which 

thereby enhanced the quantum yield for photon absorption. The amount of degradation 
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has been observed to increase with the increase of nitrogen concentration. It also showed 

that with the increase of the nitrogen amount in the resultant nanomaterial, the visible-

light photocatalytic activity would also be enhanced, which confirmed the role of 

nitrogen in the lattice for improvement of the visible-light response of N-TiO2. The 

presence of optimal nitrogen content is crucial because excessive nitrogen may act as 

recombination center, which is detrimental to the photocatalytic activity [37]. In view of 

this, it is important to adjust the urea and TiO2 composition to a proper ratio in order to 

acquire the optimum photodegradation efficiency. Thus, further studies were carried out 

by using NT3 as photocatalyst. 

 

Figure 3-7: Comparison of percentage degradation of methylene blue aqueous 

solution by Degussa P25, N-TiO2 (NT1, NT2, and NT3) under the visible light 

irradiation and in the dark condition. 

 

The intensity of the MB absorption peak at 664 nm is plotted versus the exposure time as 

shown in Fig. 3-8. It was observed that the direct light-degradation of MB under the 

visible light irradiation was not obvious, and the MB solution also cannot be degraded 

under the dark conditions in the presence of the photocatalyst. The degradation of MB 

(~60%) by using NT3 under the visible illumination is three times compared to that of 

P25 (~20%) after 4 h of reaction. It should be noted that P25 contains rutile phase, and 
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rutile phase absorbs blue light in the range of 400-420 nm. It is evident that the 

degradation amount of MB increased with increasing exposure time. However, the 

decomposition rate (taken from the slope of curves) decreased with increasing reaction 

time. The rapid conversion of MB is found at the first 2 h irradiation.  

 

 

Figure 3-8: (i) adsorption followed by photocatalytic degradation of MB over 

various photocatalysts under visible light (λ > 400 nm) irradiation. (a) no catalyst 

(b) Degussa P25 (c) N-TiO2 powders (NT3). (ii) the UV visible spectroscopic changes 

of the MB solution over the N-TiO2 sample (NT3). 

 

It is reported that photoreactions take place at or near the catalyst surface, surface 

adsorption is critical for efficient interfacial charge transfer to and from the target 

molecules.[38] To enhance the degradation rate or photocatalytic activity in the sample, it 

is necessary that more charge carriers (electrons and holes) should be available for the 

photocatalytic reactions. The charge carriers under visible light irradiation can be 

increased by shifting the absorption edge to longer wavelength side. Under exposure to 

visible irradiation more charge carriers are generated. Optical studies (Fig. 3-6 UV-vis 

diffuse reflectance) indicated the lower band energy level. The comparison between the 

results in the dark and under illumination suggested that the degradation of MB under 
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visible light was enhanced by simultaneous adsorption, which is favourable for charge 

transfer during photodegradation process. UV-visible spectroscopic changes of the MB 

aqueous solution over the photocatalyst were included in Fig. 3-8 (ii). It is clearly noted 

that the MB absorption peak at 664 nm shifted to shorter wavelength. This hypsochromic 

effect of irradiation on the MB in the presence of photocatalysts is attributed to N-

demethylation upon dye breakdown. In contrast, no blue shift was observed during the 

dark adsorption stage. While no significant blue shift was observed in the MB absorption 

using P25. To further investigate the visible-light activity, the photocatalytic inactivation 

of E coli under visible light was also carried out. 

3.3.3 Antibacterial activity evaluation 

 

Figure 8-9: Schematic illustrations of the photodisinfection test. 

 

Figure 3-10: Emission spectrum of (a) halogen lamp and (b) 13 W fluorescent lamp 

used in the visible light photo disinfection measurement, (1) without filter, (2) with 

400 nm cut off filter. 
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Figure 3-11: Killing ratio of E.coli (10
5
 CFU mL

-1
) in the presence of N-doped TiO2 

nano material and pure TiO2 nano material after exposure to the halogen lamp and 

fluorescent lamp source. (a) Illumination was carried out under halogen lamp at a 

light density of 3×10
4
 lux for 1 h with nanoparticles (b) Illumination was carried out 

under halogen lamp at a light density of 3×10
4
 lux for 15 min with nanothin film (c) 

llumination was carried out under fluorescent lamp at a light density of 5000 lux for 

18 h with nanothin film. Bacterial solution alone under various light illumination 

was chosen as control. Bars indicate average value from three independent 

experiment data. (●p<0.05) 

 

To evaluate the bactericidal activities of resultant TiO2 nanomaterials, we first add 1mg 

mL-1 nanoparticles into 3×105 CFU mL-1 E.coli PBS solution in petri dish. The solution 

was kept stirring and irradiated with 3×104 lux for 1 h. After irradiation, bacteria solution 

was diluted and the number of surviving bacteria was determined by standard plant count 
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method. Pure TiO2 with irradiation and bacterial solution without irradiation were used as 

control. As expected, the N-TiO2 nanoparticles exhibited a significant higher bactericidal 

effect compare to pure TiO2. Around 70% E. coli was killed in the presence of N-TiO2 

nanoparticles, while about 20% E.coli was killed by pure TiO2. Further investigation on 

the bactericidal ability of doped TiO2 nanothin film, 3×105 CFU mL-1 E.coli PBS solution 

was placed on the silicon wafer surface with TiO2 nano-film. Bacterial solution on a bare 

silicon wafer surface was chosen as control. The solution was irradiated with 3×104 lux 

for 15 min. The killing efficiency of N-doped TiO2 nano film is around 90%. It is higher 

than the efficiency of nanoparticles with less dose irradiation, which might be due to the 

absorption of the irradiation by the silicon wafer substrate which produced heat. The 

irradiation only sample also showed higher killing efficiency. In order to expand the 

application field in public area, we chose the fluorescent lamp which is commonly used 

in hospital as light source. No significant differences in bactericidal ability was observed 

on the TiO2 thin films samples incubated in the dark compared with those exposed to 

13W fluorescent lamp at 5000 lux for 1.5 h, which is the same dose as compared with 

irradiation under 3×104 lux for 15 min. Further increased the irradiation exposure time to 

18 h allows 85% of E.coli killing efficiency on the N-doped TiO2 film, while 20% of 

E.coli was killed on the pure TiO2 film sample under the same irradiation conditions. For 

all irradiation sources used in the study, the N-doped TiO2 nanomaterial showed higher 

bacterial inactivation property due to the relatively decreased band gap and consequently 

visible light absorption ability. Though the bacterial inactivation efficiency of N-doped 

TiO2 nanomaterial under visible-light irradiation is quite low compared with UV 

irradiation and other chemical bactericide agent, the visible-light activated TiO2 

nanomaterials offer broad application field. The nontoxic, stable and inert chemical 

property of TiO2 allow continuous act as antimicrobial material when illuminated by 

light. It has the potential to be used in hospital or other public environment.  

3.4 Conclusions 

In conclusion, we have prepared N-doped TiO2 nanomaterial by the sol-gel technique. All 

the prepared nano materials with lower water ratio in the precursor solution exhibited 

anatase-phase TiO2 as determined by XRD characterization. Large water ratio in 
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precursor solution produced TiO2 nanoparticles both with anatase and brookite phase. 

The addition of urea in the precursor solution inhibited the appearance of brookite phase. 

The prepared N-doped TiO2 nanoparticles have size distribution in the nanometer range. 

And the nanocrysallite size decreased with the increase of the doping amount. The N-

doped TiO2 nanoparticles showed excellent visible-light absorption and high 

photocatalytic ability for the methyl blue under visible light irradiation. Meanwhile, N-

doped TiO2 thin films were obtained by spin coating. The evidence for the presence of 

nitrogen and the interstitial doping states of nitrogen is demonstrated by UV-visible 

spectra and XPS characterization. The N-doped titanium nanomaterials were applied to 

bacterial inactivation. The enhanced photoactivity was attributed to the dopant induced 

elevated and extended light absorption into the visible range. Based on the above 

experiment results, this study facilitated the development of a visible active photocatalyst 

with improved photoactivity. A large range of pathogenic microorganisms need to be 

tested to evaluate the microbial inactivation property for real applications. Our method of 

narrowing the band gap has the advantage of low cost, simple processing, easy large-

scale production and is environmentally friendly. 
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Chapter 4  

4. Characterization and antibacterial adhesion performance 
of TiO2 coatings preparaed by liquid phase deposition  

4.1 Introduction 

High-performance polymers and polymer-matrix composites are increasingly used in 

demanding applications. For example, butyl rubber with outstanding features such as low 

gas and water permeability and low resilience, is an important large-volume commercial 

product, ranging from inner-tubes in automobile tires to diaphragms in artificial heart 

pumps. Unfortunately, microbial surface adhesion and the formation of a biofilm at the 

interface between the material and the biological environment can cause clinical failure in 

many applications. Recent research has focused on surface modification, including 

grafting polymers with good biocompatibility [1-3], introducing an inorganic barrier, for 

example mineral oxide films [4, 5]. Titanium dioxide (TiO2) is one of the most effective 

photocatalysts currently in use due to its strong oxidizing power, non-toxicity and long-

term photostability [6]. It has been widely used for sensors, photocatalysis, photovoltaic 

devices, etc. In addition, self-sterilizing property of TiO2 has also been reported [7], 

which can kill bacteria on its surface under ultraviolet (UV) illumination [8, 9]. However, 

the traditional techniques to fabricate TiO2 related nanomaterial coatings such as 

chemical vapour deposition, sputtering and some other physical processes usually 

required surface roughness to support the stringent reaction condition [10]; while, for wet 

chemistry method, such as hydrolyzing titanate precursors (sol-gel and reverse micelle 

method), required the following heat treatment at very high temperature, usually above 

500°C , which is much higher than the degradation temperature of most polymers [11-

13]. Therefore, an milder preparation method is desired to achieve the TiO2 coating on 

polymer surface. 

Liquid phase deposition (LPD) is commonly used to make silica films [14, 15] and this 

strategy is being increasingly used recently to produce single oxides such as titanium [16, 

17], tin oxide [18], iron oxide [19] and multicomponent films [17, 20]. The oxide thin 

film by LPD method is formed by oxide precipitates from the hydrolysis of an aqueous 
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solution of a metal inorganic salt [17]. For the formation of TiO2 film, the aqueous 

solution of titanium inorganic salts ((NH4)2TiF6, TiF4, and TiCl4) were hydrolyzed by the 

addition of boric acid or aluminum metal as F- scavengers at low temperature (50 °C) 

[21]. The whole process is low-cost and environmentally friendly, and requires neither 

vacuum nor high temperature. Masuda et al. explored in detail the mechanism of anatase 

TiO2 deposition on several of self-assembled monolayers in an aqueous solution [22]. 

The solution composition, temperature, and pH had great influence on the morphology 

and growth rate of the resulting film [17, 23]. Since the TiO2 layer deposited on the 

surface will not destroy the bulk properties, LPD is a potentially general approach to 

introducing oxides films as a method to improve thermo-oxidative and antibacterial 

stability of polymers. Although the deposition solution chemistry and film nucleation 

processes are well investigated, the control of the derived film structure as desired has not 

been studied in detail. 

In this chapter, using the LPD approach, TiO2 thin coatings were deposited on the 

substrates of interest, e.g. butyl rubber, silicon wafer and cotton sheet. The morphology, 

chemical composition, and the water contact angles of the deposited coatings were 

investigated. The morphology of the deposited coatings can be controlled by tuning the 

solution composition. Smooth TiO2 films with good adhesion or loosely packed TiO2 

coatings with hierarchical structures can be achieved as desired. After surface 

fluorination treatment, the TiO2 coatings with hierarchical structures showed the 

superoleophobic property. Furthermore, preliminary results on the antibacterial adhesion 

have been explored. 

4.2. Methodology 

4.2.1 Chemicals and materials 

Ammonium hexafluorotitanate ((NH4)2TiF6, 99.99%), boric acid (H3BO3, 99%), 

hydrochloric acid, poly(acrylic acid) (PAA) with a molecular weight of 450,000 g mol-1 

and polyethylenimine (PEI) with a molecular weight of 750,000 g mol-1 were purchased 

from Aldrich Chemical Company and used as received unless otherwise noted. 
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1H,1H,2H,2H-Perfluorodecyltrichlorosilane (PFTS) was obtained from Alfa Aesar. Butyl 

rubber films were received as a gift from Lanxess Company. Silicon wafer and cotton 

sheets were commercial products. All reagents were of analytical grade and used as-

received form without further purification. 

4.2.2 Preparation of seeds  

To acquire the desired morphologies and examine the effect of seeds on the morphologies 

of TiO2 coating film, various nanoparticles with different sizes and shapes were studied 

as initial seeds. TiO2 particles with diameter of 25 nm were suspended in DI water to get 

2 mg mL-1 dispersion solution; homemade SiO2 rod with the 3 µm length and 150 nm 

width dispersed in DI water was also chosen as seed solution. PEI and PAA aqueous 

solution of concentration around 0.05 wt% were prepared respectively, and followed by 

adding certain amount of seed at a concentration of 0.25 wt% with shaking for 24 h under 

ambient condition to achieve equilibrium. 

4.2.3 Preparation of TiO2 coating 

The (NH4)2TiF6 and H3BO3 were separately dissolved in deionized water and then mixed 

to form a homogenous solution containing 0.05 M of (NH4)2TiF6 and 0.15 M of H3BO3. 

The solution pH was then adjusted to 2.88 by the addition of 1 M of hydrochloride acid. 

Subsequently, a predetermined amount of the prepared seed dispersion mentioned above 

was added to the homogenous solution and mixed under ultrasonication for 5 min to 

obtain the precursor solution. In the meanwhile, the substrates of butyl rubber films were 

treated by UV/ozone cleaner for 20 min to remove any organic contamination and 

convert the hydrophobic surface to hydrophilic through formation of oxygen-containing 

functional group. The silicon wafer substrates were cleaned by Piranha etching solution 

by immersed into a piranha solution (concentrated H2SO4/H2O2 70:30 vol%) at 90 oC for 

30 min, and followed by thorough rinsing with distilled water. The fresh activated butyl 

rubber, silicon wafer and cotton sheet substrates were placed upside down in 100 mL of 

precursor solutions to avoid the deposition of TiO2 particles by gravity. The deposition 

was operated at 50 °C for variable reaction time from 3 to 24 h. When the reaction was 
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completed, the substrates with TiO2 coating were cooled down to room temperature and 

washed with distilled water three times and dried under a N2 atmosphere. 

4.2.4 Surface characterization  

The crystallinity of the resultant TiO2 films were determined by x-ray diffraction (XRD) 

with Co radiation (λ=1.79026 Å) operated at 45 kV and 160 mA and a rotating anode x-

ray generator (Rigaku Rotaflex RTP 30). The scanning range was from 2o to 82o in the 

incensement of 0.02o. Atomic force microscopy (AFM) measurements were carried out 

with Nano-scope dimension V controller. Tapping-mode scans were performed with 

silicon nitric cantilever/tips (Digital Instruments) at ambient conditions using 1 µm2 x-y 

range scanner. The surface morphology of samples was assessed by scanning electron 

microscopy (SEM, HITACHI S-4500) with an energy-dispersive x-ray spectrometer 

(EDX). The samples were coated by a thin layer of Pt to increase the conductivity. 

4.2.5 Tape test 

A piece of 3M Scotch adhesive tape was used for the adhesive tape peeling test. Scotch 

tape was placed on the deposited film, pressed gently to achieve a homogeneous contact 

between the tape and the coating film, and then peeled off quickly. The morphology of 

the coating on butyl rubber after tape test was observed by optical microscopy. 

4.2.6 Bacterial adhesion test 

Substrates with various coatings were immersed into bacterial solution (E.coli) with 108 

CFU mL-1 for 6 h at ambient environment in static growth condition. Then the substrates 

were taken out and dipped in sterile PBS solution three times. Sterilized filter paper was 

used to wick the moisture from the substrate surface; after that the substrates were 

characterized by SEM. 
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4.3 Results and Discussion 

4.3.1 Reaction mechanism of LPD-derived TiO2 coating 

In a typical LPD process, metal oxide or hydroxide thin films are formed by a ligand-

exchange equilibrium reaction (hydrolysis) between the metal-fluoro complex ion and 

metal oxide or metal hydroxides in an aqueous solution [14, 15, 19]. By the addition of 

boric acid, as F- ions scavenger to give the more stable BF4
- ion, the equilibrium reaction 

of hydrolysis of soluble titanium fluoride complex [TiF6]
2- is shifted from left to the right 

hand side (as depicted in Scheme 1, eqs 1-4) [17, 21, 24-26]. It also can be seen that high 

concentration of H+ would suppress the deposition of TiO2 (Scheme 1, eq1). As a fluoride 

scavenger to shift hydrolysis to the right, the hydrolyzed titanium complex ion, [TiF6-

n(OH)n]
2-, leads to a hydrous oxide precipitation by condensation reaction through both 

olation and oxolation (Scheme 1, eqs 5-6) [21].  

 

Scheme 1: reaction mechanism for LPD [16, 17, 21, 25, 26] 

 

Various methods with differences in solution composition, pH, and temperature have 

been reported to form the supersaturation of the solution to form TiO2 film on different 

substrates. The degree of supersaturation of the deposition solution, nucleation density 

and growth rate are deliberately controlled by solution concentration, temperature and 

pH, significantly influencing the crystallinity and morphology of LPD-dereived TiO2 thin 

films [16, 23, 27]. Ozawa [28] et al. has investigated the effect of seed crystal and 

composition of the aqueous solution on the formation of TiO2 thin film from the 
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hydrolysis reaction of titanium fluoro-complex solution. The structure of the derived 

TiO2 coating could be tailored as requested by the addition of various seed crystal.  

4.3.2 Characterization of LPD-derived TiO2 coating on 

different substrates 

The morphology and adherence of the resultant film on substrate by LPD method was 

also affected by the surface functionality of the substrate [23]. In order to ensure uniform 

film growth using LPD method, surface treatments are usually required, which include 

the pre-deposition or self-assembly of a seed layer [29], and the surface formation of 

hydroxides [30]. In this chapter, pristine butyl rubber surface was treated by UV/Ozone 

for 20 min. Long-time exposure to UV/ozone would lead rubber age and degradation. 

The surface contact angle measurement results showed that the contact angle to water 

droplets decrease to 40o compared to a value of 90o for pristine unmodified butyl rubber 

surface, which revealed the surface was more hydrophilic after UV exposure due to the 

formation of oxygen-containing functional group. Comparing to UV/ozone treated butyl 

rubber surface, the fresh piranha solution treated silicon wafer exhibited superhydrophilic 

property with the contact angle around 5o. Furthermore, piranha solution treated silicon 

wafer and cotton sheet were chosen as the substrates to understand the formation of LPD-

derived TiO2 coating. 

The surface morphology and grain size of the LPD derived TiO2 thin films on UV/Ozone 

treated butyl rubber, silicon wafer and pristine cotton sheet were firstly characterized by 

SEM. Fig. 4-1 presents the representative SEM images of the derived TiO2 coating from 

the top views at different magnifications. Overall, smooth surface of the coated butyl 

rubber without obvious aggregates of TiO2 was observed. The formation of visible cracks 

appeared on the top of TiO2 films (Fig. 4-1a) was ascribed to the capillary stress as a 

result of the shrinkage of films during dry process [31]. More visible cracks appeared on 

the silicon wafer surface, while crack-free TiO2 coating mrophology was oberved on 

cotton sheet surface. This phenomena indicated the stress mismatch of the LPD-coating 

with the substrate had great effect on the surface morphology. In general, TiO2 particles 

consisted of crystallines with diameter around 60 nm fully covered the surbstrate. The 
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appeared larger domains were due to the surface roughness of butyl rubber and the small 

TiO2 particles incorporated together regardless to the surface fluctuation in high 

magnification 50,000×. The resultant film demonstrated a dense and defect-free 

morphology at high magnification (Fig. 4-1(a)-3). The energy dispersive x-ray (EDX) 

spectra of the surface showed in Fig. 4-1(a)-4 clearly indicate the existence of Ti and O. 

The appeared signal of C was from the substrate of butyl rubber and F was originated 

from precursor in the LPD solution that might improve the photocatalytic activity of TiO2 

[32, 33]. 
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Figure 4-1: SEM images of TiO2 coated on various substrates with different 

magnification. (a) LPD-derived TiO2 coating on UV/Ozone treated butyl rubber; 

(a)-2 zoom in picture in the white square area of (a); (b) LPD-derived TiO2 coating 

on pristine cotton sheet; (b)-2 zoom in picture in the white square area of (b); (c) 

LPD-derived TiO2 coating on prianha solution treated silicon wafer; (c)-2 zoom in 

picture in the white square area of (c); (a)-4 EDX result corresponding to (a)-2, 

carbon comes from the butyl rubber substrate, and fluorine comes from the LPD 

solution, Pt comes from the deposited condutive Pt layer. 

 

The LPD-derived TiO2 coating presented good ahesion to the rubber substrate. The 

optical microscopy image shwon in Fig. 4-2 displays the morphology changs after tape 

test for two cycles. A large part of the TiO2 coating film showed integrity after tape test 

except the white circle area marked in the picture.  
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Figure 4-2: Optical microscopy of TiO2 coated on butyl rubber substrates after tape 

test. (a) LPD-derived TiO2 coating on UV/Ozone treated butyl rubber, (b) after tape 

test once, (c) after tape test twice. The circle area showed the changes after tape test. 

 

The XRD patterns of the TiO2 coating films on butyl rubber surface are presented in Fig. 

4-3. As shown in Fig. 4-3 (a), the pattern presented well-defined peaks for both butyl 

rubber and TiO2 coating film. The broad peak of 2θ around 17o was attributed to the 

amorphous phase of butyl rubber [34]. The two diffraction peaks at 30o and 44.4o were 

assigned to the anatase (101) facets and (004) facets, respectively, indicating that the 

crystalline of TiO2 formed on the butyl rubber surface is in anatase structure [35]. To 

confirm the crystal structure, the XRD pattern of precipitates collected from precursor 

solution after reaction also was given in Fig. 4-3 (b). The diffraction peaks of the 

precipitates identified the obtained TiO2 as anatase crystal. 
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Figure 4-3: The XRD patterns of (a)TiO2 coating on butyl rubber surface and (b) 

TiO2 powders collected from precipitates from LPD method. 

 

 

Figure 4-4: AFM images of 3D morphology and height images of the TiO2 coating 

on a butyl rubber surface deposited by the LPD method. 

 

The film morphology was further characterized by AFM. 3D morphology images of the 

TiO2 thin film deposited on butyl rubber showed a uniform film coating composited of 
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densely packed sphere-like particles. It is consistent with the SEM results in higher 

magnification. The surface roughness, root mean square roughness was obtained from the 

AFM result. For the measured area of 1µm×1 µm, the Rq was as low as 3-9 nm. The 

LPD derived TiO2 thin film by current deposition parameter showed quite smooth surface 

morphology.  

4.3.3 Morphology control by addition of seeds 

Fig. 4-5 shows a set of SEM images of TiO2 crystallites grown on the silicon wafer 

surface in the presence of seed at a concentration of 0.3µg mL-1. At the early growth 

period (6h), sphere-like TiO2 crystallites with diameter of 1.2 µm attached on the 

substrate. As the reaction continued, the number of the sphere-like islands increased and 

the TiO2 crystallites merged together to form the monolayer structure. But they did not 

cover the whole surface. It was also seen that individual hemisphere TiO2 crystallites 

randomly distributed on the top of first monolayer. The hemispherical deposition on 

substrate surface has been observed in LPD-derived TiO2 film by other researchers when 

nucleation sites density on the substrate is low [27]. No uniform film coating was 

observed after 12 h reaction. It is noticed that the deposition solution became cloudy after 

the reaction occurs and TiO2 particles precipitated in bulk in the reaction solution. The 

sedimentation of TiO2 particles formed cluster in the presence of seed also reduced the 

film formation on the substrate surface. 
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Figure 4-5: SEM micrographs of the silicon wafer surface immersed in 0.05 M 

(NH4)2TiF6 and 0.15 M H3BO3 solution with seed of 0.3 µg mL
-1

 at 50 
o
C after (a) 6 

h and (b) 12 h. 

 

4.3.4 Effect of the amount of additives  

Fig. 4-6 compared the SEM micrographs of the silicon wafer surface immersed in 0.05 M 

(NH4)2TiF6 and 0.15 M H3BO3 solution at pH = 2.88 with and without various seed 

concentration for 12 h. It is observed that closely packed TiO2 particles formed coatings 

on the substrate surface in the solution without adding any seeds. While for the 

deposition solution with seed, no film but isolated islands with the diameter around 1.2 

µm appeared which is similar to the morphology observed in Fig. 4-4 (b). It is noticed 

that the excellent monodispersed sphere-like TiO2 particles appeared on the substrate 

immersed in the solution with 0.4 µg mL-1 seed. No noticeable differences on the surface 

morphology have been observed by increased the seed concentration from 0.4 µg mL-1 to 
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3 µg mL-1. However, it is reported that excess addition of the seed would cause the 

agglomeration of the seed crystals and reduce the amount of deposition [28]. 

 

Figure 4-6: SEM micrographs of the silicon wafer substrates immersed in 0.05 M 

(NH4)2TiF6 and 0.15 M H3BO3 solution at 50 
o
C for 12 h with or without various 

concentration of seed (a) without seed, (b) with seed 0.15 µg mL
-1

, (c) with seed 0.4 

µg mL
-1

, (d) with seed 3 µg mL
-1

. 
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4.3.5 Effect of the surface property of additives  

LPD derived TiO2 film on substrate depended heavily on the wettability and surface 

charge of the substrate. For hydrophilic surface, due to the large number of nuclei growth 

density, TiO2 nuclei gradually grew up to form a layer of particles contacting to each 

other and then formed film. In contrast, isolated particles distributed on the substrate due 

to low nuclei growth density on the hydrophobic substrate surface. It is also reported that 

LPD-derived TiO2 coating formed excellent adherence on negatively charged surfaces 

[23]. TiO2 crystallites formed by LPD method at pH=2.88 have positive surface charge 

density [23] which favour to adhere to surfaces with negative surface charge due to 

electrostatic attraction. In current paper, all the piranha solution treated silicon wafer 

surfaces were blown dry in N2 atmosphere before soaked in the deposition solution. No 

uniform TiO2 film was observed on the surface in the presence of seeds. Instead, silicon 

substrates were partially covered by hemisphereical TiO2 crystallites. The addition of 

seeds to the deposition solution increased the solid-liquid interfaces in the reaction 

solution, which enhanced the nucleation of TiO2 in the solution and reduced the nuclei 

growth on the substrate surfaces. We further investigated the surface morphology of the 

derived coating in the presence of modified seed in the deposition solution with the same 

solution concentration. It can be observed that the silicon wafer substrate was almost 

fully covered by LPD-derived TiO2 film in the deposit solution with PEI modified seed. 

While for the substrate exposed to the solution with PAA modified seed, sphere-like TiO2 

particles with the diameter around 1 µm distributed on the surface. PEI modified seeds 

contained positive surface charge, which facilitated the attachment of nucleation on the 

substrate surface. In contrast, PAA modified seeds contained negative surface charge 

which enriched the nucleation sites on seed surface, resulting in less film coating on the 

substrate. Fig.4-7 showed the surface morphology of the LPD derived coating with the 

addition of seed modified by basic polymer PEI and acid polymer PAA, respectively. 
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Figure 4-7: SEM micrographs of the silicon wafer surface immersed in 0.05 M 

(NH4)2TiF6 and 0.15 M H3BO3 solution at 50 
o
C for 12 h with (a) PEI modified seed 

at 2 µg mL
-1

 (b) PAA modified seed at 2 µg mL
-1

. 

 

4.3.6 Customized the LPD-derived TiO2 coating in the 

presence of seed 

Fig.4-8 shows the typical morphology of the sphere-like TiO2 crystallites on the 

substrates at high magnification. Clearly, sphere-like TiO2 crystallites were formed by 

small crystallites around 50 nm. We also studied the morphology of the TiO2 precipitates 

by collecting the sediment in the deposition solution after reaction through centrifugation 

for 20 min at 4000 rpm. Fig.4-9 showed the typical SEM micrographs of the TiO2 

crystallites formed cluster in sedimentation. Microscale TiO2 particles were formed by 

nanoscale TiO2 crystallites which possess a nano-scale secondary structure at high 
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magnification. And the microscale TiO2 particles further formed cluster structures, 

forming hierarchical structure.  

 

Figure 4-8: Typical SEM micrographs of sphere-like TiO2 crystallites on the silicon 

wafer surface. 

 

Figure 4-9: Typical SEM micrograph of TiO2 crystallites formed clusters in 

sedimentation. 

 

In order to introduce the hierarchical structure on the top of the substrate surface, the 

piranha solution treated silicon wafer immersed in the deposition solution was tilted 

certain degree from vertical line with the deposit side faced up. Fig.4-9 shows the surface 

morphology after the depsition reaction for 6 h. Similar cluster structure has been 

reported by Zhang et al [36] with different precursor solution composition. However, in 

our system, the presence of seed was used only to facilitate the nucleation growth in the 

liquid phase in stead of being embeded at the interface of substrate. The formation of 
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cluster by TiO2 crystallite was driven by gravity. No evidence was found that seed 

crystals invovled in the formation of clusters either by adding 1-D TiO2 nanopartilces or 

2-D SiO2 rods. 

4.3.7 Surface wettability 

 

Figure 4-10: SEM micrographs of the fluorinated silicon wafer surface with coating 

which immersed in 0.05 M (NH4)2TiF6 and 0.15 M H3BO3 solution at 50 
o
C for 6 h 
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with seed at 1µg mL
-1

. Optical image of the hexadecane contact angle is inserted in 

the top-right corner of the SEM images. (a)-(d) The top view of the surface coating 

with different magnification. (e) The cross-section view of the TiO2 particles formed 

cluster structure. EDX result showed the chemical composition of the cluster. 

 

The surface wettability of the prepared TiO2 coating with and without hierarchical 

structure on silicon wafer surface has been studied by contact angle (CA) and sliding 

angle (SA) measurements. Fig. 4-10 shows the contact angle for hexadecane of the 

sample fluorinated with PFTS, the contact angle value of hexadecane increased up to 

157o, which demonstrated a superoleophobic surface. Water droplets hardly stick to the 

surface and would roll off quite easily even without incline the surface. In comparison, 

the coating surface without hierarchical structure after the same fluorination treatment 

showed complete wet state by hexadecane droplet, although the contact angle for water 

droplet was around 130o. The pristine LPD-derived TiO2 coating surface is hydrophilic, 

which attributed to the hydrophilic property of the TiO2 crystallites. The droplet of water 

immediately wet the surface when contact to the bare surface. As illustrated above, 

hierarchical TiO2 cluster consisting of microscale particles with nanoscale texture formed 

surface. The cluster also showed microscale pores among several particles instead of 

dense packed structure. The superoleophobic properties of the samples after surface 

decoration with low surface energy group indicated that the hierarchical structure 

containing micro-pores play important role in the enhancement of contact angle of 

droplet with low surface tension.  

There exist two main configurations on wetting states when a liquid droplet deposited on 

a solid surface modified with hydrophobic texture, Wenzel state, which describes a 

complete wetting of the surface including partial nanostructure and Cassie-Baxter state, 

defines partial wetting due to air trapped in the rough area. In our present study, the 

fluorinated LPD-derived TiO2 coating with hierarchical structure exhibited non-wetting 

property and excellent repellence towards hexadecane droplet, indicating  Cassie-Baxter 

state exist in the system. 
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4.3.8 Bacterial adhesion activity of the LPD-derived TiO2 

coating  

 

Figure 4-11: Representative SEM micrographs of the silicon wafer substrates with 

LPD-derived TiO2 coating after 6 h incubation in E. coli suspensions: (a) pristine 

LPD-derived TiO2 coating deposited for 6 h without seed, (b) fluorinated pristine 

LPD-derived TiO2 coating deposited for 6 h without seed, (c) LPD-derived TiO2 

coating deposited for 12 h with seed, (d) fluorinated LPD-derived TiO2 coating with 

hierarchical structure. 

 

E.coli, which is a Gram-negative bacterium, was used as a model bacterium to evaluate 

the surface bacterial adhesion property of the prepared samples. Since extensive research 

has been established on the strong photoredox-based bacteria-killing ability of titanium 

dioxide, only bacterial adhesion on the prepared surface has been investigated in this 
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chapter. Fig.4-11 shows the preliminary bacterial adhesion results. All samples were 

immersed in an E.coli suspention (108 CFU mL-1) for 6 h. It is obvious that E. coli 

bacteria appeared on fluorinated LPD-derived TiO2 coating surfaces. In contrast, for 

pristine LPD-derived TiO2 coating surfaces and fluorinated LPD-derived TiO2 coating 

surfaces with hierarchical structures, E. coli bacteria were seldom observed. It is reported 

that substratum surface roughness, hydrophilic/hydrophobic property of the substrate and 

electrostatic interactions are key factors to govern the extent of bacterial adhesion [37-

39]. Pristine LPD-derived TiO2 coatings have hydrophilic surface wettabilities, and have 

negative surface charges in PBS solution, which discourage the adhesion of bacteria 

carring a net negative surface charge [40]. For the fluorination modified surface, fluorine 

moiety on the particle surface shielded negative surface charge. Plus the fluorinated TiO2 

coating without hierarchical structure demonstrated hydrophobic properties, which 

promoted the bacteria adhesion. While for the fluorinated LPD-derived TiO2 coating with 

hierarchical structure, the entrapped air among the dual-scale surface texture and micro-

scale pores limited the effective contact area for bacteria adhesion. Other bacterial strains 

demonstrating adhesion and subsequent growth behavior on the resulting 

superoleophobic surface will be investigated in future studies. 

4.4 Conclusions 

Crystalline TiO2 films have been successfully deposited on butyl rubber, cotton sheets 

and silicon wafer substrates through LPD method in mild environments. Fabrication of 

LPD-derived TiO2 coatings on various substrate surfaces with seed dispersed in 

deposition solution allowed resultant surface structure to be tailored. After surface 

fluorination, the LPD-derived TiO2 coating surface with hierarchical structure showed 

superoleophobicity due to the dual-scale surface roughness and entrapped air among the 

structure and low surface energy decoration. Both pristine and superoleophobic TiO2 

coating displayed antibacterial adhesion property. More antifouling tests will be 

investigated in future work. The LPD-derived TiO2 coatings are highly customized which 

have the potential application biomedical engineering fields such as biosensors.  
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Chapter 5 

5 A novel method for engineering superoleophobic and 
conductive dual-functional coatings on flexible and 
stretchable substrates 

5.1 Introduction 

In the past few decades, the control of surface wetting has been studied extensively due to 

its scientific significance and the potential applications in a variety of areas, including 

self-cleaning [1] and anticorrosion [2] coatings. A surface is defined as 

“superhydrophobic”, if both the advancing and receding contact angles for an aqueous 

droplet exceed a value of about 140o [3]. Consequently, such a surface is also 

characterized by a low (< 5o-20o) contact angle hysteresis (CAH). This definition is not 

rigorous, but it encompasses a common qualitative feature that aqueous droplets do not 

stick to superhydrophobic surface and easily roll off when the surface is tilted. The 

surface wetting properties are determined by both the chemical compositions and 

roughness of the surface. There are a large number of existed superhydrophobic surfaces 

in nature, such as the lotus leaf [4] and water strider’s legs [5] , and artificial structures 

[6]. However, the “superoleophobic” surfaces that repel the hydrophobic liquids are still 

extremely rare [7].  

A multitude of experimental strategies have been developed to produce superhydrophobic 

and/or superoleophobic surfaces. All of these strategies involved modifications of both 

the surface chemical compositions and roughness. An effective way to lower the surface 

energy is the introduction of fluorinated moieties to the surface by chemical or physical 

methods. However, simply fluorinating a surface will produce neither superhydrophobic 

nor superoleophobic coatings. Thus, most of research effort has been focused on creating 

intricate surface morphologies that have re-entrant or overhanging features [7-10], and 

multi-scale hierarchical structures [11-13]. For example, superoleophobic surfaces, which 

exhibit a contact angle greater than 150o, have been prepared by various techniques 

including electrochemical process [10, 14, 15], lithography [7, 9] and sol-gel [12]. 
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However, most of these techniques are expensive and complex processes involving many 

fabrication steps, and therefore are difficult to scale up to coat large surface area.  

Alternatively, spray coating technique, as a low-cost and convenient technique, has been 

widely used in industry. Considering applicability of the coating process in practice, we 

have developed our methods based on the spray coating technique. Recently, Steele et al. 

[16] described a method to fabricate superoleophobic surfaces by spray casting ZnO 

nanoparticles along with a waterborne perfluoroacrylic polymer. However, the stability of 

the resulting surface was not mentioned. Srinivasan et al. [17] prepared superoleophobic 

surfaces by a single step spraying poly(methyl methacrylate) (PMMA) and fluorodecyl 

POSS blends using the hydrochlorofluorocarbon solvent. According to the ASTM-3359 

standard for adhesion testing, the coating showed poor adhesion. There is a need to 

prepare more robust coatings having superoleophobic characteristic alone or in 

combination with other functionality and good adhesion to the substrates.  

Carbon black (CB) [18] is a form of amorphous carbon that has a high surface-area-to-

volume ratio, only slightly lower than that of activated carbon which is commonly used 

in plastics, as reinforcement in tires, electronic packaging, printing inks and ultraviolet 

(UV) stabilization. CB is widely available and has advantages in cost and ease of mass 

production. The structure of CB makes it ideal for superoleophobicity because of its 

ability to agglomerate nanometers-sized primary carbon particles (nodules) into larger 

multiscale, grape-like structures up to 1 millimeter in size [19]. The multiscale aggregates 

are held together by van-der-Waals forces [20]. This tendency is especially pronounced 

for the most-fine-grained, so called “high structure” varieties of CB such as the one used 

in the present work. 

Another important feature of CB is the presence of 6%−8% OH functionality on the 

surface of the agglomerates [21, 22]. These OH groups are important for bonding the 

perfluorosilane to the composite CB surfaces in order to lower the surface energy and 

produce superoleophobicity. Since primary CB particles are made from the small 

graphitic crystallites [19], all forms show some conductivity. Conductivity can also be 

enhanced by additional graphitization of CB. 
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It is the current technical trend of surface engineering to develop coatings with multi-

function. To best of our knowledge, the invention reported here is the first simple, 

scalable and industry-applicable coating technology for making multifunctional surfaces 

that are both conductive and superoleophobic. To date there are only couples of studies 

that have developed coatings which potentially result in increases to both conductivity 

and superoleophobicity. Darmanin et al. [23, 24] used electropolymerization to deposit 

conductive polymer aggregates on flat surfaces and on patterned pillar structures. Wang 

et al. [25] used vapour-phase polymerization of polypyrrole in the presence of a 

fluorinated alkyl silane to deposit conductive coatings directly on fibrous substrates, thus 

also making them superoleophobic. There remains a need for less expensive materials 

and easier methods for preparing functional coatings having superoleophobic and 

conductive characteristics. Our spray method is indeed much simpler and more 

industrially applicable.  

Thus, in this study, we provide an effective, simple and low-cost spray technique to 

fabricate CB-based coatings that are superoleophobic and conductive. The wettability and 

conductivity of the resultant composites may be easily tuned by varying the component 

loading. This superoleophobic coating has a multi-scale roughness ranging from 

nanometers up to micrometers. The crucial ingredient used to produce the multi-scale 

roughness is conductive CB, which consists of nanometer sized particles that are fused 

together to produce large aggregated particles. The coatings were deposited on flexible 

substrates and have the ability to preserve superoleophobicity even when strained to 

~100%.  

5.2 Experimental Section 

5.2.1 Materials  

Polyisoprene pellets (PIP, trans), hexane, tetrahydrofuran, hexadecane and 2,2-

azobis(isobutyronitrile) (AIBN) were obtained from Sigma-Aldrich. 1H,1H,2H,2H-

Perfluorodecyltrichlorosilane (PFTS) was obtained from Alfa Aesar. Conductive carbon 

black (CB, Vulcan XC 72) was purchased commercially from Cabot Corporation. All of 
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the chemicals were used in the as-received condition without further modification. Cured 

butyl rubber substrates were kindly provided by LANXESS Inc. 

5.2.2 Preparation of Ultraviolet (UV) cross-linked coatings on 

butyl rubber surface 

In a typical experiment to prepare sample P40C60, PIP was dissolved in hexane and 

ultrasonicated at room temperature for 1 hour to obtain a ~2 wt% solution. In a separate 

vial, the conductive CB was dispersed in hexane and ultrasonicated for 1 h to yield a ~2 

wt% suspension. The PIP solution and the CB suspension were blended together and 

further sonicated for at least 4 hours. No surfactants or dispersant were used currently. 

Note that the final concentration of the blended mixture (CB + PIP) was approximately 2 

wt%, though the proportion between CP and PIP varied. The UV initiator AIBN was 

dissolved in 200 µl tetrahydrofuran and added to the suspension before spraying at a 

concentration of 2% of molar ratio of polymer. The blends were sprayed on butyl rubber 

substrates using an airbrush (Badger, Model 350-1H) connected to a compressed nitrogen 

tank (pressure 60 psi) (Fig. 5-1). Most of the coatings investigated in this study were 

produced by spraying 25 mL of the CB and PIP mixture on a 6×6 cm2 butyl rubber 

substrate. The coated substrates were then left in a chemical fume hood overnight at room 

temperature to remove any residual solvent. The air dried coatings were then exposed to 

ultraviolet light (365 nm) for 20 minutes to initiate the cross-linking. The cross-linked 

samples were then placed in a glass bottle in order to deposit the PFTS on them via 

chemical vapour deposition (CVD). A total of 20 µl of PFTS was dropped in the glass 

bottle, sealed and then placed for 30 minutes in an oven at 75 oC.  
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Figure 5-1: Schematic illustration of the spray apparatus. The spray distance (L) is 

15 cm and the pressure P is 60 psi under room temperature (T=25 
o
C) and a range 

of relative humidity (RH: 40-50%). 

 

5.2.3 Wettability Test  

Sessile droplet contact angles were measured in ambient air at room temperature using a 

contact angle goniometer (Model 100-00). Two low surface energy liquids were used for 

contact angle measurements (1) hexadecane and (2) methanol. 

5.2.4 Tensile Testing  

For uniaxial stretching, the coatings were sprayed on flexible butyl rubber substrates, 

followed by the cross link and fluorination process. The substrates were then mounted 

between two linear clamps and stretched to a maximum of 100% strain. This is the limit 

of our manual stretch testing device.  

5.2.5 Surface Characterization 

The surface morphology of the coatings was assessed using a Hitachi S-4500 Scanning 

Electron Microscope (SEM). The samples were sputter-coated with a thin layer of 

platinum prior to examination in order to minimize sample charging. Cross-sections of 
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the samples were also prepared by freeze fracturing. The samples were immersed in 

liquid nitrogen for 5 min and then fractured by bending. The fractured surfaces were then 

examined by SEM. 

The outer surface was characterized using x-ray photoelectron spectroscopy (XPS) before 

and after tape testing. The XPS spectra were collected using a Kratos NOVA XPS from 

an area approximately 700×300 µm2 in size, using a monochromatised Al-Kα x-ray beam. 

XPS is a very surface sensitive analytical technique, and it can provide compositional 

data from the outer 5-10 nm of a surface.   

5.2.6 Conductivity Measurements 

The electric characterization of the resulting coatings before and after fluorination via 

perfluorosilane was measured by the two-probe method [26] using a FLUKE 87 True 

RMS Multimeter. The electrical resistivity was calculated using the following equation: 

ρ = Rs × t (Ω m)        (1) 

where ρ is the bulk resistivity and t is the thickness of coating. Sheet resistance (Rs, Ω) 

was measured at room temperature under ambient conditions. All experimental 

measurements were repeated >10 times on each coating sample to obtain average values. 

5.3 Results and Discussion 

5.3.1 Superoleophobic results for UV cross-linked coatings 

The concentration of the PIP and CB solution is critical in controlling the morphology of 

the final surface produced by spraying. To investigate the effect of concentration on the 

surface morphology, we used four different solutions with various ratios of PIP to CB 

(50:50 wt%, 45:55 wt%, 40:60 wt% and 34:66 wt%) at a fixed total solute concentration 

of 12.5 mg mL-1. The concentrations of PIP, CB, AIBN and hexane are presented in 

Table 1. Samples are labeled according to the weight ratio of PIP and CB (wt%). For 

example, P45C55 denotes 45 wt% of PIP and 55 wt% of CB. 
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Table 5-1: Concentration of solutions/dispersions for UV cured spray coatings. 

 

 

 

 

 

 

 

The SEM images presented in Fig. 5-2 showed the morphology of the composite coatings 

sprayed on the butyl rubber substrates. At low magnification, the four different coatings 

have a similar morphology and consist of flat regions covered with micron sized 

agglomerates. However, at higher magnification the coatings containing higher CB 

concentrations show a more porous and finer structure when compared to the coatings 

with a lower CB concentration. Thus, by controlling the CB filler content we can control 

the morphology of the coating. At lower filler concentrations the CB agglomerates tended 

to be completely encased by the PIP matrix and the multiscale structure of the CB was 

masked. However, at higher CB concentrations, the CB particles formed microscale 

clusters, while the polyisoprene filled the interspaces and provided adhesion. These 

clusters provided the necessary micrometer-scale roughness, while the individual CB 

nanoparticles provide the nanoscale roughness. Such a hierarchical micro-to-nanoscale 

roughness is critical to produce supeoleophobicity on natural and artificial surfaces. [5,6] 

 

Sample Composition (wt%) 

PIP CB AIBN Hexane 

P50C50 

P45C55 

P40C60 

P34C66 

0.93 

0.84 

0.75 

0.63 

0.93 

1.02 

1.11 

1.24 

0.04 

0.04 

0.04 

0.03 

98.1 

98.1 

98.1 

98.1 
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Figure 5-2: Representative SEM images at various magnifications showing the 

surface morphology of the UV cross-linked coatings with a solute concentration of 

12.5 mg mL
-1

. The solute concentrations are: (a) 50/50 wt% PIP/CB, (b) 45/55 wt% 

PIP/CB, (c) 40/60 wt% PIP/CB, and (d) 34/66 wt% PIP/CB. The insets are contact 

angle images of hexadecane (left) and methanol (right). 

 

To illustrate the multiscale structures of the superoleophobic coatings, P45C55 was cross-

sectioned (Fig. 5-3). A series of four SEM images show that the roughness ranged from 

several nanometers to hundreds of microns. Large aggregates dominated the landscape 

(several 100 µm); however, due to the multiscale, hierarchical nature of CB, one can 
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observe the same hierarchical structure on nanometer scale (~100 nm). We presumed that 

the nanostructure was not a pure CB nodule, but an aggregate of several primary particles, 

since the CB used in our experiments has an average diameter of approximately 20 nm. 

Furthermore, the CB aggregates produced the “re-entrant or overhanging” feature (Fig. 5-

3d) that is crucial for achieving superoleophobicity. 

 

Figure 5-3: SEM images of the UV cross-linked superoleophobic coating (P45C55) 

in cross-section at different magnification increasing from left to right. The cross-

section was produced by freeze-fracturing. 

 

The addition of CB to the coating can affect surface wettability in two mechanisms. On 

one hand, the CB would influence the surface roughness of the resulting composite 

coatings; on the other hand, the CB provides abundant OH groups to bond the 

perfluorosilanes on the fluorinated coatings. The XPS high resolution C(1s) spectrum 

presented in Fig. 5-4 shows a peak at a binding energy of 286.5 eV that is attributed to C-
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O-C and C-OH functionality. We cannot estimate the total OH contribution since we 

cannot distinguish between the two functional groups. However, we are confident that 

there are OH groups on the surface to help provide adhesion for fluorination.  

 

Figure 5-4: High resolution C (1s) spectrum of a spray coating containing 66% CB. 

Note the evidence of the –OH functionality on the surface. 

 

Table 5-2 shows the static contact angle measurements of the composite coatings sprayed 

on butyl rubber as a function of CB concentration. It should be noted that for all the 

fluorinated samples, the water droplets roll off the samples immediately contact with the 

surface. It is clear that increasing the concentration of CB in the dispersion results in a 

corresponding increase in CA for both hexadecane and methanol. Sample P50C50 with 

the lowest CB concentration, has the lowest observed contact angle for hexadecane 

(142±8o) and methanol (122±6o), while sample P34C66 with the highest CB 

concentration has a hexadecane contact angle of 158±5o and a methanol contact angle of 

134±4o. Surface roughness and chemical composition have influence on the CA of the 
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corresponding surface. Thus, the samples with the lower CB concentration have the lower 

CA which is attributed to the lower surface roughness at the submicrometer scale and a 

higher overall surface energy due to fewer fluorination moieties. However, there is no 

significant difference in the contact angles for hexadecane and methanol between 

samples P40C60 and P34C66. For our coating system, the contact angle reaches a 

maximum value with a CB concentration of 60 % or higher. There is no advantage of 

increasing the CB concentration beyond this value therefore it is essential to maximize 

the amount of PIP in the final composite coating to ensure mechanical stability and 

stretch ability.  

Table 4-2: Apparent contact angle of UV cross-linked spray coatings. 

Sample                Contact Angle 10 µL 

       Hexadecane             Methanol                          

P50C50 

P45C55 

P40C60 

P34C66 

       142±8   

       153±2 

       158±5 

       158±5   

      122±6 

      134±2 

      133±4 

      134±4 

 

As aforementioned, the volume of the suspension used for spraying plays an important 

role in the final surface morphology. To gain more insight on this issue, we sprayed 5, 15, 

25 and 50 mL suspensions (12.5 mg mL-1, P40C60) on a 6×6 cm2 butyl rubber substrate. 

After the same vapor fluorination process described above, the CA for hexadecane was 

measured. The samples prepared using a 5 mL of suspension showed a CA of 139±5o, 

while the samples prepared using a 15 mL of suspension showed a CA of 149±8o. 

Although samples made using the 15 mL suspension showed a high CA, the residue from 

the hexadecane droplet remained on the surface. Hexadecane droplet residue also 

remained on the samples made using the 5mL suspension.  The residue indicates that the 
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hexadecane droplet cannot freely roll off on the surface. The samples prepared using a 25 

and 50 mL of suspension both showed CA greater than 150o. At these volumes, we noted 

that the hexadecane droplets freely rolled off the surfaces without leaving any residual 

trail. The surface morphologies prepared from different suspension volumes were 

analyzed using SEM (Fig. 5-5). In general, the increase of the suspension volume could 

produce larger clusters as shown in the low magnification images. The two coatings using 

25 and 50 mL suspension appeared to have a similar porous morphology ranged in micro-

scale at higher magnifications. While the coatings made from 15 mL suspension showed 

relative flat morphology and less air was trapped which made the surface non-

superoleophobic after fluorination.  

 

 

Figure 5-5: SEM images of UV cured coatings sprayed on 6×6 cm
2
 butyl rubber 

substrate (P40C60, 40/60 wt% PIP/CB blends, 12.5 mg mL
-1

) using different 

suspension volumes: (a) 50 mL, (b) 25 mL and (c) 15 mL. Optical images of the 
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hexadecane contact angles are given as inserts in the top-right corner of the 

corresponding surface. 

 

5.3.2 Adhesion of the UV Cross-linked Coatings 

The adhesion of the fluorinated PIP-CB coatings was investigated using a simple tape test. 

Nichiban tape, typically used for automotive adhesion testing, was pressed onto the 

surface of the coating and then rapidly pulled away. The SEM images presented in Fig. 5-

6 showing the surface morphology of two samples before and after tape test, (1) P40C60 

UV cross-linked and (2) P40C60 un-cross-linked. The cross-linked (Fig 5-6 a-1) and un-

cross-linked (Fig 5-7 c-1) samples have a similar surface morphology before the tape test.  

 

UV cured, before tape test 

 

UV cured, after tape test 

 

No UV curing, before tape test 
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No UV curing, after tape test 

 

Figure 5-6: Different magnification SEM images showing the coating morphology 

before and after tape test. Sample P40 C60 (40/60 wt% PIP/CB blends, 12.5 mg mL
-

1
) was sprayed on 6×6cm

2
 butyl rubber substrate using 25 mL of suspensions. (a) 

UV cured and before tape test; (b) UV cured and after tape test; (c) not UV cured 

and before tape test and (d) not UV cured and after tape test. Optical image of the 

hexadecane contact angles are inserted in the top-right corner of the SEM images. 

 

After the tape test, most of the large clusters were removed from both samples leaving a 

relatively smooth surface, as seen at low magnification. At higher magnification, both 

samples show a loss of small nanoparticles. The physical removal of the large clusters 

and small nanoparticles affected the contact angle for both samples. Before the tape test, 

the UV cross-linked sample showed a hexadecane contact angle of 158±5o. After the tape 

test, the same sample remained superoleophobic with a lower contact angle of 150±5o. In 

addition, the droplet easily rolled off the surface without leaving any residual trail. The 

uncross-linked sample showed a significant change in the surface wettability. Before the 
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tape test the contact angle was 152±2o, while after the tape test the contact angle 

decreased to 140±2o and the droplet was pinned on the surface. These results show that 

the coatings are durable and can maintain superoleophobicity after tape test.  

5.3.3 Effect of cross-linking method on contact angle 

We also investigated how two different methods of cross-linking affected the surface 

morphology and contact angle. The SEM images presented in Fig. 5-7 compared a 

coating cross-linked using UV light for 20 min and a coating cross-linked using HHIC for 

2 min. Both coatings were made from 50/50 wt% PIP/CB blends. At low magnification, 

the two coatings have similar morphologies. However, at higher magnification, we 

clearly see that the UV cross-linked coating has a more porous structure compared to the 

HHIC cross-linked sample. The two different surface morphologies have a noticeable 

effect on the contact angle. The CA of hexadecane for the sample P50C50 treated by 

HHIC is around 120±7o, while for the sample using UV cured has the CA around 142±8o.  

 

Figure 5-7: SEM morphology of coatings (P50 C50, 50/50 wt% PIP/CB blends, 12.5 

mg mL
-1

) with different crosslinking methods. (a) HHIC treatment for 2 min 

treatment (b) UV cured 20 min. Optical image of the hexadecane contact angles are 

inserted in the right corner of the corresponding SEM images. 
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5.3.4 Effect of Strain on Contact Angle 

As mentioned earlier, the superoleophobic coating can be easily deposited onto a variety 

of different substrates. To understand the robustness of the coating on flexible substrates, 

we sprayed the coating on butyl rubber and measured the contact angle as a function of 

elongation. Fig. 5-8 demonstrated that the hexadecane contact angle for both coatings 

was consistent and remained superoleophobic up to 90 % strain. Sample P40C60 was 

elongated 100 % and still maintained superoleophobicity. The average contact angle 

remained above 150 o for both samples; however, the data suggests that the contact angle 

begins to decrease at 90 % strain. The surface wettability of the prepared samples is 

highly dependent on surface hierarchical structures, which were created by the mixture of 

polymer matrix and CB as shown in previous SEM images. In the present study, Cassie-

Baxter model was applied to study the wettability of the prepared coating surfaces on 

butyl rubber. When applied strains were varied, the roughness of the coating changed 

with stretching. The polymer matrix maintained the matrix structures in micro-scale 

owing to intrinsic elastomer property, whereas nanoparticles aggregates embed in the 

polymer matrix still maintained the nano-scale roughness. The oil droplets do not 

penetrate into the micro-scale “valleys” (the PIP-CB aggregates as shown in Fig. 5-3), 

but suspend on the surface. Further studies will be carried out by using the modified 

manual stretcher to accommodate greater elongations.  
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Figure 5-8: Contact angles of Hexadecane as a function of strain for coatings 

deposited on butyl rubber substrate. The contact angle measurements were 

averaged for each data point. 

 

5.3.5 Electrical Conductivity of the UV cured coatings 

The presence of conductive CB not only produces superoleophobic coatings, but also 

provides a conductive network. Fig. 5-9 shows room-temperature resistivity of PIP/CB 

composites coatings on butyl rubber substrates as a function of filler concentration. It is 

not surprising that the resistivity decreased as the CB content increased. The effect of 

resistivity before and after fluorination was also investigated. After chemical treatments 

with perfluorosilane, the resistivity slightly increased. The fluorination of carbon based 

nanomaterials can change the electronic properties from metals to semiconductors and 

even to insulators, depending on the type of C-F bonding and the location of the F-atoms 

within the carbon network [27]. In our case, it is important to note that the fluorination 

process occurred only on the CB surface through the OH groups using perfluorosilane. 

The bulk of the CB agglomerates remained untreated and maintained its conductive 

properties.  
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Figure 5-9: Resistivity of composite coatings on butyl rubber substrate with 

different CB percentage (12.5 mg mL
-1

). 

 

5.4 Conclusions  

In summary, we have successfully developed a method to produce multifunctional 

surfaces that are both superoleophobic and conductive. These multi-functional coatings 

are easily produced by spraying a suspension of CB and polyisoprene on any substrate 

(polymer, metal and butyl rubber) followed by vapour fluorination. We also 

demonstrated that these coatings can be cross-linked using two different methods, 

ultraviolet light and HHIC. The superoleophobic properties were achieved by creating 

multiscale, re-entrant and convex structures using CB and reducing the surface energy by 

fluorination. The coatings were completely non-wettable by both water and hexadecane, 

which showed contact angles above 150 degrees with low roll-off angles. Moreover, the 

surface remained superoleophobic on rubber substrates when strained up to 100%. These 

superoleophobic surfaces also showed good conductivity due to the presence of 

conductive CB. The resistivity is on the order of 0.01 Ω*m. It is anticipated that the 

demonstrated approach and principle could be applied to expand more multi-functional 

materials.  
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Chapter 6 

6 Superoleophobic surfaces and the resistance to protein 

adsorption and bacterial adhesion 

6.1 Introduction 

Protein adsorption and microbial invasion associated infections are two major problems 

in the biomedical field. Biofouling is formed through microbial adhesion, growth and 

biofilm formation, which occurs worldwide in various industries, ranging from marine 

hull to biotechnological filed such as biomedical implants and biosensors. It is usually 

caused by adherence and colonization of microrganisms on the surfaces. Once microbial 

attach to substratum surface, subsequent formation of biofilm develops quickly. 

Biofouling limits the performance of devices in numerous applications, can result in 

device failure and serious infection. There has been increasing research interest in the 

development of novel anti-fouling surface. In generally, surface physical and chemical 

properties of the substratum are both important factors in the adhesion and release of a 

fouling organism [1]. In order to prevent the initial nonspecific adhesion of the 

microorganisms, surface materials designed to resist protein adsorption and bacterial 

adhesion typically contain ethylene glycol (EG) [2-4], which exhibit resistance to protein 

adsorption and biofouling due to hydrophilic, steric repulsion and electrically neutral 

properties [5-7]. Other antifouling surface modified by polysaccharide [8-10], or 

zwitterionic [11-13] surface groups also displayed excellent reducing bio-adhesion 

(protein adsorption and bacterial adhesion). Extensive studies have been carried out on 

antifouling properties of these materials.  

Inspired by nature self-cleaning creatures including lotus leaves [14] and water strider 

legs [15], artificial superhydrophobic surfaces with a water contact angle larger than 150o 

fabricated by various methods can be used as self-cleaning and anti-adhesion coatings. 

Such superhydrophobic non-fouling coatings not only resist adhesion of fouling agents 

but also allow for easy removal of contaminants. Most superhydrophobic surfaces 
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possess self-cleaning ability, contain over-hang or hierarchical structures which may 

minimize the contact area of the surface with bacteria, leading to reducing bacteria 

adhesion in a short contact period [16]. However, those superhydrophobic surfaces were 

inadequate to resist the fouling of microorganisms and proteins when exposed to medical 

environment containing highly oleophilic biofluids and complex macromolecules. In 

contrast, high performance superoleophobic surfaces showed extremely low wettability 

for various liquids including water and oil, which have the potential application to such 

an environment with oilphilic macromolecules.  

The superoleophobic surfaces are hard to fabricate due to critical requirements for 

micro/nano structures. Although a number of superoleophobic surfaces have been 

developed based on chemical decoration with low surface energy moiety to dedicate 

micro/nano structures by using nanofabrication technology, electrochemical process or 

involving nanoparticles, rare robust surfaces to resist anti-scratch or anti-adhesive are 

achieved. Most of these researches focused on propose fabrication process and few 

papers have demonstrated the antifouling applications such as removal of biological and 

organic contaminants.  

Recently, we developed a simple method to prepare stretchable superoleophobic 

composite surfaces by fluorination of the coatings prepared via spraying a mixture of 

polyisoprene and carbon black on butyl rubber surface. Carbon black has the advantage 

of being less costly for industrial scale production compared to the use of other nanoscale 

material such as nanotubes. The resultant surface coatings showed high contact angle for 

both water and oil droplets. Furthermore, the superoleophobic property of the composite 

coatings could be maintained even during the application of over 100% strain, which is 

attributed to the elastomeric polymer matrix of polyisoprene. With the addition of 

functional nanofiller-conductive carbon black, the resultant surface coatings also showed 

conductivity. The incorporation of functional nanofillers in composite coatings not only 

influences the surface morphology but also imparts unique functionalities to the resultant 

composite coating. It is reasonable that by incorporating various functional nanofillers to 

form polymer-nanoparticle composite coatings, customized coatings with the required 

properties can be achieved for intended applications.  
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In this chapter, we extend this technique to polyisoprene-carbon black-titanium dioxide 

system through directly adding titanium dioxide nanopartilces to the mixture solution. 

The elastomeric networks reinforced by the mixed filler which have very good 

mechanical properties. Compare with networks containing carbon black alone, the 

networks containing titanium dioxide-carbon black mixture had somewhat better 

combination of high modulus and good extensibility. The distribution of the nanofillers 

and surface roughness of the resultant composite coating were investigated. The prepared 

superoleophobic surfaces are evaluated regarding their non-fouling performance by 

resisting protein adsorption as well as bacterial adhesion.  

6.2 Materials and methods 

6.2.1 Materials 

Polyisoprene pellets (PIP, trans), hexane, tetrahydrofuran, hexadecane, sulfuric acid 

(H2SO4), 2, 2-azobis(isobutyronitrile) (AIBN), hydrogen peroxide (H2O2) and phosphate-

buffered saline (PBS, pH 7.4) were obtained from Sigma-Aldrich. 1H,1H,2H,2H-

Perfluorodecyltrichlorosilane (PFTS) was obtained from Alfa Aesar. Conductive carbon 

black (CB, Vulcan XC 72) was purchased commercially from Cabot Corporation. 

Titanium dioxide (TiO2, Degussa P25) used in all experiments was from Degussa. 2-

[methoxy(polyethyleneoxy)propyl]trimethoxysilane (MW 450-600) was purchased from 

Gelest and used as received. Alexa Fluor 555-dye conjugate of bovine serum albumin 

(BSA, AF-555 BSA; MW=66 kDa; lyophilized powder) and Alexa Fluor 546-dye 

conjugate of human fibrinogen (Fbg, AF-546 HF; MW=340 kDa; lyophilized powder) 

were purchased from Invitrogen (Life Technologies Inc. Canada) and used as received 

according to manufacture protocol. Silicon wafers were obtained from Aurel Corp. DI 

water used in the experiments was purified using a Millipore water purification system. 

All of the chemicals were used in the as-received condition without further modification. 
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6.2.2 General procedure for silane-coated glass/silicon wafer 

surface 

6.2.2.1 Fabrication of silane-fluorinated substrates 

Prior to silanization, the silicon wafer substrates were washed with pure ethanol, acetone 

and pure water. Followed by immersing the slides into freshly prepared piranha solution 

(H2SO4:H2O2=3:1(volume) for 30 min at 90 oC to introduce -OH groups on surfaces. 

Afterwards, the surfaces were successively washed with an excess of MilliQ water and 

finally dried under a stream of N2. Immediately after activation, the slides were used for 

silanization by a one-step vapor deposition procedure using the trichlorosilane bearing 

compound. Typically, the slides were placed into a Petri dish with 20 µL silane solution 

and baked on a hotplate surface at 80 oC for 30 min. 

6.2.2.2 Fabrication of silane-PEG substrates  

Piranha-cleaned silicon substrates were incubated in 5 mM toluene solution of 2-

[methoxy(polyethyleneoxy)propyl]trimethoxysilane for 18 h. The substrates were rinsed 

several times in toluene, ethanol, and pure water. 

6.2.3 Preparation of PIP-CB-TiO2 coatings on PET 

In a typical experiment, P40C30T30(40 wt% of PIP, 30 wt% of CB and 30 wt% of TiO2) 

samples were prepared by dissolving 250 mg of polyisoprene pellets, 187.5 mg of CB 

and 187.5 mg of TiO2 in 20 mL of hexane, respectively, and ultrasonicated at room 

temperature for 2 h, followed by mixing the two dispersions and further ultrasonication 

for 2 h. The UV initiator AIBN was dissolved in 200 µl tetrahydrofuran and added to the 

suspension before spraying. The blends were sprayed on PET substrates using an airbrush 

(Badger, Model 350-1H) connected to a compressed nitrogen tank (pressure 60 psi). The 

procedures for spraying, air drying of the wet coatings overnight, UV cross-linking and 

fluorination with FPTS are all similar to the procedure outlined in our previous report 

(Chapter 5). 
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It is important to point out that the present coatings are not substrate-dependent; we also 

prepared the coatings on different engineering material surfaces, such as filter paper, 

stainless steel and glass slides. 

6.3 Surface contact angle measurement and surface 

characterization 

6.3.1 Contact angle measurements 

Sessile droplet contact angles were measured in ambient air at room temperature using a 

contact angle goniometer (Rame-Hart’s Model 100-00). Distilled water and hexadecane 

were used for the contact angle measurements. The reported static angles were calculated 

by averaging the angles from both the left and right sides of the droplet. At least 10 

measurements on each surface were obtained for each experimental condition. 

6.3.2 XPS, SEM and EDX measurements 

The elemental surface composition of the superoleophobic surfaces and reference 

samples was determined by XPS analysis, using a Kratos Axis Ultra spectrometer. The 

morphology of the samples was examined on a field emission scanning electron 

microscope (SEM) equipped with an EDAX detector. 

6.3.3 Atomic force microscope (AFM) characterization 

The surface roughness parameters Rrms, i.e. the root mean square average of the values of 

all points of the profiles were determined by atomic force microscopy (AFM). AFM 

experiments were performed on a Dimension V AFM equipped with Nanoscope 

controller V (Veeco, Inc.). Rectangular silicon nitride cantilever with a nominal spring 

constant of 3 N m-1 and tip radius of less than 10 nm was used. The cantilever tip was 

moved to a position of interest using the Nanoscope controller software (Nanoscope 7.30, 

Veeco). Tapping mode with scan rate of 0.6 Hz was used in the scanning processes. The 
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Topography images were obtained. And the images were processed by SPM softwares 

(Nanoscope 7.30).  

6.4 Protein solution preparation and single protein 

adsorption studies 

Fibrinogen Conjugates (Fbg, AF-546 HF) and BSA Conjugates (BSA, AF-555): A 1 mg 

mL-1 stock solution was prepared by reconstituting the conjugate in 5mL of 0.1M sodium 

bicarbonate (pH 8.3) at room temperature. Complete solubilization may take an hour or 

more with occasional gentle mixing. Then the solution is divided into aliquots and stored 

at -20 oC for future use. 

Protein solutions with desired concentration (0.1mg mL-1 in PBS) were freshly prepared 

and filtered through 0.2 µm syringe filters prior to use. The superoleophobic coatings on 

PET substrates and reference samples were exposed to the respective protein solution 

(300 µL) by using an silicone isolator ( Ø 13 mm, height 2.5 mm, Grace Bio-Labs, USA), 

which was fixed on the glass slides with metal clamps in order to prevent leakage of 

protein solution. Exposure of substrates with various coatings to fluorescent protein 

solution was performed for 3 h. All operations were performed in the dark. After removal 

of the protein solutions, 0.1 M PBS (300 µL) was repeatedly added and removed after 

incubation for 5 min from the individual vials for three times to wash non-adsorbed 

proteins from the surface. Subsequently the substrates with functional coatings were dried 

in a stream of N2. 

Quantification of the amount of adsorbed proteins on the coating surfaces was evaluated 

via LSM 510 multichannel point scanning confocal microscope (excitation filter of 546 

nm [band pass] and emission filter 575-640nm [band pass]) applying a 20 × or 63× 

objective throughout all experiments. The fluorescence images were obtained by 

averaging at least 6 randomly chosen areas of a sample. 

The fluorescent light source was pre-warmed up for 30 min prior to image capture. 

Constant operation of the camera (gain value, Z-stack sets) and constant exposure time 

was ensured during the image collection to permit quantitative analyses of the observed 
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fluorescent signals. The software AxioVision is used to extract fluorescent images from 

the experiment data. The fluorescence microscopy images were analyzed using the 

software Image Pro Plus, which yielded the mean and standard of the fluorescence 

intensity of the interested image. The fluorescence intensity of the sample surfaces 

without exposure to target protein was measured to ensure quantifies the background 

fluorescence of the material itself. The background corrected fluorescence intensities for 

each coating surface was then used to compare target protein adsorption behavior. 

6.5 Antifouling experiment 

6.5.1 Static growth 

Substrates with various coatings were immersed into a bacterial solution with 108 CFU 

mL-1 at 37 oC in static growth conditions. Samples were replaced with fresh growth 

medium (TSB+ 0.25% glucose) every 24 h. After that, the substrates were taken out and 

washed three times with sterile PBS. Then the substrates were characterized by a 

scanning electron microscope (Hitachi 3400s SEM, Biotron). The sample fixation and 

preparation for SEM are as follows: the substrates were first immersed into 2.5 vol% 

glutaraldehyde in PBS at 4oC; after 4 h, the glutaraldehyde solution was removed and the 

substrates were washed with PBS, followed by step dehydration with 25%, 50%, 70%, 

95% and 100% ethanol for 10 min each. The substrates were then dried and sputter-

coated with a thin film of platinum for imaging purposes. 

6.5.2 Dynamic growth 

Bacterial adhesion and growth on samples with various coatings under laminar flow were 

investigated in a custom-build parallel plate flow chamber (30mm length × 10mm width 

× 0.8 mm depth). The flow chamber was sterilized by irradiation of 254 nm UV light for 

0.5 h. Before each experiment, the entire system was filled with sterile PBS to remove all 

air bubbles from the tubes and flow chamber. Flow rates were adjusted to 0.2 mL min-1 

(corresponding with a wall shear rate of 3.6 S-1). The flow rate was kept constant during 

the whole experiment. After 0.5 h, PBS flow was switched to a bacterial suspension 
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(ca.108 CFU mL-1). For a 24 h adhesion study, the bacteria suspension was pumped 

through the flow cell at 0.2 mL min-1 for 3 h and then flow was terminated and bacteria 

solution were allowed to adhere to the surfaces under static conditions for 0.5 h. After 0.5 

h, the appropriate sterile growth medium was pumped into the chamber to introduce 

growth for 24 h. Then the flow was switched to sterile PBS to wash the cell at the same 

flow rate (0.2 mL min-1).  

Bacterial adhesion and subsequent growth were studied by SEM after fixation using 2.5 

vol% glutaraldehyde in PBS at 4oC for 4 h (the protocol is similar to that described in 

experiment 6.5.1). The bacterial adhesion morphology and viability on the different 

surfaces were also observed by confocal laser scanning microscopy (CLSM, Zeiss LSM 

510 Duo Vario). Following incubation with bacteria solution and PBS wash process, 200 

µl of Syto/PI dye mixture was added onto the surfaces then incubated in the dark at room 

temperature for 20 min. Finally, the substrates with various coatings were rinsed twice 

and the fluorescence was imaged using an LSM 510 multichannel point scanning 

confocal microscope (laser 488 nm for the SYTO 9 with a pass filter of 505–530 nm and 

a laser at 543 nm for the propidium iodide with a pass filter of 615 nm, magnification 63 

×, and 20 × , respectively). All the images were obtained and analysed with the ZEN 

software. 

 

6.6 Results and Discussion 

6.6.1 X-ray photoelectron spectroscopy 

XPS of the fluorinated composite PIP-nanoparticle surfaces (FPCT), reference PEO 

modified silicon wafer and PFTS modified silicon wafer were applied to confirm the key 

information of the resultant surfaces as reported in Table 6-1. The data in the table 

demonstrated that functional groups (PEO side chain and perfluorinated alkyl chain) 

successfully presented on the surface respectively. The survey spectra of XPS taken on 

PEO modified reference surface is presented in Fig.6-1. This spectrum indicates the main 

elements on the PEO modified silicon wafer surface. The peaks corresponding to O 1s, C 
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1s, Si 2p and O KLL (Auger) are observed. Fig.6-2 shows the high resolution C 1s core 

level XPS spectra performed on PEO modified silicon wafer surface. The observed C 1s 

peak was fitted with two Gaussian peaks at binding energies: (i) 284-286 eV 

corresponding to C-H/C-C in the PEO, (ii) 286.5-287 eV corresponding to the C-O in 

PEO. While the survey spectra (Fig.6-3) of PFTS monolayers shows four grouped 

binding energy (BE) corresponding to F 1s 685-692 eV, O 1s 530-536 eV, C 1s 282-298 

eV and 97-107 eV. Based on the chemical composition, with the help of the standard 

spectrum data base, and through line Gaussian analysis, the fitted C 1s spectra at a 

binding energy of about 285.0 eV is attributed to C-C/C-H groups which arise from the 

CH2 groups present in the PFTS molecule. The binding energy of 286.5 eV can be 

assigned to the oxidized carbon species C-O which arise from the CB surface and from 

adsorbed contamination [17]. The peak centered at 288.0 eV is assigned to CFx. The 

remaining intense peak around 290.29 eV is assigned to the CF2 groups of the PFTS 

chain. Last, the peak around 292.76 eV is assigned to carbon in CF3 [18]. 

 

Table 5-1: XPS elemental analysis. Atomic percent concentration (at.%) of the 

elements taken on fluorinated polymer-nanoparticle composite surface and 

reference PEO and PFTS modified silicon wafer surface.  

Surface Element Component Position (eV) at% 

PEO_wafer O 1s  531.10 36.9 

 C 1s    22.1 

  C-OH/C-O-

C 

286.78 63.0 

  C-C/C-H 284.99  57.0 

 Si 2p  98.50 41.0 
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Surface Element Component Position (eV) at% 

PFTS_wafer F 1s  685.45 47.1 

 O 1s  531.45 12.2 

 Si  98.15 17.9 

 C 1s   22.9 

  C-C/C-H 285.00 30.8 

  C-OH/C-O-

C 

286.50 1.4 

  CFx 288.0 7.9 

  CF2 290.29 51.4 

  CF3 292.76 8.6 

     

FPCT F 1s  686.85 56.1 

 O 1s  531.45 4.9 

 C 1s  289.95 36.3 

 Si 2p  101.65 2.7 
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Figure 6-1: XPS survey spectra performed on PEO modified silicon wafer surface in 

the binding energy range of 0-1100 eV with a pass energy of 80 eV. 

 

Figure 6-2: XPS high-resolution C 1s spectrum of PEO control ( (EtO)3Si-(CH2)3-

(OCH2CH2)6~9-OCH3 grafted silicon wafer). The observed C 1s peak was fitted with 

two Gaussian peaks at binding energies of 284.99 eV (C-C/C-H), 286.78 eV (C-O). 
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Figure 6-3: XPS survey spectra performed on PFTS modified silicon wafer surface 

in the binding energy range of 0-1100 eV with a pass energy of 80 eV. 

 

 

Figure 6-4: XPS high-resolution C 1s spectrum of PFTS grafted silicon wafer (PFTS 

control). The observed C 1s peak was fitted with five Gaussian peaks at binding 

energies of 285.00 eV (C-C/C-H), 286.50 eV (C-O/C-O-C), 288.0 eV (CFx), 290.29 eV 

(CF2) and 292.76 (CF3). 
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6.6.2 Surface morphology of various coatings 

The resultant coatings, even without any surface modification, showed superhydrophobic 

property with a contact angle of water more than 150o. The contact angle is far beyond 

typical contact angle of a bare polyisoprene surface, which is around 105o. In general, the 

wettability of solid surfaces by liquid depends on chemical composition and surface 

structure. The surface roughness has effect on the surface wettability as explained by 

Wenzel equaiton and Cassie-Baxter equation [19] and different scale of surface 

roughness can be used to texture the intrinsic hydrophobicity of the surface with the same 

material. As already disclosed, the structure and surface morphology of polymer-

nanofiller composite is determined by the concentration and location of each component. 

It is thus important to study the relationship between the composite surface morphology 

and the corresponding component concentration. In our systematic study, the total solid 

concentration of 12.5 mg mL-1 was maintained. The surface morphology of the coatings 

sprayed on PET surface based on the constant content of polyisoprene and varying 

composition of CB and titanium dioxide nanofillers loadings were illustrated in Fig. 6-5. 

A composite coating containing continuous polymer matrix and nanofiller domain with 

marcophase separation morphology has been achieved for all composite samples, which 

consisted of three immiscible components with different concentration. The coatings with 

various composition exhibited differences in the surface morphology even in low 

magnification. Fig. 6-5 (b)-1 and (c)-1 both demonstrated that large number of aggregates 

randomly distributed on the surface which produced large protrusion from bottom, the 

quantity of the protrusions increased as the increase of the CB loadings. In contrast, as 

shown in Fig. 6-5 (a)-1, the surface with less CB showed quite smooth morphology. The 

increase of CB loadings produced more aggregates in micro-scale. Surfaces with less CB 

loadings showed more smooth morphology in micro-scale. An air brush has been used in 

our experiment to fabricate the composite surface. The component concentration, 

viscosity, spray parameter all have influence on the morphology of the final coating 

surface. In our experiment, spray parameter were fixed throughout the whole experiment 

procedure, while the viscosity of the mixture was dominated by the concentration of 

polymer matrix, which was constant at 33.3 wt%. Thus the differences in the surface 



www.manaraa.com

145 

 

morphology of composite coatings were attributed to the addition of CB. The interaction 

between CB to the polymer phase and the interaction between CB to the TiO2 governed 

the surface morphology of the composite coating. Significant changes also have been 

observed in high magnification, re-entrant structure formed by higher loading of CB in 

the mixture.  
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Figure 6-5: Plan view for polyisoprene-nanofiller composite coating on PET surface 

of 33.3 wt% of polyisoprene with different nanofiller loading: (a) CB 6.7 wt%, 

titanium dioxide 60.3 wt%; (b) CB 13.4 wt%, titanium dioxide 53.6 wt%; (c) CB 

33.4 wt%, titanium dioxide 33.3 wt%. Optical image of the hexadecane contact 

angles are inserted in the top-right corner of the corresponding surface. 

 

In order to maintain good elasticity of the resultant composite coatings, a possibly higher 

content of polymer matrix is favoured. We further increased the content of polyisoprene, 

and decreased the content of nanofillers and the same spray parameter has been used to 

prepare the composite coatings. Fig. 6-6 showed the surface morphology of the 

composite coatings with higher content of polymer matrix. It is clearly observed that 

more micro-aggregate protrusion structures formed on the surface with less polymer 

content, compared to that of the surfaces with higher polymer content. The enlarged view 

of protrusion revealed that macrophase of polymer and nanofiller immiscible component 
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formed nano-scale structure. This porous re-entrant structure is self-organized during 

spray process. The superoleophobicity is attributed to local nanoscale with porous 

structure together with microscale protrusions. The system composition, spray process 

both have influence on the final morphology, which also indicates that resultant surface 

structures can be easily customized as requested by controlling the component 

concentration. The spray process is easily automatized, which has the potential for large-

scale production.  

 

 

Figure 6-6: Plan view for polyisoprene-nanofiller composite coating on PET surface 

(a)  polyisoprene 40 wt%, CB 30 wt%, titanium dioxide 30 wt%; (b) polyisoprene 50 

wt%, CB 25 wt%, titanium dioxide 25 wt%. Optical image of the hexadecane 

contact angles are inserted in the top-right corner of the corresponding surface. 

 



www.manaraa.com

149 

 

To stress the importance of adding the component of CB, the composite surfaces with 

polyisoprene as polymer matrix and titanium dioxide as nanofiller have been prepared. 

As shown in Fig. 6-7, instead of porous structure similar to the samples containing CB, 

the PIP-TiO2 samples showed wrinkle-like morphology. No appearance of nanostructure 

of TiO2 observed on the top surface. It is well known that TiO2 nanoparticles flocculate 

spontaneously in low polarity solvent owing to its high polarity and surface area. In 

contrast, polyisoprene is well dissolved in nonpolar solvent hexane in our experiment. 

Macrophase separation immediately occurred when the mixture was sprayed on the PET 

surface. The resultant composite coating showed polymer matrix on top and embedded 

the nanoparticles at the bottom.  

 

 

Figure 6-7: (a) Plan view for Polyisoprene-TiO2 composite coating (polyisoprene 33 

wt%, titanium dioxide 67 wt%) on PET surface. (b) the zoom-in image of the area 

as highlighted by the black circle in (a). 

 

In our previous report, CB showed good interaction with polyisoprene due to apolar-

interaction. At higher CB concentrations, the CB particles formed microscale clusters, 

whereas the polyisoprene filled the interspaces and provided adhesion. However, at lower 

CB loading, the agglomerates were completely encased by the PIP matrix resulting in a 

smooth structure. When adding CB to polymer-titanium dioxide mixture, which contains 
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opposite surface charge of TiO2, the electrostatic interaction produced large agglomerates 

providing micrometer-scale roughness, while the individual CB and titanium dioxide 

nanoparticles created nanoscale roughness. Fig.6-8 shows surface morphology of a 

typical superoleophobic sample. The composite surfaces consisted of randomly 

assembled CB and titanium dioxide in polymer matrix, which demonstrated hierarchical 

roughness. The polymer matrix formed continuous film while maintaining certain 

porosity owing to immiscible nanoparticles phase. The EDX mapping confirmed the 

composition based on CB, titanium dioxide with polymer matrix enriched in the particle 

aggregates adjacent. 

 

 

Figure 6-8: Details of a superoleophobic surface coating on PET surface with 

composition of polyisoprene 40 wt%, CB 30 wt% and titanium dioxide 30 wt% and 

EDX element mapping. 

 

To evaluate the surface properties of the resultant surface coatings, contact angle 

measurements were carried out by using water and hexadecane as test liquids. Table 6-2 

illustrates the hexadecane contact angle of the resultant surface coatings with various 

compositions. The results clearly showed that the oleophobicity of the coating surface 

increases with the increase of CB nanofiller loadings. At low CB loading content, the 

contact angle of hexadecane droplet is around 130o, which is typical of fluorinated rough 
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surface. With further increases of CB loading, the contact angle of hexadecane increased 

to over 150o, and the hexadecane droplet could free rolling on the surface without leaving 

any trace. 

 

Table 6-2: Apparent contact angle for hexadecane of various coatings. 

Sample                              Contact Angle  

                      (hexadecane 10 µL) 

 PIP33% TiO2 67% 

PIP 33.3% CB 6.7% TiO2 60.3% 

 PIP 33.3% CB 13.4% TiO2 53.6% 

 PIP 33.3% CB 33.4% TiO2 33.3% 

 PIP 40% CB 30% TiO2 30% 

 PIP 50% CB 25% TiO2 25% 

 

 

 

 

85±4o 

130±5o     trace leaving 

140±5o     trace leaving 

153±3o     freely roll off 

154±2o     freely roll off 

150±2o     freely roll off 

 

The composite surfaces with certain CB loadings created a rough surface with 

hierarchical structure on both micrometer and nanometer scales. The behaviour of the 

hexadecane droplet is related to the coating morphology and low surface energy after 

chemical fluorination. While for all the fluorinated samples containing CB component, 

the water droplets rolled away immediately as they were placed on the surfaces, even 

without tilting the substrate due to the low surface energy of fluorine silane. 
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Figure 6-9: 2D and 3D AFM togographical images of (a) composite film with the 

composition of PIP 40 wt%, CB 30 wt%, titanium dioxide 30 wt%, Rq=500±46 

nm.(b) composite film with the composition of PIP 50 wt%, CB 25 wt%, titanium 

dioxide 25 wt%, Rq=375±47 nm. RMS roughness (Rq) of the composite coating 

surface, defined as the standard deviation of the elevation, z values. The average 

RMS roughness value was determined for responding surface from three different 

locations. 
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In order to better reveal the effect of surface texturing on oil droplet repellency, 

quantitative characterization of the re-entrant structure of the superoloephobic coatings 

has been done using AFM measurements. Fig.6-9 shows the 2D and 3D AFM images of 

superoloephobic composite coatings, both surfaces exhibited similar surface topography 

with hierarchical structure. These two coatings were prepared using different 

composition, and the one containing higher nanofiller loading has the RMS roughness of 

500 nm and exhibited higher contact angle of 154o compare to the other one with less 

nanofiller loading which had less contact angle.  

6.6.3 Single protein adsorption on various surfaces 

Albumin (66 kDa, pI 4.8) was chosen as one of the interest proteins since it is the most 

abundant plasma protein in serum and be well known to adhere well to surfaces and 

widely used as a surface blocking agent. Fibrinogen (340 kDa pI 5.5) is also a prevalent 

protein from plasma, which promotes platelet adhesion onto the surface and plays an 

important role in the process of surface-induced thrombosis [20]. The plasma proteins 

adsorbed onto fresh prepared superoleophobic coatings and bare surface references. In 

addition, silicon wafer surfaces chemically grafted with PFTS and PEO silane and 

composite polyisoprene-titanium dioxide coating with and without fluorination were used 

for comparative purpose. Single protein adsorption was quantified with fluorescent 

labeled BSA and Fbg after 3 h immersion of the surfaces with the respective protein in 

PBS by means of confocal fluorescence microscopy. The adsorption amount was 

analyzed to determine protein resistance ability of the sample surfaces. 
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Figure 6-10: Representative fluorescence microscopy graphs of samples immersed 

in 0.1 mol L
-1

 BSA PBS solution surface for 3 h. (a) PCT (PIP 40 wt%, CB 30 wt%, 

titanium dioxide 30 wt%), (b) FPCT (superoleophobic coatings with the composition 

of PIP 40 wt%, CB 30 wt%, titanium dioxide 30 wt%). 

 

 

Figure 6-11: Relative BSA (0.1 mg mL
-1

) adsorption on various surfaces for 3 h. 

FPCT stands for superoleophobic coatings with the composition of PIP 40 wt%, CB 

30 wt%, titanium dioxide 30wt%. Fluorinated silicon wafer and PEO silane 

modified silicon wafer was used as reference. 
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Figure 6-12: Representative fluorescence microscopy graphs of samples immersed 

in 1 mg L
-1

 BSA PBS solution surface for 3 h. (a) PCT (PIP 40 wt%, CB 30 wt%, 

titanium dioxide 30 wt%), (b) FPCT (superoleophobic coatings with the composition 

of PIP 40 wt%, CB 30 wt%, titanium dioxide 30 wt%). 

 

 

Figure 6-13: Representative fluorescence microscopy graphs of samples immersed 

in 0.1 mg L
-1

 fibrinogen PBS solution surface for 3 h. (a) PCT (PIP 40 wt%, CB 30 

wt%, titanium dioxide 30 wt%), (b) FPCT (superoleophobic coatings with the 

composition of PIP 40 wt%, CB 30 wt%, titanium dioxide 30 wt%). 
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Figure 6-14: Relative fibrinogen (0.1mg mL
-1

) adsorption on various surfaces for 3 

h. FPCT stands for superoleophobic coatings with the composition of PIP 40 wt%, 

CB 30 wt%, titanium dioxide 30 wt%. Fluorinated silicon wafer and PEO silane 

modified silicon wafer was used as reference. 

 

Fig. 6-11 shows representative qualitative value of BSA adsorption on pristine PIP-CB-

TiO2 (PCT) composite, fluorinated PIP-CB-TiO2 composite (FPCT), PEG modified 

silicon wafer (PEG_wafer) and fluorinated silicon wafer (F_wafer). In these BSA 

adsorption experiments, less BSA adsorption was observed qualitatively on FPCT and 

PEG_wafer surfaces after 3 h interaction. The fluorescence level on FPCT surface was 

three-fold smaller than that of PEG_wafer. The hydrophobic F_wafer presented 30-fold 

higher fluorescence level compare to that of FPCT. While the superhydrophobic PCT 

surface exhibited the highest BSA adsorption, which is almost 100-fold fluoresce level of 

FPCT. BSA has a greater affinity toward hydrophobic surfaces compared to hydrophilic 

surfaces. Higher adsorption observed on pristine PIP-CB-TiO2 composite and fluorinated 

flat silicon wafer compared to the PEG modified surface due to the strong hydrophobic 

interactions between BSA and the surface. Compared to flat F_silicon wafer, prinstine 

PCT composite displayed high surface roughness, resulting in a significant higher BSA 
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adsorption. PCT composite coating has the same hierarchical surface structure as FPCT, 

which entrapped air leading to superhydrophobicty. However, the hierarchicall structure 

in absence of low surface energy cannot prevent the adsorption of lyophilic molecular. 

Transport of a protein molecule depends on its diffusion through the liquid to the solid-

liquid interface. Given the superoleophobic surface, with porous hierarchical structure 

and low surface energy on the top, the entrapped air limited the contact surface area and 

protein solution could not penetrate into the bulk in a short period of time.  

We further applied protein concentration 10 times up to 1 mg mL-1. After 3 h incubation, 

the superoloephobic surface still showed excellent non-specific adsorption resistance 

towards BSA PBS solution. The confocal image in Fig. 6-12 clearly shows that bare PCT 

composites adsorb a large number of BSA after 3 h interaction using the same protein 

concentration. It is noted that the isolated intense areas of fluorescence in the confocal 

image correspond to the protrusion area in previous SEM images. This result also 

indicated that material showing superhydrophobicity may not sufficient to resistant to 

protein-fouling. As we know, the protein adsorption strongly depends on the protein 

concentration, protein solution with higher concentration will be applied in further studies 

together with the cell adhesion behaviour. 

Representative confocal images of Fbg adsorption on PCT composite with and without 

fluorination are illustrated in Fig. 6-13. Fluorinated composite surfaces exhibited 

remarkable less Fbg adsorption owing to entrapped air and lower surface energy. Further 

quantitative protein adsorption results has been shown in Fig. 6-14. The comparable 

fibrinogen adsorption values on ethylene oxide modified wafer and fluorinated silicon 

wafer was not unexpected, owing to the existence of trifluoromethyl group introduced by 

fluorination process. In early work by Han et al. [21], the hydrophobic self-assembled 

monolayer formed by reacting with the same PFTS alkyltrichlorosilane on PDMS surface 

and exhibited lower platelet and fibrinogen deposition than the surfaces composed with 

hydrophilic groups with short ethylene oxide chain length. 

We consider that other factors such as the surface charge of the composite coating may 

play an important role in the protein adsorption. Further study is needed to elucidate the 



www.manaraa.com

158 

 

surface charge effect on the protein adsorption. The protein conformational difference 

when exposure to the suproleophobic material will be investigated to study the 

biocompatibility. 

6.6.4 Bacterial adhesion on various surfaces 

Previously, we have demonstrated that superoleophobic surfaces based on fluorinated CB 

and titanium dioxide and polyisoprene coating (FPCT) exhibited highly resistance to 

nonspecific protein adsorption. The bacterial adhesion experiments on FPCT surface, 

pristine PCT composite coating and pristine PET reference with bacterial strain E.coli 

were further tested. 

Fig. 6-14 illustrates the SEM images of substrates with various coatings after immersion 

in E.coli suspension at a concentration of approximately 2×108 CFU mL-1 for 24 h. It is 

clearly observed that E.coli bacteria adhered on the pristine PCT composite coating 

surface and pristine PET substrate. Seldom bacteria were observed on superoleophobic 

FPCT coating surface. Physiochemical properties of substrate surfaces are the dominate 

factors to control the bacterial adhesion.[1] Several in vitro and in vivo studies have 

shown that rough surface promote bacteria binding to substrates [22-24]. Although the 

pristine PCT composite coatings showed superhydrophobic property in the initial 

incubation, lyophilic extracellular matrix materials excreted by bacteria touch to surface 

during the initial adhesion step followed by bacteria binding. The intrinsic high surface 

roughness of the composite coatings promoted the accumulation of bacteria, resulting in 

higher bacteria adhesion comparing to the pristine PET substrate.  

The superoleophobic substrates were immersed into the bacterial PBS solution to carry 

out the antifouling experiment. Unlike the reference samples, the bacterial solution 

touched the substrate normally. There was a silver shine covered the whole 

superoleophobic surface because of the total reflection of light, where trapped air in the 

rough surface prevented the solution actually touching the substrate.  
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Figure 9: SEM images after various coatings immersed in E.coli suspensions (10
8
 

CFU mL
-1

) for 24 h at different magnification: (a) pristine PET substrate, (b) FPCT 

composite coating on PET substrate, (c) pristine PCT composite coating on PET 

substrate.  
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Figure 10: SEM images of various coatings after dynamic growth using a parallel-

plate flow chamber with E coli 10
8
 CFU mL

-1
 for 24 h (shear rate 3.6 s

-1
). (a) pristine 

PET substrate, (b) FPCT composite coating on PET substrate, (c) pristine PCT 

composite coatings on PET substrate. 
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Figure 11: Representative fluorescence microscopy images of attached E.coli cells 

from a suspension with 10
8
 CFU mL

-1
 for 24 h dynamic growth. Bacterial cells were 

stained with LIVE/DEAD BacLight. Live cells fluoresce green. (a) Pristine PET 

substrate imaged at 20× (b) FPCT superoleophobic coating imaged at 63×, (c) 

Pristine PCT composite coating imaged at 20×. 

 

Parallel plate chambers were introduced to study the bacteria adhesion several decades 

ago, with the advantage of controlling the operating shear forces and mass transport as 

well as real-time observation microorganism adhering behavior [25]. Fig 6-16 shows 

representative qualitative images of accumulated E.coli on PET, FPCT and PCT. The 

similar bacteria adhesion trend was observed on these three samples under dynamic flow 

growth condition correspond to nonspecific protein adsorption and consequent bacteria 

adhesion. The hydrophobic and rough pristine PCT surface displayed the highest bacteria 

accumulation. Compare to static growth assay results, larger number of bacteria adhered 

on pristine PET substrate and pristine PCT composite coatings due to higher mass of 

bacteria transport in the presence of appropriate shear force. Higher fluoresce signal was 

captured on the protrusion area in contrast to groove parts of the pristine PCT  composite 

surfaces as shown in Fig. 6-17, which indicated more bacteria accumulation in these area.  

Superoleophobic coatings exhibited remarkable resistance to E.coli suspension in both 

static growth and dynamic growth condition in 24 h incubation. It has been reported that 

the presence of fluoroalkoxysilane prevented the adhesion of bacteria to the modified 

substrate and hindered the consequent growth and the formation of biofilm [26, 27]. In 

our case, this remarkable resistance of the superoleophobic surface coating to high E.coli 
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concentration suspension is attributed to excellent oil repelling ability owing to the 

synergetic effect of surface fluorosilane and hierarchical roughness. The bacteria 

adhesion is the initial step in the formation of a biofilm. Once bacteria attach to the defect 

spot of the coating, they start to replicate and gradually change the surface property. 

Long-term bacterial adhesion and possible biofilm formation time-lapse profile will be 

further tested to investigate the robust and efficiency of the superoloephobic surface.  

6.7 Conclusions 

Superoleophobic surfaces with immiscible polymer and nanofillers have been prepared. 

An appropriate morphology by controlling of the composition and nanofiller-polymer 

interaction is critical to achieve the superoleophobic surface. This general strategy is 

obviously not limited to the loading of inorganic titanium dioxide particles. Other 

nanoparticles with intrinsically property might be used as well. It was clearly 

demonstrated that the prepared superoloephobic composite coating based on polymer and 

nanofillers exhibited excellent resistance to protein adsorption and extraordinarily 

reduced bacterial adhesion in a 24 h incubation period. This biofouling resistance is due 

to the synergetic effect of low surface energy and entrapped air, which render 

superoleophobicity to the material. On-going work is being carried out to investigate a 

wide range of pathogen as models on the bacteria adhesion to superoleophobic surfaces. 

Long time bacteria and protein adhesion behavior and protein conformation difference 

when exposure to the suproleophobic surfaces should be considered in future work.  
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Chapter 7 

7 Summary and Outlook 

This dissertation presents the results from the majority of my Ph.D. research program, 

which focused on surfaces with antifouling properties including active bactericide agent 

TiO2 and passive superoleophobic coating surfaces. The thesis consists of two major 

sections: the first section focuses on the design and fabrication of TiO2 nanomaterials and 

the consequent application for antibacterial adhesion, and the second section focuses on 

the design and fabrication of superoleophobic surfaces and consequent application for 

antibacterial and anti-protein adhesion.  

In the first section, mesoporous TiO2 thin films of polycrystalline anatase containing 

silver nanoparticles were prepared by the template sol-gel method on silicon substrates; 

customer tailored resultant silver nanoparticles containing TiO2 film can be achieved by 

tuning the precursor solution composition. No toxic chemicals are required to reduce 

silver ions. Silver nanoparticles were uniformly distributed and strongly attached to the 

mesoporous TiO2 matrix, which displayed excellent antibacterial activity for a long 

period. To extend the TiO2 nanomaterial application to visible light range, nitrogen doped 

TiO2 nanoparticles and nanothin films were prepared using sol-gel technique. Extensive 

characterization results showed the resultant powder in nanometer scale size range with 

mesoporous structure. The presence of nitrogen and the interstitial doping states of 

nitrogen was confirmed by UV-visible spectra and XPS characterization. The enhanced 

photoactivity to degrade methyl blue and achieve E. coli inactivation was observed. 

In Chapter 4 we developed a modified method to deposit TiO2 coatings on desired 

substrates in mild environmental conditions. The resultant surface structure is 

controllable in the presence of various seeds, as required. After surface modification with 

low surface energy fluoroalkyl containing silane, superoleophobic surface have been 

achieved owing to the dual-scale surface structure and low surface energy decoration. 

Both pristine and superoleophobic coatings displayed antibacterial adhesion, which have 

potential applications as biosensors. 
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In the second section, on the basis of a review of general principles and experimental 

methods for fabrication superoleophobic surfaces, we explored a novel type of surface 

coating containing a polymer matrix and functional nanomaterials. This is not only 

practical and low-cost in the fabrication process, but can easily be tuned to express the 

required functionalities. Besides developing and characterizing the fabrication process, 

the resultant superoloephobic coatings were evaluated in terms of surface structure and 

chemical composition, robust mechanical properties, wettability and conductivity. By 

applying a spray technique, the mixture of polymer and nanomateirals can self-assemble 

forming hierarchical structures. We found that the superoloephobic surface containing 

polyisoprene and conductive CB were completely nonwettable by both water and 

hexadecane, which showed contact angles above 150 o with low roll-off angles. The the 

surface remained superoleophobic on rubber substrates when strained up to 100%. The 

resistivity is on the order of 0.01 ohm.m.  

We found the superoleophobic surfaces with immiscible polymer and nanofillers can be 

obtained by appropriate control of the composition ratio. The general strategy is not 

limited to the loading of polyisoprene and CB. Other polymers such as PDMS, butyl 

rubber, triblock polymer including polystyrene-polyisoprene-polystyrene cane be serve as 

the polymer matrix and inorganical nanomaterials such as TiO2, carbon nanotubes and 

Fe3O4 can serve as the functional compositions. The resultant composite surface coatings 

with the combined properties of intrinsic properties of inorganic particle and polymer can 

be tailored. 

Surfaces with extreme wetting properties are currently receiving considerable attention in 

regards to their potential for application as protein resistant coatings. It was clearly 

demonstrated that the prepared superoleophobic composite coatings based on 

polyisoprene, CB and TiO2 exhibited excellent resistance to protein adsorption and 

extraordinarily reduced bacterial adhesion in a 24 h incubation period. This excellent 

biofouling resistance is attributed to the synergetic effect of low surface energy and 

entrapped air, which render superoleophobicity to the material. It is anticipated that the 

demonstrated approach and principle could be applied to expand more multi-functional 

materials. 
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For future work, theoretical mechanism of wetting of the rough polymer-nanomaterial 

surfaces will be investigated to fulfill the design concept and experimental method. In 

particular, wettability varies with the external strain on the substrate, which in principle 

can change the surface morphology will be extensively studied. An appropriate model to 

describe corresponding wettability will be built, which provides a fundament 

understanding to the design of more controllable functional surfaces. The mechanism of 

forming self-assembled hierarchical structures by spray method will be studied. 

As for the antifouling studies with current used strategy, long-term antifouling 

experiments will be carried out to study the durability of the functional surface coating 

and to extend the potential applications. More types of bacterial strains will be studied to 

fully understand the adhesion on the surfaces with hierarchical structures. Antifouling 

ability influenced by the external stimuli such as applied strain will be studied. 

The development of superoleophobic and self-cleaning surfaces is important for basic 

research as well as biomedical applications. More active bactericidal agents will be 

applied to the superoleophobic system, such as the introduction of nitrogen-TiO2 

nanopowders and silver doped TiO2 nanopowders with visible or dark bactericidal ability 

to the polymer-nanomaterial composite system will be investigated. The combination of 

active agents with passive strategy will enhance the antifouling ability of surface coating. 

By using multifunctional compositions, the resultant composite coatings heritage the 

intrinsic property of each ingredient can be achieved. Moreover, the controllable surface 

can respond to the external stimuli and can be used to design smart antifouling surfaces. 

Such surfaces with designed patterns with areas of contrasting bacterial adhesion 

properties will have potential in biosensor applications.   
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