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The history of textiles and fibres spans thousands of years, with the materials 

changing from animal skins and leaves in early days to the plethora of yarns and 

fabrics today. Not until around 70 years ago, the textile industry underwent the most 

revolutionary changes and evidenced the most remarkable innovations in its history. 

The industry also made a great impact to many aspects of the society. Conventional 

textile finishing treatments have relatively long history and are well established. 

However, with the ever – increasing demands from the consumers and the society, 

the conventional treatments are unable to cope with these demands since many of 

them alter or harden the hand, some of them have harmful effects to human and 

cause pollution to the environment. New technologies in material science need to 

apply to the traditional textile industry to develop and produce high value added 

products and overcome the problems associated with the conventional finishing 

treatments. This PhD project represents a new and innovative approach to the 

functional, protective and intelligent finishing of textile materials with the use of the 

latest developments in nanotechnology. The enhanced end – use performance and the 

more environmentally friendly nanotechnology treatments that has been attempted to 

develop would undoubtedly improve the competitive edge of the textile and clothing 

industry in Hong Kong and beyond. 
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To bridge the high – tech gaps, many attempts both in advanced materials, chemical 

synthesis approaches and finishing applications on fibrous substrates have been 

conducted throughout the thesis. Mainly, two systems have been investigated, i.e. 

ZnO and Au/Chitosan, respectively. Firstly, an effective growth approach to grow 

oriented hexagonal ZnO nanorod arrays onto various flexible fiber substrates is 

reported. The synthesis art combined the dip – coating process and self-assembly art 

in aqueous solution. The typical one – dimensional (1 – D) nanorods synthesized in 

this study were 10 – 50 nm in diameter and 300 – 500 nm in length. Secondly, 

further study has shown that structurally unique meso-scale dumbbells grown in 

aqueous solution were discovered for the first time with the length of 2.1 µm, 

diameters of 700 nm, 800 nm, 450 nm in a smaller and larger end face, and in the 

waist, respectively. The typical dumbbell – shaped ZnO was 500 nm to tens of 

micrometres in length and 200 nm up to 1 µm in diameters. The UV – Blocking 

property of the as–prepared ZnO dumbbells revealed a high UPF (UV protection 

factor) of 1000 and demonstrated a breakthrough of more complete blocking UV 

range (400 – 280 nm) than that of ZnO nanosols (352 – 280 nm), nanorods (375 – 

280 nm), and anatase titania films (332 – 280 nm). The 1 – D ZnO used in textile 

field is novel and this pioneering work has implication to fields such as aircrafts, 
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vehicles, windscreens, glass windows, screens, curtains, outdoor products, and 

aircrafts. Thirdly, a bionic fabric surface: self – assembled monolayers film of 

functional alkyl silanes modified silica on oriented growth of ZnO crystals was 

fabricated. The subsequent silica sol treatment furnished the durable wettability. 

The water CA was decreased to 128o, 120o, 114o, and 110o, and water spray test 

rating was 100, 100, 90, 90 after 5, 10, 15, 20 cycles, respectively. Accordingly 

the oil repellency decreased from 7 to 5 after 20 cycles washing. The durable 

wettability of the coating after repeated washing was contributed to the linking 

ability of GPTS and F13 that promoted strong adhesion to the cotton fabrics and 

the low energy surface of as–formed films. Finally, a chitosan fiber as core and 

gold as sheath structural organic – inorganic composite was presented via a facile 

and eco-friendly approach. The chitosan fibers used in this study were 50 nm – 5 µm 

in diameters and up to hundreds of micrometers in lengths. Gold shells were 

typically 20 – 50 nm in depth and their lattice fringes obliquely intersecting at an 

angle of 60o were displayed. The formation mechanism of as–fabricated chitosan 

fiber core with gold as shell structural composites was also schematically discussed. 

The surface plasmonics (SPs) of Au nanoshells and relative impact factors on SPs 

have been investigated. It has furnished the possibilities of multi – chromism in 

intelligent fabrics such as camouflage. 
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1.1 INTRODUCTION TO NANO – FINISHING OF TEXTILE 

MATERIALS 

 

1.1.1 DEFINITION AND TERMS: FINISHING, NANO, AND NANO –

FINISHING 

 

The term finishing in the narrow sense is the final step to provide the properties that 

customers will value during the fabric manufacturing processes following the 

pretreatment and coloration (Schindler 2004). Any operation for improving the 

appearance or usefulness of a fabric after it leaves the loom or knitting machine can 

be considered a finishing step in its broad sense (Tamasino 1992).  

 

Nano is a unit of measure; it equals to one billionth (10 – 9) meter. Nanostructures 

refer to structures that are defined as having at least one – dimension between 1 and 

100 nm (Xia 2003). 

 

Nano – finishing is a finishing process with nanotechnology to functionally or 

protectively build more unique or better qualities to textiles as a result of their novel 

and fascinating properties, and applications of nanomaterials superior to their 

conventional counterparts.  

 

1.1.2 IMPORTANCE OF MUTI – FUNCTIONAL AND PROTECTIVE 

NANO – FINISHING OF TEXTILE MATERIALS 
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Chemical finishing has always been an important component of textile processing, 

but in recent years the trend to high – tech products has increased the interest and use 

of chemical finishes (Schindler 2004). Hong Kong is the world’s second-largest 

clothing and apparel exporter after Mainland China. With innovative design and 

quality products, the local industry has successfully established an up – market 

image worldwide. With the implementation of Closer Economic Partnership 

Arrangement (CEPA, http://Cepa.tdctrade.com) and the removal of the quota system 

under the World Trade Organization (WTO) Agreement, the industry has to 

spearhead its innovative drive and develop more high value-added products to 

maintain and further enhance its competitiveness in the global marketplace 

(http://www.hkrita.com). 

 

1.2 RESEARCH BACKGROUND OF NANO – FINISHING 

INNOVATION 

 

Increasing demands for functionality and intelligence of wearable textiles pose great 

challenges in product development for both civilian and military fields (Linford 2005, 

Peplow 2004, Schreuder – Gibson 2003, Singh 2004, Xin 2004). For civilian uses, 

the functionality includes comfort, healthcare, protection against water and oil, 

sunlight and so on. For military uses, it is important for the textiles to have proactive 

ability and to give protection against chemical and biological hazards. In recent years, 

protection against terrorist action has also become an issue. There are many 

protective technologies that can be learned from nature, and the ability to transfer 

these into fabrics is one of the key issues of wearable bionics. Bionics is no longer 

science fiction, for instance, one of the most interesting phenomena the Lotus – 
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effect (Barthlott 1997) — the amazing self–cleaning property of many biological 

surfaces including the leaves of the sacred lotus and several other species — has 

attracted not only general scientific interests but also substantial industrial efforts. 

The multi – disciplinary innovation is gathering momentum in the textiles and 

apparel field, and we discuss some of the main areas of interest below. 

 

1.2.1 UV – BLOCKING 

 

Ultraviolet (UV) radiation, consisting of UVA, UVB and UVC corresponding to the 

regions of 315 – 400 nm, 280 – 315 nm, and 100 – 280 nm, respectively, is part of 

electromagnetic spectra emitted by the sun. Whereas UVC rays are absorbed by the 

atmospheric ozone, most radiation in the UVA range and about 10% of UVB rays 

reaches the earth’s surface. Both UVA and UVB are of importance to human 

health — small amounts are essential in the production of vitamin D. UV radiation is 

also used to treat several diseases, including rickets, psoriasis, eczema and jaundice. 

Yet overexposure may result in acute and chronic effects on the skin, eye, and 

immune system, such as premature skin aging, or even skin cancer, inflammatory 

reaction of the eye, and cataracts. Therefore, humans need to be protected from 

excessive UV radiation using cosmetics or textiles, for example. However, the 

protection offered by most textiles is inadequate (Palacin 1997). The UV protection 

factor (UPF) of a fabric depends on type of fibre, thickness, weave structure, color 

and the finish; and it indicates how much the material reduces UV exposure. The 

UPF of less than 15, between 15 and 50, and more than 50 (50 +) are generally 

classified as non–rateable, good, and excellent UV – blocking properties for fabrics, 

respectively. 
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Earlier treatments were mostly UV – protection additives (Eckhardt 2000, Reinert 

1997) with limited wash fastness. Further efforts were made to develop treatments 

using semiconductor thin films that were prepared by a sol – gel method (Xin 2004). 

The bottom – up approach provided a new versatile tool to create transparent metal 

oxide films that adhere well to various textiles through hydrolysis and condensation 

procedures. The mechanism of UV – blocking using semiconductors is associated 

with the electronic structures of semiconductor particles, which is characterized by a 

filled valence band and an empty conduction band. The electron/hole pairs will be 

produced when a particle is excited by a photon matching or exceeding the bandgap 

energy. The pairs can recombine and release energy as heat when trapped in 

metastable surface. 

 

Fabrics treated with titania (TiO2) nanosols demonstrated durable UV – protection 

after 55 cycles of accelerated home laundering, maintained a high UPF rating of 50 

plus (the UV blocking range is 332 – 280 nm) according to Australian/New Zealand 

Standard AS/NZS 4399: 1996 and are now in the process of being commercialized. 

In another example, the semiconductor ZnO in the form of nanorods was used to 

treat cotton fabrics, resulting in a wider range of UV – blocking especially in the 

UVA region and offering higher UPF (Wang 2004, Wang 2005) — how to improve 

the durability of these fabrics is still an intractable issue and needs more research (Lu, 

2006).  

 

1.2.2 SELF – CLEANING 
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In the classic 1951 film, The Man in the White Suit, Sir Alec Guinness played a 

textile scientist who invented a fabric that didn’t get dirty or wear out. A chemist’s 

pipe dream might be getting closer with the inspiration from such science fiction 

(Peplow 2004, Xin 2004). Briefly, the self–cleaning mechanisms can be classified 

into two types, physical and chemical. On the one hand, a wide range of 

contaminants can be protected by non–wettable water – and oil – repellent surfaces. 

Wettability is a very important property governed by both the chemical composition 

and the geometrical structure of solid surfaces (Cassie 1944). This kind of self–

cleaning does not undergo any chemical reactions between the host (fabrics) and the 

guest (contamination). The technology has long existed in nature in the Lotus effect, 

considered to be attributable to the micromorphological papillose protrusions and 

chemical waxes coating on the leaf surface, and has been successfully mimicked in 

the fabrication of the functional textile surface structures by using a coating of low – 

energy fluorinated chemicals (Xin 2005). On the other hand, an alternative approach 

is based on the photocatalysis or superhydrophilicity of semiconductors. Some 

TiO2 – based self–cleaning products such as tiles, glass, and plastics have become 

commercially available (Parkin 2005). Clothes that self–clean seem to be possible 

with functional, protective and transparent semiconductor treatments (Peplow 2004, 

Wang 2004, Wang 2005, Xin 2004). How does this reaction make them self–

cleaning? The initial process for self–cleaning of contaminants is the generation of 

electron – hole pairs in the semiconductor particles coated on the fabric surface. 

Upon excitation, the photoinduced electron transfer to adsorbed contaminants or to 

the solvent results from migration of electrons and holes to the semiconductor 

surface. The probability and rate of self–cleaning depends upon the respective 

positions of the band edges for the conduction and the valence bands and the redox 
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potential levels of the adsorbate contaminants. Anatase titania has been applied to 

textile fabrics using a sol – gel method; its self–cleaning method is based on a 

photocataysis mechanism by constantly breaking down and loosening organic dirt 

attached to the fabrics (Figure 1.1).  

 

 

 

Figure 1.1. Schematic diagram of the self–cleaning mechanism provided by an 

anatase TiO2 treated fabric. Types of substrates can be cotton, polyester, polyamide, 

cotton/PET, cotton/Nylon, wool, silk, polypropylene and other natural and synthetic 

fibers, yarns, and fabrics. Possible applications for self–cleaning fabrics include 

clothing: sportswear, leisurewear, formalwear, footwear; interior textiles: wall 

fabrics, furniture fabric, carpets, curtains, automobile interior fabrics, medical fabrics, 

technical textiles, geotextiles, special textile materials, soft toys and leathers etc. 

 

Fabrics treated in this way also demonstrated UV – blocking, antimicrobial and 

deodorizing properties, and the decomposition of harmful gases. As a commercial 

product in the civilian market, the potential of self–cleaning fabrics is enormous. The 

development continues with the combination of one – dimensional semiconductor 
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nanorods, nanowires, dumbells and amphiphobic self–assembled fluorinated silanes 

that furnished two kinds of mechanisms for self–cleaning process and made the 

dream of the “White Suit” closer (Wang 2005). Undoubtedly, the one – dimensional 

materials possibly make the films much more functional and smarter than before. 

That doesn’t mean that the morphological effect of nano – or microstructured 

materials on self–cleaning fabrics is dominant and might be over – estimated. 

Accordingly, the low – energy chemical components of the coated film are supposed 

to be more responsible for the self–cleaning phenomenon, of course. For textile 

companies, new nanomaterials, new processing technologies and products for high – 

value – added functional and intelligent textiles and apparel that are compatible with 

their current production technologies are highly desirable, since most of such 

companies do not have large budges to provide research and develop infrastructure 

for related nanotechnology (Figure 1.2).  
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Figure 1.2. Innovative self–cleaning clothes that demonstrated multifunctional 

properties, including UV blocking, UV sensitive printing, antibacterial, water –, oil –, 

soil – repellent and self–cleaning. A manikin, was dressed up with multi–functional 

clothes and decorated with intelligent accessories, including thermally indicating 

wristband, UV sensitive logo and printing, piezoelectrically sensing glove and 

flexible organic lighting – emitting devices (FOLEDs) – illuminating logo ‘PU’ 

display. The grey UV light source was used to determine the effect of UV – blocking 

treatment after exposure to UV environment. The sensing glove can detect large 

strain deformation, retain its original handle, maintain high flexibility and physical 

properties and be also sensitive to temperature, humidity and gas changes. 

 

1.2.3 PROTECTION 

 

Given the potential threat from dangerous or even lethal chemicals or biological (CB) 

agents, and the heightened awareness of terrorist actions military, firefighter, law 

enforcement, medical personnel and even civilians require high – level detection and 

protection when dealing with such threats in many environments ranging from 

combat to urban, agricultural and industrial (Schreuder – Gibson 2003). 

 

The application of sensing elements made from nanofibres and optical fibres with a 

conductive polymeric coating such as polyaniline and polypyrrole to textiles has 

been used by many groups (Schreuder – Gibson 2003, Singh 2004, Tao 2001, Tao 

2005). New approaches for preparing flexible conducting polymers and metallic 

tubes are highly desirable because of their high surface – to – volume ratios and 
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potentially enhanced sensitivity (Huang 1999, Schreuder – Gibson 2004). 

Electrically conductive polymers and metallic fibres furnished the possibility to 

produce interactive electronic textiles (E–textiles). Such textiles can be used for 

location/position monitoring, infotainment, environmental response etc. The 

development of wearable photonics based on integrative polymeric photonic fibres 

has potential to contribute more to sensing and flexible displays. Photonic fibres 

serve as generating, transiting, modulating and detecting photons. Thus fibres can be 

integrated to a broad range of sensors in colour switch, electroluminescence and 

self–amplification etc. Protective fabrics essentially function as barriers, and can be 

constructed to be impermeable, permeable, semipermeable or selectively permeable 

(Schreuder – Gibson 2003). For instance, response suits against hazardous materials 

(HAZMAT) are made of impermeable laminated barrier – fabrics; the battledress 

over – garment and joint – service lightweight integrated suit technology are air – 

permeable carbon – based over – garments and have been the mainstay of troop 

protection of the US military; semipermeable fabrics incorporating ‘perm – 

selective’ membrane structures that allow the permeation of water – vapour 

molecules but not larger organic molecules; selectively permeable membrane (SPM) 

technology has been developed by the US Army, and originated from the fields of 

gas separation, water purification by reverse osmosis, and medical applications. An 

alternative method of producing self–cleaning fabrics for decontamination of 

organophosphorous pesticides and related chemical agents has been developed by 

US Naval Research Laboratary, where it was demonstrated that enzymes such as 

organophosphorous hydrolase could be stabilized in coatings of polyelectrolyte 

multilayers on fabrics by spray – coating and they could be sustained over extended 

periods of time. Thus fabrics provided a novel philosophy to protective clothes. Lots 
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of other enzymes, proteins and needless to say, organs are highly appreciated dealing 

with counterparts. Nevertheless, there remains a challenge to fabricate smart fabrics 

capable of efficiently handling and neutralizing toxins while simultaneously 

addressing the issues of processability, comfort, durability, cost and safe disposal. A 

solid foundation has been built in the preparation of protective fabrics, but further 

efforts should be made to fabricate clothing capable of effectively sensing and 

decontaminating a wider range of toxins for civilian and military use with the aid of 

wearable bionics, electronics and photonics technologies. In brief, as for coating 

technology, shall we use traditional dip – pad – cure process, spin – coating, spray – 

coating or newly developed encapsulation technology to ensure processability and 

durability? How to keep the bioactivity? How can we control the release? How far 

will E–textiles and flexible organic lighting – emitting devices (FOLEDs) be utilized 

in protective clothing field? Future protective clothes need to be fabricated and 

designed more intelligent than never before to cover such issues. 

 

1.2.4 THE CHALLENGE AND CHARM OF NANO – FINISHING 

 

The genre of smart fabrics represents a sophisticated multidisciplinary system. The 

prospect is quite exciting as textile scientists, chemists and engineers have made 

significant efforts on multifunctional and protective self–cleaning technologies. 

However, collaboration among various disciplines should be strengthened to ensure 

that the successful development of products for both military and civilian use will 

reach the market in the near future. Mavericks possibly are making their own dreams 

true that one day clothes self–clean as lotus leaves, drink as desert beetles, 

camouflage as chameleons, shine as rainbow and etc. Earlier inter – and intra – 
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collaboration is preferred to share their state – of – the – art masterpieces and 

promote them to markets. Thus people have the possibility to live in a society where 

they wear wrinkle – free, self–cleaning, self–drinking, self–breeding, environmental 

camouflage, thermal – indicating, sensing and signaling, infotainment, CB – 

protective clothes and enjoy themselves even under unfavorable situations. 

 

1.3 PROJECT ORIGINALITY, SIGNIFICANCE, AND VALUE 

 

Conventional textile finishing treatments have relative long history and are well 

established. However, with the ever – increasing demands from the consumers and 

the society, the conventional treatments are unable to cope with these demands since 

many of them alter or harden the hand, some of them have harmful effects to human 

and cause pollution to the environment. New technologies in material science need 

to be applied to the traditional textile industry to develop and produce high value 

added products and overcome the problems associated with the conventional 

finishing treatments. The project represents a new and innovative approach to the 

functional finishing of textile materials with the use of the latest developments in 

nanotechnology.  

 

The enhanced end – use performance and the more environmentally friendly 

nanotechnology treatments we try to develop will undoubtedly improve the 

competitive edge of the textile and clothing industry in Hong Kong. The research 

effort of the multifunctional finishing proposed will also underpin the development 

of the Nanotechnology Centre for Functional and Intelligent Textiles and Apparel 

established in Institute of Textiles and Clothing (ITC) and in compliment of the other 
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important protective finishing such as self–cleaning, anti–bacteria, and water –, oil – 

repellent  treatments currently under intensive study by the Nanotechnology Centre.  

 

1.4 PROJECT OBJECTIVES 

 

The project aims to develop the multifunctional protective nano –  finishing of textile 

materials. The research is focused on two aspects, i.e. functional and intelligent 

materials. 

 

In this study, ZnO is selected as a functionally protective semiconductor system for 

ultrahigh UV – blocking property because UV – B can not be completely blocked 

using other semiconductors such as TiO2. The Band gaps Eg (eV) and red boundaries

λo (nm) of the optical absorption of main semiconductors were listed in Table 1.1. 

ZnO is a good candidate material for optoelectronic applications due to its wide band 

– gap (3.37 eV), large exciton binding energy of 60 meV, and room temperature UV 

nanolasing action in highly ordered alignments (Huang 2001, Johnson 2003, Yan 

2003). As for intelligent part, the state – of – the – art surface plasmonic property 

was employed because it is novel in textile world. Hence the project has the 

following specific objectives. The detailed and specific objectives can be described 

as follows. 

 

1. To fully investigate and improve the synthesis approaches of one – dimensional 

ZnO nanosols, one – dimensional nanocrystallites, and other morphologies. 

2. To explore the UV – blocking properties of various dimensional materials and to 

physically and chemically characterize the as–fabricated materials. 
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3. To study the mechanism of ZnO crystallites and to furnish the commercial 

possibility when combined with other functional treatments such as water –, or 

oil – repellent. 

4. To synthesize Chitosan/Au nanocrystallites and core/sheath composites and to 

investigate the mechanism of the formation of composites. 

5. To investigate the effects of chitosan status on surface plasmonic property of 

Chitosan/Au composites. 

 

Band gaps Eg (eV) and red boundariesλo (nm) of the optical absorption a

Oxide Eg (eV) λo (nm) 

NiO 0.93 1340 

CuO 1.7 735 

CdO 2.1 595 

Fe2O3 2.2 570 

TiO2 3.0 420 

ZnO 3.2 390 

MgO 7.2 178 

SiO2 8.6 145 

Al2O3 9.0 138 

a of the optical absorption for typical semiconductor and insulator oxides which 

can serve as abiogenic photocatalysts or photosorbents. The data are given for 

pure substances. 

 

Table 1.1. Band gaps Eg (eV) and red boundariesλo (nm) of the optical absorption 

of main semiconductors (Parmon 2001). 
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1.5 STRUCTURE OF THE THESIS 

 
CONCLUSIONS AND FUTURE WORKS Chapter 8

THE UV – BLOCKING PROPERTY OF DUMBBELL 

– SHAPED ZnO ON COTTON FABRICS 
Chapter 5

ZnO NANORODS GROWN ON COTTON FABRICS 
AT LOW TEMPERATURE 

Chapter 4

EXPERIMENTAL DESIGN: RESEARCH 

METHODOLOGIES 
Chapter 3

LITERATURE REVIEW Chapter 2

INTRODUCTION Chapter 1

A BIONIC FABRIC SURFACE: SELF–SSEMBLED 

MONOLAYERS FILM OF FUNCTIONAL ALKYL 

SILANES MODIFIED SILICA ON ORIENTED 

GROWTH OF ZnO CRYSTALS 

Chapter 6

SELF–ASSEMBLED GOLD NANOSHELLS ON

BIODEGRADIBLE CHITOSAN FIBERS 
Chapter 7
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Figure 1.3 Schematic demonstration of theisis structure 

 

The thesis comprises 8 chapters schematically outlined in Figure 1.3.  

 

Chapter 1 provides a brief introduction to the multifunctional protective nano – 

finishing of textile materials. The research background on such smart fabrics 

involves a multidisciplinary system that should meet the demands of both the 

civilian and military markets. Bionics incorporated in fabrics enable remarkable 

features that protect wearers many unfavorable situations. Main effort made in the 

applications of UV – blocking, self–cleaning, and protection finishing was 

highlighted. The project objectives, originality, significance, and value are presented 

consequently as well. 

 

Chapter 2 briefly reviewed the functionalisation of textiles. Conventional textile 

finishing treatments have relative long history and are well established. However, 

with the ever – increasing demands from the consumers and the society, the 

conventional treatments are unable to cope with these demands since many of them 

alter or harden the hand, some of them have harmful effects to human and cause 

pollution to the environment. New technologies in material science need to apply to 

the traditional textile industry to develop and produce high value added products and 

overcome the problems associated with the conventional finishing treatments. This 

PhD project represents a new and innovative approach to the functional, protective 

and intelligent finishing of textile materials with the use of the latest developments in 

nanotechnology. The enhanced end – use performance and the more environmentally 
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friendly nanotechnology treatments that has been attempted to develop would 

undoubtedly improve the competitive edge of the textile and clothing industry in 

Hong Kong and beyond. 

 

Chapter 3 described the methodologies used in this thesis and relative materials, 

facilities, standards and approaches. 

 

Chapter 4 focuses on one – dimensional ZnO nanorods grown on cotton fabrics at 

low temperature. An effective industry – oriented growth approach to grow oriented 

hexagonal ZnO nanorod arrays onto various flexible fiber substrates at low 

temperature is reported. The synthesis art combined the sol – gel process and 

hierarchical growth in aqueous solution. The typical nanorods synthesized in this 

study were 10 – 50 nm in diameter and 300 – 500 nm in length. Meanwhile novel 

structural meso – scale dumbbells uniformly grown in aqueous solution were firstly 

fabricated with the length of 2.1 µm, diameter of 800 nm, 700 nm, 450 nm in a larger 

end face, in a smaller end face and in the waist, respectively. The application of one 

– dimensional semiconductors in fabrics is pretty novel and their advantage has been 

addressed when compared to other dimensional semiconductors. 

 

A facile process to prepare dumbbell – shaped ZnO cystallites was presented in 

chapter 5. The typical dumbbell – shaped ZnO was 500 nm to tens of micrometres in 

length and 200 up to 1 µm in diameters. The samples were characterized by XRD, 

HRTEM, FESEM, UV – Blocking, and Raman etc. The UV – Blocking property of 

the as-prepared ZnO revealed a high UPF of 1000 plus and demonstrated a 

breakthrough of more complete blocking UV range (400 – 280 nm) than that of ZnO 
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nanosols (352 – 280 nm), nanorods (375 – 280 nm), and anatase titania films (332 – 

280 nm). The UPF – reinforced dumbbell – shaped ZnO has potential application in 

some high – SPF required fields, e.g. screens, curtains, outdoor shelters. As for ZnO 

nanosols treated cotton fabrics, the UPF of more than 400 has been achieved after 

curing at 150 ºC and a stable washfastness was provided, therefore this facile nano – 

finishing process had promising application in clothing and textile fields. It also can 

be found that the curing temperature played an important role during the processes, 

the higher curing temperature employed, the better was the UPF.  

 

In chapter 6, the study demonstrates that the multifunctional behavior of the lotus 

leaf structure can be mimicked by creating a nano – structured surface treatment for 

clothing fibres, yarns, and fabrics based on a combination of self–assembled 

semifluorinated surfactant and zinc oxide nanorods that potentially fulfills the dream 

of ‘self–cleaning’. 3,3,4,4,5,5,6,6,7,7,8,8 – tridecafluoroctyl triethoxysilane modified 

silica sol was self–assembled to highly oriented ZnO rod arrays. Various techniques 

(HRTEM, FESEM, EDX, etc.) were used to determine the quality and properties of 

the coating. The hydrophobicity and UV – blocking property were characterized in 

the chapter as well. 
 

A novel chitosan fiber core gold shell structural organic-inorganic composite was 

presented via a facile and eco–friendly approach in chapter 7. The chitosan fiber and 

gold/chitosan composites were characterized with the assistance of SEM and TEM 

observations. The chitosan fibers used in this study were 50 nm – 5 µm in diameters 

and up to hundreds of micrometers in lengths. Gold shells were typically 20 – 50 nm 

in depth and their lattice fringes obliquely intersecting at an angle of 60o were 
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displayed. The formation mechanism of as–fabricated chitosan fiber core with gold 

as shell structural composites was also schematically discussed. The surface 

plasmonic properties were intensively investigated. 

 

Finally, chapter 8 concludes the study and provides the suggestions for the future 

work. Overall conclusions and summaries were highlighted. Some new problems 

and suggestions are presented and potential projects related to the thesis are also 

discussed. 
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CHAPTER 2 

 

LITERATURE REVIEW: 

FUNCTIONALISATION AND PROTECTION OF 

TEXTILES BY INORGANIC NANO – FINISHING 
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2.1 THE IMPORTANCE OF TEXTILE INDUSTRY 

 

The history of textiles and fibres spans thousands of years, with the materials 

changed from animal skins and leaves in early days to the plethora of yarns and 

fabrics today. Not until around 70 years ago, the textile industry underwent the most 

revolutionary changes and evidenced the most remarkable innovations in its history. 

The industry also made a great impact to many aspects of the society. Firstly, the 

range of industries involved in fabric and garment development and production 

consists of agriculture, transport, oil and chemical, fibre and fabric production, 

clothing and fashion, arts and crafts, retail, research and development. Secondly, 

various finishing techniques that can be applied to knitted and woven fabrics include 

coloration, such as dying, printing and painting; surface decoration, such as 

embroidery and applying sequins, beads or studs; physical treatments, such as 

brushing, shearing and scrubbing; chemical treatments, such as waterproofing, and 

wrinkle-free. Thirdly, testing of fibres and fabrics is also associated with the 

development of sophisticated laboratory to industrial scale machinery. Finally, 

fashion of the fabric and the garments are clearly influenced by the invention of 

synthetic textile materials such as nylon in the 1930s, polyester in the 1950s, 
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spandex and lycra in the 1960s and 70s, high tech fabrics like Gore – Tex in the 

1980s and 90s, and new functional textiles recently.  

 

2.2 INTRODUCTION TO FUNCTIONALISATION AND 

PROTECTION OF TEXTILES BY SEMICONDUCTOR OXIDE 

NANO – FINISHING 

 

The actual weaving of fabric from natural fibres such as hemp, flax, cotton, and silk 

appeared nearly everywhere in the world during or just prior to the third millennium 

B. C. (de Bonneville, 1994). The functionalisation of textiles in order to maintain 

intrinsic properties and create new properties can also be traced back over a similarly 

long history. The dyeing of hemp, linen, silk, and their hydrophobicity by perilla 

frutescens seed oil in ancient China (Vogler, 1999, Vogler, 2000), and the 

stabilization of linen with beeswax, conifer resins and castor oil so as to be used for 

mummification in ancient Egypt (Tchapla, 2004) are evidence of historic methods of 

textile functionisation and refining. Today modern textile fabrics are used throughout 

the world in a wide range of applications such as the apparel industry, household 

textiles, furnishings, medical items, industrial uses, and technical products in 
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automotive, railroad, aviation engineering, and construction. The most important 

principles of textile functionalisation by material modification are (Mahltig 2005): 

 

1. Incorporation of functional additives such as organic or biological compounds, 

inorganic particles, polymers into polymer melt or polymer solution before spinning. 

The advantage is the high performance but drawbacks are low flexibility, the high 

non – textile portion, and also the procedure is not practicable for natural fibers. 

 

2. Chemical grafting of additives on the fiber surface directly or by means of linkers. 

This effective method yields excellent permanent effects but is restricted to reactive 

fibers and additive structures. 

 

3. Post – equipping textiles (fibers, fabrics) with functional coatings. This universal 

method is very flexible with regard to coating technology and productive capacity, 

and is largely independent from fabric type it. It requires low quantities of additive 

and enables the combination of different functionalities in a simple way. 

 

The most important goals for functional textiles are (Bajaj, 2002): 
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1. Improved stability against mechanical, chemical, photochemical or thermal 

destruction. Physical properties such as dry crease recovery angle, wet crease 

recovery angle, and softness improvement of the crosslinked cellulose catalyzed 

with nanotitanium dioxide under UV irradiation and electronic field have been 

achieved (Wang, 2005). 

2. Improved repellency properties against water, oil and soil, e.g., and self cleaning 

fabrics. Hydrophobic surfaces have been reported by silica or its hybrid 

composites, such as silica (Daoud, 2004, Daoud, 2006, Liu, 2006), silica/TiO2 

(Yuranova, 2006), urea/poly(dimethylsiloxane) sol-gel (Vince, 2006). 

3. Changed light absorption and emission properties from the UV up to infrared 

region. Titanium dioxide and ZnO were widely used to get protection. (Cho, 

2004, Daoud, 2004, Ghosh, 2003, Hatch, 2006, Katangur, 2006, Parejo, 2006, 

Popov, 2005, Textor, 2003, Wang, 2004, Xin, 2004, Xu, 2005, Yang, 2004,). 

4. Improved electric conductivity, e.g., for antistatic and electromagnetic protective 

effects. Conductive polymers were used to achieve electromechanical property 

(Xu, 2005), flexible strain sensor, conductive polymer – coated fabrics (Li, 2005), 

heralding a polymeric electrochromic devices (PECD) era (Sonmez, 2004, 

Sonmez, 2005). 
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5. Immobilisation and controlled – release of active species, e.g., with biocidal, 

therapeutic and well-being effect. 

6. The Study of the interaction of fibres – oxides, such as titanium dioxide with 

cellulose fibers in an aqueous – medium (Siffert, 1991). 

 

2.3 PREPARATION, MODIFICATION, HYBRIDIZING, AND 

APPLICATION OF NANOSOL COATINGS 

 

Sol-gel (Brinker 1990, Hench 1992, Klein 1988, Xu 1992) is a method for preparing 

metal oxide glasses and ceramics by hydrolyzing a chemical precursor to form a sol 

and then a gel, which on drying (evaporation) and pyrolysis gives an amorphous 

oxide. Upon further heat treatment crystallization can be induced. There are three 

basic steps involved, 

(i). Partial hydrolysis of metal alkoxides to form reactive monomers. 

(ii). The polycondensation of these monomers to form colloid like oligomers (sol). 

(iii). Additional hydrolysis to promote polymerization and cross – linking leading to 

a 3 – dimensional matrix (gel). 
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As polymerization and cross-linking progress, the viscosity of the sol gradually 

increases until the sol-gel transition point, where viscosity abruptly increases and 

gelation occurs. 

 

Step 1: Partial hydrolysis 

M(OR)n + m H2O + M(OR)n-m(OH)m + ROH 

 

Step 2. Condensation 

2 M(OR)n-m(OH)m ~ M'-O-M' + H20       (where M' = M'(OR)n-m) 

or (OR)n-lM-(OR)+ (HO)-M(OR)n ~ (OR)n-lM-O-M(OR)n-l + ROH 

 

Step 3. 3D crosslinking between (RO)n-mM-O-M(OR)n-m molecules 

 

Some useful terminology relative to Sol – Gel technology used in Chapter 4 – 6. 

Colloid – a suspension in which the dispersed phase is so small (1 – 1000 nm) that 

gravitational forces are negligible and interactions are dominated by short-range 

forces, such as van der Waals attraction and surface charges.  

Sol – colloidal suspension of solid particles in a liquid.  
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Precursor – the starting compound. In sol-gel processing it consists of a metal or 

metalloid element surrounded by various ligands.  

Ligands – appendages not including another metal or metalloid atom. 

 

2.4 POTENTIAL FUNCTIONALISATION OF TEXTILES USING 

DIMENSIONALITIES SUCH AS CORE – SHEATH, ROD – LIKE 

STRUCTURAL MATERIALS 

 

The advancement of surface science will dramatically benefit the innovative fibres, 

yarns, and fabrics, lotus-effect is an example (Barthlott, 1997). ZnO is a good 

candidate material for optoelectronic applications due to its wide band – gap (3.37 

eV), large exciton binding energy of 60 meV, and room temperature UV nanolasing 

action in highly ordered alignments (Huang 2001, Johnson 2003, Yan 2003). 

Tremendous efforts have been devoted to the improvement and optimization of the 

synthesis of oriented arrays of ZnO nanowires (Feng 2004, Gao 2003, Greene 2003, 

Huang 2001, Johnson 2003, Lao 2003, Pacholski 2002, Tian 2002, Vayssieres 2001, 

Vayssieres 2003, Yan 2003). The control of particle size, shape, and crystalline 

structure represents some of the key issues in nanotechnology and materials 

manufacturing (Pacholski 2002). Recently, the emphasis of the investigations is on 
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ZnO nanowires orientation, via solution approaches. In this regard, a hydrothermal 

process was suggested to fabricate aligned ZnO rod – like nanoparticulate thin films 

directly onto substrates from an aqueous solution at low temperature without seeds 

(Vayssieres 2001, Vayssieres 2003). As a modification of hydrothermal methods, 

seeds – guided growth process was also reported to synthesize ZnO nanowire arrays. 

The process of this method is simpler, has lower processing temperature and better 

potential for scale – up (Feng 2004, Greene 2003). To date, oriented crystallites self 

– assembled onto various substrates such as ITO glass, sapphire, Si/SiO2 wafers, 

ZnO thin films, polydimethylsiloxane (PDMS) have been successfully achieved 

(Greene 2003, Vayssieres 2003). Using fibrous materials as substrate however, 

remains a significant challenge.  

 

Chitosan, a linear (β – 1,4) – linked biopolysaccharide, is an N – deacetylated 

derivative polyelectrolyte of chitin and the second – most abundant natural 

polysaccharide after cellulose with excellent biodegradability, biocompatibility, and 

nontoxicity (Bhattarai 2005, Ravi Kumar 2000, Renbutsu 2005, Yamamoto 1997). 

Enormous efforts have been made on its potential applications in biofabrication (Yi 

2005), pharmaceutics (Ravi Kumar 2004) biomedicine (Berger 2004, Bhattarai 2005, 

Ravi Kumar 2000, Ravi Kumar 2004, Renbutsu 2005, Yamamoto 1997, Yi 2005), 
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food (Koide 1998, Shahidi 1999), textiles (Lim 2003, Lim 2004, Shin 1999), etc. 

One – dimensional (1 – D) chitosan fibers can act as a scaffold and therefore have 

been fabricated by various methods such as wet – spinning (Agboh 1997, Liu 2005, 

Notin 2006, Vincent 2001, Vincent 2004), and electro – spinning (Bhattarai 2005, 

Geng 2005, Li 2006, Min 2004). Due to the unique cationic polyelectrolyte character 

of chitosan and its gel – and film – forming, 1 – D chitosan fibers in solution can 

provide scaffolds for the adsorption of metal ions with opposite charges. With the 

assistance of chitosan solution, the synthesis of gold nanoparticles (NPs) has been 

extensively reported (dos Santos 2004, Huang 2004, Miyama 2004). The fabrication 

of gold NP assemblies on linear chitosan fibers however, still remain a great 

challenge and especially for chitosan/gold core/shell structured fibers. Successful 

realization of this type of 1 – D structure will furnish the possibility of building new 

generation fibrous biosensors and functional devices due to its high surface – to – 

volume ratios and potentially enhanced sensitivity. 

 

2.5 THE KEY ISSUES / PROBLEMS OF RESEARCH 

 

Nanoscale materials have many unique properties, such as small size effect, surface 

and boundary effect, quantum size effect and so on, which are very different to the 
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molecules that constitutes them and also very different to the bulk materials that are 

constructed by them (Richard 1998). Due to the small particle radii of the samples, 

quantum size effects were expected to occur when the Bohr radii of the first exciton 

in the nanocrystallites became commensurate with or larger than that of the particle. 

The Bohr radii are mainly depended on the dielectric constant and the effective mass 

of the charge carrier. The energy of the first excitonic state of a semiconductor 

cluster with the particle radius R could be evaluated by the following Brus function 

approximately (Hagfeldt, 1995):  
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where  and  are the effective masses for the electrons and holes,  is the 

effective Rydberg energy, the equation is characterized by the first term which 

represents the energy of localization, the second term which represents the 

Coulombic attraction and the third term which represents the correlation effect. 

em hm RYE

 

The nano – meter size here covers a wide range which can be as large as 100 – 

200nm. Started from 1970s, the nano – technology has been attracting many 

researchers (Mitura 2000, Nalva 2002, Schwarz 1999, Seigel 1998). Since the 

beginning of 1980’s, when scientists obtained nano – crystallite for the first time, the 

researches on nano-materials have become one of the most active areas of materials 

science. 

 

In comparison to material science, the research and development of nano-technology 

in textile domain started relatively late. However, the development and subsequent 

launch of some commercial nano-technology products (Nano Tex 2001) triggered 

many interests in research and development as well as application (Yang 2001, Zhao 

2002). Nano-finishing as a very effective means for multi-functional textiles and 

apparel for high-value-added products, such as anti-bacteria and UV – R protection 

finishing has been demonstrated by the new research and development within the 
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Institute of Textiles & Clothing (Xin 2004). In the past, conventional functional 

finishing processes inevitably affected the handle, strength, fastness and color. 

Nano – finishing technologies can have impact on functional performance while 

maintaining the desirable flexibility, handle and appearance of normal textiles and 

apparel products. By building nano – scaled structures onto conventional textiles, 

many functions can be achieved such as UV protection, anti – bacterial, anti – static, 

electrically conducting, stain – resistance, water, oil repellence and wrinkle 

resistance etc with superior performance compared with the conventional finishing 

treatments. 

 

The applications of the nanotechnology in textile domain are now expending rapidly. 

However, many of the researches are proprietary ones protected by patents and few 

scientific researches on detailed mechanisms, theories, and the systematic tests of 

textile applications have been published. Therefore, there is an urgent need for the 

textile chemists to start intensive researches in this area. 
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CHAPTER 3 

 

EXPERIMENTAL DESIGN: 

RESEARCH METHODOLOGIES 
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3.1 INTRODUCTION 

 

Characterization tools are crucial in the study of emerging materials to evaluate their 

full potential in applications and to comprehend their basic and chemical properties. 

Typically, a wide range of tools are brought to bear in order to elicit these properties. 

This chapter presents a variety of techniques that have helped reveal some of the 

intrinsic properties of nano-materials.  

 

3.2 OPTICAL PROPERTY: RAMAN SCATTERING 

SPECTROSCOPY 

 

When a new material is discovered – or a long – known material suddenly turns to be 

of great physical interest – Raman Spectroscopy is usually among the first 

experimental techniques used for characterization. Spectra can be recorded on small 

and little-known samples, and provide deep insight into the physical properties as 

well as the material quality. During the last decade Raman Spectrometers have 

become rather cheap and easy to handle, in particular, the single – grating 

spectrometers working with a notch filter. The Raman process yields information not 

only on the vibrational properties. The Raman Scattering is deeply influenced by the 

electronic states of a system, phase transitions are nicely studied by recording the 

Raman spectra, and experiments under external pressure allow us to understand the 

elastic properties as well. 

 

3.3 X – RAY DIFFRACTION (XRD) 
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The products were structurally characterized by powder X – ray diffraction (XRD, 

Philips X’pert diffractometer in θ – 2θ configuration). The average grain size D of 

the nanocrystallites can be calculated from the width of the lines in the XRD 

spectrum with the aid of the Scherrer formula. In 1918, P. Scherrer showed that, 

when parallel monochromatic radiation falls on a random oriented mass of crystals, 

the diffracted beam is broadened when the particl e size is small. By an 

approximation method he obtained an expression for the half – value breadth B of 

the diffracted beam in the form B = Kλ/(Lcos χ /2), in which λ is the wave – 

length of the incident x – rays, L the linear dimension of particle, χ the Bragg angle 

and K a numerical constant for which he obtained the value 2 (ln 2 / π)1/2 = 0.93. 

 

X – Rays are transverse electromagnetic radiations, like visible light, but of much 

shorter wavelength. The range of wavelengths corresponding to X – Rays is ill – 

defined, but it extends from radiations which are identical to ultraviolet light to 

others which are identical to the gamma rays emitted by radioactive substances. We 

shall consider here only the range of wavelengths which is commonly used for X – 

ray crystallography, namely 0.5 to 2.5 Å. Electromagnetic radiations have two 

complementary aspects: some experiments require a wave interpretation, while 

others can be understood only in terms of photons. In this case we shall be concerned 

mainly with the first of these aspects; however, it is in some cases useful to consider 

photos of energy hν = hc / λ, where h is Plank’s constant, 6.62×10-34 joule – second, 

and c is the velocity of light, 2.998 ×108 m/sec. 
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X – ray diffractometry (XRD) is a common and non – destructive method for 

characterization of crystal structure and for determination of atom location of various 

materials in bulk solids, powders, or thin films form. It has been extensively used to 

investigate the structural qualities. A typical XRD system uses Cu Kα radiation (λ = 

1.54 Å) and operates either in four-cycle mode or Bragg – Brentano (θ – 2θ) 

geometries. The radiation from Cu Kβ is normally filtered by a Ni filter.  

 

The X – ray radiation from the X – ray source interacts with the atoms and makes the 

atoms polarized as an atom’s negatively charged electrons and positively charges 

nucleus experience forces in opposite directions. Hence the charge distribution 

equivalent to the electronic dipoles and its polarization oscillates with the alternating 

electric field of the exerting electromagnetic wave with the same frequency ν. The 

oscillating dipoles in turn radiate em waves of frequency ν, and the waves propagate 

in all direction, i.e. the X – ray scattered from one atom interacts destructively with 

radiation from other atoms except in certain directions like figure 1. 

 

θ θ

θ
A C
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Figure 3.1. Bragg diffraction of X – rays from successive planes of atoms. 

Constructive interference occurs for ABC equal to an integral number of 

wavelengths. 

 

In these directions, the scattered radiation is reinforced rather than destroyed. From 

the diagram, a constructive interference happens when  

AB + BC = nλ , n = 1,2,3,… 

And because AB = BC = d sin θ, it follows Bragg’s Law:  

2d sin θ = nλ, n = 1,2,3,… 

Where n is the order of the intensity maximum, λ is the X – ray wavelength, d is the 

interplanar spacing, and θ is the angle of incident of X – ray beam. The interplanar 

spacing for a simple cubic structure can be determined by the following equation: 

d  = 
222 lkh

a
++

 

Where a is the lattice constant of the crystal structure and h, k, and l are reciprocal 

lattice indicis for a, b, and c axis respectively. Miller indices of planes: Example 

(210) 

 

Real space co-ordinate a b c 

Intercepts 1 2 ∞ 

Reciprocals 1 1/2 0 

Miller indices (clear fraction) 2 (h) 1 (k) 0 (l) 

 

For simple cubic structures: 

2
1

d
 = 2

222

a
lkh ++  
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3.4 MODERN SURFACE ANALYSIS: ELECTRON ENERGY 

DISPERSIVE X – RAY SPECTROSCOPY (EDX)  

 

Surface analysis involves a group of techniques used to investigate the elemental 

composition and chemical states (status of bonding) between atoms at the surface of 

a solid. In an electron scanning microscope (SEM), an electron beam is focused and 

shines on a sample. An incident electron would knock out an inner shell electron of 

an atom, and then an empty state is created. Consequently, an outer shell electron 

would drop to fill up the inner shell vacancy and emit an X – ray photon. The energy 

of the X – ray photon is determined by an X – ray detector, which is equal to the 

energy difference of the two electron levels and thus can be used to identify the 

element. The relative intensities of peaks from emitted from different elements can 

be used to calculate the relative compositions of the elements. The penetration depth 

of electron beam (a few keV) into a solid is in the order of a few microns, so that 

information from a few microns below the sample surface is collected. 

 

3.5 TRANSMISSION ELECTRON MICROSCOPY 

 

The lattice space, crystallites and selected area electron diffraction (SAED) were 

determined using a high resolution transmission electron microscopy (HRTEM, 

JEOL JEM 2010 operated at 200 kV). Samples were suspended in aqueous solution 

and one drop of the suspension was placed on a carbon film coated copper grid. 

After drying, TEM micrographs were obtained using a JEOL JEM 2010 electron 

microscope with a field emission gun at an acceleration voltage of 120 kV. TEM 
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investigations were carried out at the Materials Characterization & Preparation 

Facility for High – Resolution Electron Microscopy, The Hong Kong University of 

Science & Technology, Clear Water Bay, Kowloon, Hong Kong. 

 

3.6 FIELD EMISSION SCANNING ELECTRON MICROSCOPY 

 

The morphologies were investigated using field emission scanning electron 

microscopy (FESEM, Leica Stereo – scan 440, operating at 20 kV; JSM – 6335F at 

3.0 kV, JEOL, Tokyo, Japan).  

 

3.7 PRETREATMENT 

 

The substrates (knitted or woven cotton fabrics) were scoured by nonionic detergent 

to remove the wax, grease, and other finishing chemicals from fabrics prior to further 

treatments. The scouring process was performed at 80oC for 30 min.  

 

3.8 DIP – PAD – CURE PROCESS 

 

The fabric applications were conducted with various techniques including: dip – pad 

– cure, dip – coating, and spraying processes. In our study, dip-pad-cure process was 

employed to form a layer of seeds. For the application of ZnO sol, the cleaned 

substrates were dipped in the sol for one minute, and then padded with an automatic 

padder (Rapid Labortex Co., LTD, Taipei, Taiwan) at a nip pressure of 2.75 kg/cm2. 

The padded substrates were air dried for 30 min and finally cured at 130 ºC for 30 

min in a preheated curing oven (Memmert ULE800 Universal Oven, Germany) to 
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ensure particle adhesion to the substrate surface. The curing temperature might be 

varied from room temperature to several hundred degrees. 

 

3.9 UV – BLOCKING EXPERIMENT 

 

UPF of the treated fabrics was measured by a Varian Cary 300 UV 

spectrophotometer according to the Australian/New Zealand standard AS/NZS 4399: 

1996, which is similar to the American association of textile chemists and colorists 

(AATCC) test method 183-1998. The following results were calculated using the 

methods described in the Australian/New Zealand Standard AS/NZS 4399:1996, 

Appendix A. Solar Spectral Irradiance used was measured at noon on 17 January 

1990 for Melbourne (38 oC).  

 

For example, the following results show the optical property of the 40s woven cotton 

fabric. 

Filename: C:\Roger R Wong\20 05 05 cotton control.BFP  

Software version: 02.01(50)  

Instrument: Cary 300  

Wavelength range: 400-280 nm  

SBW: 4.0 nm  

SAT: 0.200 s  

Scan Speed: 300.00 nm/min  

Number of scans: 4  

Mean UPF: 5.913  

Mean UVA Transmission: 18.339  
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Mean UVB Transmission: 15.670  

Std Dev: 0.045  

Std Error: 0.132  

Calculated UPF: 5.782  

UPF Rating 5: This fabric is non – rateable.    

Specimen No       UPF        UVA Av (%)   UVB Av (%)   UVR Av (%)    

                                           315nm-400nm  290nm-315nm  290nm-400nm   

______________________________________________________________ 

Sample 1             5.976            18.303            15.467            17.601   

Sample 2             5.892            18.555            15.710            17.852   

Sample 3             5.872            18.336            15.800            17.701   

Sample 4             5.913            18.161            15.703            17.536   

 

3.10 WASH – FASTNESS  

 

Wash – fastness was evaluated with reference to the Technic Manual of the 

American Association of Textile Chemists and Colorists (AATCC) Test Method 61 

– 1996 test No. 2A. Washing was performed using a laundering machine (AATCC 

Standard Instrumental Atlas Launder – Ometer LEF, Atlas electric devices company, 

Chicago, USA) at 49 ºC in a 1.2 L Stainless steel lever lock canister. The substrates 

were leached in 200 ml of 0.15% aqueous solution of sodium lauryl sulfate (SDS) 

and in presence 50 steel balls for 45 min. For easy understanding, this washing 

procedure is equivalent to 5 cycles of home laundering according to the AATCC 

Test Method 61 – 1996 test No. 2A. The substrates were then rinsed intensively with 

water and dried at room temperature prior to further investigations. 
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3.11 WATER, OIL REPELLENCY AND SPRAY TEST 

 

The water repellency and oil repellency tests were according to AATCC test 

methods 22 – 2001 (spray test), and 118 – 2002 (hydrocarbon resistance test), 

respectively. Water contact angle (CA) was measured by a CA meter (Tantec, 

Schaumberg, IL, USA). 

 

Water repellency test is applicable to any textile fabric, which may or may not have 

been given a water-repellent finish. It measures the resistance of fabrics to wetting 

by water. It is especially suitable for measuring the water-repellent efficacy of 

finishes applied to fabrics, particularly plain woven fabrics. 

 

Water sprayed against the taut surface of a test specimen under controlled conditions 

produces a wetted pattern whose size depends on the relative repellency of the fabric. 

Evaluation is accomplished by comparing the wetted pattern with pictures on a 

standard chart. Standard spray test ratings are 100 (no sticking or wetting of upper 

surface), 90 (slight random sticking or wetting of upper surface), 80 (wetting of 

upper surface at spray points), 70 (partial wetting of whole upper and lower surfaces), 

50 (complete wetting of whole upper surfaces), 0 (complete wetting of whole upper 

and lower surfaces), respectively. 

 

The AATCC oil repellency grade of a fabric is the numerical value of the highest –

numbered test liquid which will not wet the fabric within a period of 30 ± 2s. The 

grades of 0 – 8 are assigned when the fabric passes none (fails Kaydol), Kaydol, 
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65:35 Kaydol: n – hexadecane by value, n – hexadecane, n – dodecane, n – decane, 

n –octane, and n – heptane test liquids, respectively. Wetting of the fabric is 

normally evidenced by a darkening of the fabric at the liquid – fabric interface or 

wicking and/or loss of contact angle of the drop. On black or dark fabrics, wetting 

can be detected by loss of “sparkle” within the drop.  
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CHAPTER 4 

 

ZnO NANORODS GROWN ON COTTON FABRICS 

AT LOW TEMPERATURE 
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4.1 INTRODUCTION 

 

ZnO is a good candidate material for optoelectronic applications due to its wide band 

– gap (3.37 eV), large exciton binding energy of 60 meV, and room temperature UV 

nanolasing action in highly ordered alignments (Huang 2001, Johnson 2003, Yan 

2003). Tremendous efforts have been devoted to the improvement and optimization 

of the synthesis of oriented arrays of ZnO nanowires (Feng 2004, Gao 2003, Greene 

2003, Huang 2001, Johnson 2003, Lao 2003, Pacholski 2002, Tian 2002, Vayssieres 

2001, Vayssieres 2003, Yan 2003). The control of particle size, shape, and 

crystalline structure represents some of the key issues in nanotechnology and 

materials manufacturing (Pacholski 2002). Recently, the emphasis of the 

investigations is on ZnO nanowires orientation, via solution approaches. In this 

regard, a hydrothermal process was suggested to fabricate aligned ZnO rod – like 

nanoparticulate thin films directly onto substrates from an aqueous solution at low 

temperature without seeds (Vayssieres 2001, Vayssieres 2003). As a modification of 

hydrothermal methods, seeds – guided growth process was also reported to 

synthesize ZnO nanowire arrays. The process of this method is simpler, has lower 

processing temperature and better potential for scale – up (Feng 2004, Greene 2003). 
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To date, oriented crystallites self – assembled onto various substrates such as ITO 

glass, sapphire, Si/SiO2 wafers, ZnO thin films, polydimethylsiloxane (PDMS) have 

been successfully achieved (Greene 2003, Vayssieres 2003). Using fibrous materials 

as substrate however, remains a significant challenge. Therefore if ZnO nanorods 

can be orderly self – assembled onto fibrous materials in an open aqueous solution at 

ambient pressure and low temperature, they will have promising applications in 

multifunctional protective fabrics and flexible fabric – based devices (Daoud 2004, 

Peplow 2004, Xin 2004, Xin 2005)  

 

In this study, we expanded on documented synthesis methods and developed a novel 

two – step approach, room – temperature zerogel ZnO seeded growth process to 

grow hexagonal arrays of oriented ZnO nanorods on flexible cotton fabric substrates, 

even to order on single cellulose fiber (cotton, with the diameter of 20 µ m) or 

single optical fiber (PMMA, with the exterior diameter of 20 µm) at lower 

temperature or room temperature.  

 

Basically, our strategies to control the shape and orientation of nanocrystallites 

consisted of the formation of substrate – generated nuclei and subsequently the homo 

– epitaxial crystal growth along the direction of crystallization as illustrated in 
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Scheme 4.1. The seeded bottom – up approach was atom – based and the hetero – 

nucleation might be conducted even at a lower saturation ratio onto a substrate than 

in homogeneous solution, which promised the homo – epitaxial growth at room 

temperature. Because the interfacial energy between crystals and substrates was 

usually smaller than that between crystals and solutions and therefore there was no 

need to require a higher activation energy barrier (Vayssieres 2001). The typical 

nanorods synthesized in this study were 10 – 50 nm in diameter and 300 – 500 nm in 

length. In the meantime the novel dumbbell – like structure was discovered and 

totally different in shapes from others reported within ZnO system, including 

nanocolumns (Greene 2003), nanobridges, nails (Lao 2003), nanobelts, ribbons (Gao 

2002, Gao 2003, Johnson 2004, Kong 2003, Kong 2004, Pan 2001), and tetrapods 

(Lao 2002, Zhang 2003). The as – observed dumbbells had smaller particle size and 

were more uniform both in size and morphology than those documented previously 

(Wang 1998). 
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Scheme 4.1. Schematic illustrations of two – step seeded process strategy that has 

been demonstrated for achieving 1D ZnO nanorods arrays. (A) Arbitrary wafer (hard 

or flexible substrate). (B) Zerogel ZnO coated on substrates. (C) The oriented ZnO 

nanorod arrays seeded homo – epitaxial growth on zerogel coated substrate. 
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4.2 EXPERIMENTAL  

 

The synthesis process involved two main steps. The hexagonally ordered ZnO 

nanorod arrays might be grown onto various flexible single fiber substrates in the 

same way, on which zerogel ZnO, the growing seeds were formed by coating ZnO 

nanosol using dip – coating, dip – pad – curing or spraying methods then air dry. 

Details were described as the follows. Firstly, zerogel ZnO was prepared from ZnO 

sol (0.1 M) dip – pad – curing process. The synthesis art of ZnO nanosol is different 

from the method reported in the literature (Greene 2003). Inorganic precursor zinc 

acetate dihydrate (ZnAcּ2H2O, International Laboratory, USA) was added into 

isopropyl alcohol (IPA, International Laboratory, USA) under vigorous stirring at 

about 85 oC. Secondly, in order to stabilize the precursor solution triethylamine 

(TEA, International Laboratory, USA), with the same molar ratio as ZnAcּ2H2O, 

was added dropwise using a syringe to dissolve ZnAcּ2H2O and to form a 

transparent homogeneous solution, the reaction mixture was stirred at 85 oC for 10 

min and then aged at ambient temperature for several hours. In general, metal 

alkoxides are very active due to the highly electronegative OR (alkyloxide group) 

that stabilize M (metal) in its highest oxidation state and render very susceptible to 
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nucleophilic attack. For coordinatively saturated zinc, hydrolysis and condensation 

both occur by nucleophilic mechanisms, including nucleophilic addition (AN), proton 

transfer from the attacking molecule to an alkoxide within the transition state, and 

removal of the protonated species as alcoxolation. As – prepared sol can be stable for 

several weeks and was applied onto the substrate by repeated dip – coating processes 

to form a thick layer of seeds. Between coatings, the substrate was cured at 150 oC to 

ensure particle adhesion to the substrate surface with reference to Yang (Greene 

2003). The add – on was fixed and depended on the time. Typically 1 min was used 

for dip – coating  Consequently, the seeds – built substrate was suspended in an 

open aqueous solution of ZnAcּ2H2O (0.025M) and TEA (0.025M) at room 

temperature for a pre – determined time from 0.5 h to several days, depending on the 

desired length of nanorods. Finally the samples were rinsed using deionized water 

(self – made) to remove any residual salt or amino complex and allowed to dry at 60 

oC. All experiments described in hereafter were carried out under the typical 

conditions mentioned above.  

 

4.3 RESULTS AND DISCUSSIONS 
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High magnification field – emission scanning electron microscope (FESEM, Leica 

Stereoscan 440, operating at 20 kV, and JOEL JSM – 6335F at 3.0 kV) images of 

ZnO nanorod arrays grown on the surface of single fibrous fiber was shown in 

Figure 4.2A – 4.2H. The typical cotton fabric was microscopically demonstrated in 

Figure 4.2a – 4.2b with the single fiber of 5 µm up to 20 µm in diameter. Zerogel 

ZnO morphology was depicted by the SEM images in Figure 4.2c – 4.2d, indicating 

that a slightly grainy layer of zerogel ZnO was uniformly coated on the substrate. 

The particle size was further verified to be around 50 – 100 nm using scanning probe 

microscope (SPM, Seiko SPI4000, made in Japan) in Figure 4.1. Furthermore, the 

effect of stirring power on orientation was demonstrated that energetic stir could 

introduce the growth of ZnO nanorods deviating slightly from the perpendicular 

direction onto the substrate. Indeed, in order to obtain thermodynamically stable 

crystallographic phase of this polar nontransition ZnO and monitor the 

thermodynamics and kinetics of nucleation and crystallization, room temperature 

was applied and therefore it was not necessary to heat up to 95 oC when compared to 

the previous reports (Feng 2004, Greene 2003, Pacholski 2002, Tian 2002, 

Vayssieres 2001, Vayssieres 2003) and the growth of nanorod arrays could be more 

uniform both in size and morphology with reference  to the particle growth 

mechanism (Meulenkamp 1998). In order to thoroughly understand the formation 
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mechanism, several main parameters governing the growth of ZnO nanorod arrays 

were considered. We found that the concentration of sol, the temperature, 

concentration, and condition of the aqueous solution played considerable roles on the 

ZnO free – crystallization. As for the concentration of starting sol, the vast majority 

of experiments have revealed that the uniformity and particle size of zerogel ZnO 

formed from ZnO sol might be responsible for the uniform diameters of ZnO 

nanorods. It was also revealed that the shape of ZnO was quite sensitive to the 

overall concentration of precursors and had good agreement with the report by 

Weller (Pacholski 2002). With the increment of the concentration of crystallizing 

aqueous solution and the growth time, some other morphologies were observed, for 

example, meso – scale dumbbells (Figure 4.2E) with the length of 2.1 µm, diameter 

of 800 nm, 700 nm, 450 nm in a larger end face, in a smaller end face and in the 

waist, respectively. It might be speculated that some seeds dispersed into solution 

and initiated the aggregation, which was somehow different from the growth 

mechanism of nanorod arrays because the growth directions were flexible and the 

individual root could promote the growth of dumbbells. If so, it might be clearly 

seen that why these dumbbells have just randomly precipitated on the top of the ZnO 

nanorods without specific interaction, which was partially supported by the FESEM 

top – view and cross – section images, respectively. However, the fabrication and 
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organization of these random meso – scale dumbbells and their optical properties 

would be further investigated (for detailed information please refer to Chapter 5. The 

as – observed microdumbbells were more uniform both in size and morphology than 

those documented previously (Wang 1998). All of the ZnO nanorods (Figure 4.2E – 

4.2H) were uniformly grown with the diameter of 10 – 50 nm and the length of 300 

– 500 nm. The lengths might be varied from several hundred nanometers up to 

several microns by changing the growth time, system temperature, and the 

concentration of the crystallizing solution. Transmission electron microscopy (TEM, 

JEOL JEM 2010) characterization of individual nanorods removed from the as – 

grown fabrics indicated that they are single – crystalline, grew in the c – axis 

direction, and had high growth orientation in Figure 4.2I – 4.2L. TEM image of (I – 

L) oriented ZnO nanorods, and High – resolution TEM image of an individual ZnO 

nanorod showing its [001] growth direction with the electron diffraction pattern. Top 

– view TEM image of cross – section of oriented ZnO nanorod arrays revealed that 

they are perpendicular to the substrate (Figure 4.2I). 
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Figure 4.1. AFM image of ZnO zerogel with the particle size of 50 – 100 nm. 
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Chemical elements of ZnO nanorods on the cotton fabrics were determined by 

energy dispersive X – ray microanalysis (EDX) (Figure 4.3a), performed at 10 kV 

coupled to the FESEM. To make sure that the dumbbell was ZnO, as – grown 

nanocrystallites were taken away from the cotton fabrics using ultrasonic and 

dispersed onto the glass wafer using dip – coating method and the EDX (Figure 4.3b 

– 4.3c) revealed zinc and oxygen were the only two detected elements except for the 

background signals of gold coating layer (Au).  

 

A
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Figure 4.3. EDX analysis of, (a) ZnO nanorods on the cotton fabr

nanorods on glass wafer, and (c) ZnO dumbbells on glass wafer. Go

were used as conducting coating. 
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corresponding XRD patterns demonstrated that the seeds had only quite broad peaks 

showing low contents of crystallinity (curve b) with reference to the substrate (curve 

a). Considering the heat sensitivity of the cellulosic substrate, high temperature 

annealing was prohibited and therefore, the layer formed was a xerogel of ZnO. 

According to the XRD analysis of the arrays (curve c), typical reflection peaks of 

wurtzite structure of Zincite ZnO were revealed (JCPDS 36 – 1451, a = 3.249Å, c = 

5.206 Å). Employing the Sherrer equation, the size of nanorods was 40 nm, which 

corresponded to the diameter observed by SEM and SPM. No characteristic peaks 

were observed for the other impurities such as Zn(OH)2. The ionic and polar 

structure of wurtzite ZnO might be described as a hexagonal close packing of 

oxygen and zinc atoms in point group 3m and spacing group P63mc with zinc atoms 

in tetrahedral sites. Besides the substrate diffraction peaks, the texture effect of 

morphology and orientation on relative intensity of XRD was illustrated. From the 

XRD pattern, (002) peak showed an improvement, and the (100) and (101) peaks 

were strengthened as well, therefore the nanorods on cotton fibres have not been well 

aligned when compared to reference 1 (nanowires on a sapphire substrate). However, 

considering the effect of the rough surface of cellulosic cotton fiber and the 

precipitated bumbbells, the ZnO nanorod arrays were suggested to be grown with c – 
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axis orientation and perpendicular onto the substrate surface. Well – defined 

crystallographic planes (001) and (100) can be clearly identified in Figure 4.2i – 4.2l.  
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Figure 4.4. Indexed X – ray diffractogram of the substrate (a), after coated with ZnO 

xerogel (b), and ZnO nanorods and dumbbells grown onto the substrate (c). A.U., 

arbitary units. 
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The fabrics treated using ZnO nanosols were studied as a function of curing 

temperature. The sol – gel is a versatile tool to create transparent metal oxide films 

that adhere well to various substrates. Therefore, higher curing temperature might 

help condensation reaction of the sol – gel and was approved as shown in Figure 4.5. 

It can be seen that the higher curing temperature was employed, the better UPF was 

achieved. As control, the UPF has changed slightly after dip – pad process without 

curing. With the aid of curing process, the increment seemed approximately 

expressible by an exponential function. The UPF of more than 400 has been 

achieved when the curing temperature was employed at least 150ºC and the UV – 

Blocking range is 352 – 280 nm. The washfastness was performed according to the 

AATCC Test Method 61 – 1996 test No. 2A. The marginal UPF (around 50) was 

measured after cyclic experiments (5 washes) and therefore ZnO nanosol has 

potential application in clothing and textiles. 
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Figure 4.5. The UV – Blocking spectra of zinc oxide nanosol finished woven cotton 

fabrics. From top to bottom, were cotton fabric sample, treated fabric without curing, 

cured at 130˚C, 150˚C, and 170˚C, respectively. 

 

The UV absorption study of the treated fabrics revealed a high UV protection factor 

(UPF) rating of 50 + according to the Australian/New Zealand Standard AS/NZS 

4399: 1966 with a Varian Cary 300 UV spectrophotometer (Figure 4.6). This high 

UPF of 741.3 resulted in an excellent protection classification compared to a low 

UPF rating of less than 15, which is classified as nonrateable for untreated fabrics. 
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ZnO nanorods fabricated fabric demonstrated a better UPF protection than that of as 

– annealed nanosol treatment, probably due to their higher contents of crystallinity 

and separation efficiency of electron and hole pairs and quantum confinement effect. 

Given the corresponding relationship between the UV absorption intensities and the 

photocatalytic activities of the catalysts (Daoud 2004, Zhang 2001). Therefore this 

hierarchical growth approach on flexible cotton fabric can provides potential 

applications in multifunctional clothes and flexible substrate – based optoelectronic 

devices. 
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Figure 4.6. UV – blocking characterization of untreated fabric and treated fabric:  

untreated, Ο treated via a dip – pad – curing process, ∆ treated via both a dip – pad – 

curing process and an open crystallization process. Corresponding to the curves, 

UPFs from top to bottom are 6.5, 123.6, and 741.3 respectively. 

 

4.4 SUMMARIES AND CONCLUSIONS 

 

In summary, an simple industry – oriented growth approach to grow oriented 

hexagonal ZnO nanorod arrays onto various flexible fiber substrates at low 

temperature is reported. The synthesis art combined the sol – gel process and 

hierarchical growth in aqueous solution. The typical nanorods synthesized in this 

study were 10 – 50 nm in diameter and 300 – 500 nm in length. Meanwhile novel 

structural meso – scale dumbbells uniformly grown in aqueous solution were firstly 

fabricated with the length of 2.1 µm, diameter of 800 nm, 700 nm, 450 nm in a larger 

end face, in a smaller end face and in the waist, respectively. The effect of curing 

temperature on UPF was carefully investigated, which revealed that it played an 

important role during the nanofinishing processes, the higher curing temperature 

employed, the better was the UPF. The increment seemed approximately expressible 

 - 67 -



by an exponential function. The UPF of more than 400 has been achieved when the 

curing temperature employed was at least 150 ºC and the UV – Blocking range is 

352 – 280 nm. This finishing process provided a marginal washfastness (5 washes) 

and was suitable for textiles and clothing. The cotton fabrics treated in this study 

provided an excellent UV protection factor (UPF) rating of 50 + according to the 

Australian/New Zealand Standard AS/NZS 4399: 1966 with a Varian Cary 300 UV 

spectrophotometer, implied the high photocatalytic activities and the promising 

multifunctional protective applications in medical, military, biological, and 

optoelectronic industrial fields ranging from self – cleaning, anti – bacterial, UV – 

blocking, disorder – proofing to flexible substrate – assisted flexible devices. 

 - 68 -



 

CHAPTER 5 

 

THE UV – BLOCKING PROPERTY OF DUMBBELL 

– SHAPED ZnO ON COTTON FABRICS 
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5. 1 INTRODUCTION 

 

The synthesis of one – dimensional (1 – D) nano –  or micro – structured ZnO 

semiconductor materials ranging from wires (Huang 2001, Greene 2003), belts (Pan 

2001), branches (Milliron 2004), needles (Ledwith 2004), towers (Hu 2004), tubes 

(Zhang 2002), columns (Tian 2002), tetra – pods (Zhang 2003), nails (Lao 2003), 

helixes (Kong 2003) combs (Yan 2003), tadpoles (Gao 2002) to dumbbells (Wang 

1998, Wang 2004) has attracted considerable research activities because of their great 

potential for fundamental studies of the roles of dimensionality and size in their 

physical properties as well as for applications in optoelectronic devices and functional 

materials. Hydrothermal methods (Greene 2003, Vayssieres 2001, Vayssieres 2003) 

are recognized as excellent procedures for the preparation of 1 – D ZnO 

nanocrystallites as the resulting particles have narrow size distribution, good 

crystallization and high – quality growth orientation. For application at ambient 

pressure, nevertheless, hydrothermal reaction is not suitable for larger scale and 

industrial preparation because of pressure limitation. In order to bridge the gap, we 

developed an ambient pressure and low – temperature zerogel – seeded opening 

crystallization (APLTZOC) approach (Wang 2004), which was described in Chapter 4. 
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It provided a rational route to scale up the preparation of 1 – D ZnO nano – and micro 

– structured materials, as part of a program to develop synthesis routes to nano – and 

micro – scale ZnO materials on cotton fabrics with better UV – blocking property.  

 

Designing and modifying fabrics in such a way that they offer high protection against 

UV radiation (UV – R, both UVA and UVB, falls into the regions of 315 – 400 and 

280 – 315 nm, respectively, of the solar spectra) is a relatively new application. To 

indicate the protection from UV – R, the term “sun protection facror” (SPF) is widely 

used, especially for cosmetic skin protection products. SPF is a measure of how much 

a sunscreen protects the skin from burning, and it is measured by timing how long 

skin covered with sunscreen takes to burn compared with unprotected skin. The 

detailed testing procedure based on an in vivo method is given in an Australian/ New 

Zealand standard AS/NZS 2604. The other term “ultraviolet protection factor” (UPF) 

defined in Australian/New Zealand standard AS/NZS 4399: 1996 (Appendix: solar 

spectral irradiance used was measured at noon on 17 January 1990 for Melbourne (38 

°C)) has now been widely adopted by the textile and clothing industry worldwide. 

UPF is based on an in vitro one, and it is ranking of the sun protective abilities of a 

textile. It is the ratio of the average effective ultraviolet UV – R irradiation calculated 

for unprotected skin to the average effective UV – R irradiance calculated for skin 
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protected by the test fabric. The UPF of a fabic depends on fiber content and weave, 

fabric color, finishing processes, the presence of additives, and laundering. Based on 

these criteria, the minimum UPF for clothing should be 40 to 50. The UPF rating of 

less than 15, between 15 and 50, and more than 50 (50+) are generaly classified as 

nonrateable, good, and excellent UV – Blocking properties for fabrics, respectively. A 

low UPF (less than 15) of cotton is inadequate protection for outdoor wearers; 

therefore clothing with a greater UPF should be worn. The sun protection of fabics 

can be increased in a various ways, including the use of UV protection additives 

(Eckhardt 2000, Hilfiker 1996, Reinert 1997), thin films of sol – gel processed titania 

(Daoud 2004, Peplow 2004, Xin 2004) or ZnO nanosols/nanorods (Wang 2004). The 

washfastness of those additives was limited (Eckhardt 2000, Hilfiker 1996, Reinert 

1997). Although excellent washfastness after 55 home launderings (the UV – 

Blocking range is 332 – 280 nm and UPF rating is 50+) was achieved as a thin layer 

of titania was formed on the cotton fabrics (Daoud 2004, Peplow 2004, Xin 2004), it 

still remains a challenge to achieve complete UV – Blocking, especially in UVA 

region. In our previous report, we found ZnO nanorods (the UV – Blocking range is 

375 – 280 nm) had potential to block 53 nm wider range of UV – R than that of titania 

thin films. The exciting phenomenon might stimulate promising applications in 

cosmetic, textiles, and outdoor shelters.  
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In this chapter, we further extended the APLTZOC approach to synthesis more stable 

and more uniform dumbbell – shaped structural ZnO. The dumbbell – shaped ZnO 

was prepared with the aid of ZnO nanorods and the reinforced UPF has been achieved. 

In contrary to one – dimensional nanostructures, dumbbell – shaped morphology is 

less known. The mechanism might be due to the coupling of nanorods and therefore 

the dumbbell – shaped ZnO might be tunable in size by changing the length of the 

original rod. Furthermore we presented an overview of the morphology effect of ZnO 

on UV – Blocking properties of treated cotton fabrics (knitted or woven).  

 

5. 2 EXPERIMENTAL  

 

All chemicals were used as received. The substrates (knitted or woven cotton fabrics) 

were scoured by nonionic detergent to remove the wax, grease and other finishing 

chemicals from fabrics before coating. The scouring process was performed at 80 ºC 

for 30 minutes. 

 

5.2.1 THE SYNTHESIS OF 3% (WEIGHT/WEIGHT) ZnO NANOSOL  
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The synthesis art of ZnO sol is different from the method reported in the literature 

(Greene 2003). The detailed method is as follows. 24.4 g Zinc acetate dihydrate 

(ZnAc·2H2O, International Laboratory, USA) were added into 200ml 2 – 

methoxyethanol (EGME, International Laboratory, USA) under vigorous stirring at 

about 105 ºC for 30 min. Subsequently, triethylamine (TEA, International Laboratory, 

USA), with the same molar ratio as ZnAcּ2H2O (11.25 g), was added dropwise using 

a syringe to dissolve ZnAcּ2H2O and to form a transparent homogeneous solution, 

the reaction mixture was stirred at 105 ºC for 10 min and then stored at ambient 

temperature overnight. The as – prepared sol was quite sensitive to water. 

 

5.2.2 THE COATING PROCESS 

 

The as – prepared sol might be applied onto the substrate by various techniques as 

follows: dip – pad – cure, dip – coating, and spraying processes. In our study, dip – 

pad – cure process was employed to form a thick layer of seeds. The cleaned 

substrates were dipped in the ZnO sol for one minute, and then padded with an 

automatic padder (Rapid Labortex Co., LTD, Taipei, Taiwan) at a nip pressure of 2.75 

kg/cm2. Typically the padded substrates were air dried for 30 min and finally cured at 
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130 ºC for 30 min in a preheated curing oven (Memmert ULE800 Universal Oven, 

Germany) to ensure particle adhesion to the substrate surface.  

 

5.2.3 THE FORMATION OF ZnO NANORODS  

 

The detailed procedures for the formation of ZnO were reported in Chapter 4. The 

seeded substrates were suspended in an open aqueous solution of ZnAcּ2H2O (0.025 

mol · L–1) and TEA (0.025 mol · L–1) at room temperature for a pre – determined time 

from 0.5 hrs to 6 hrs, depending on the desired nanorod length and morphology. 

Typically the ZnO nanorods were 10 – 50 nm in diameter and 300 – 500 nm in length. 

Finally the samples were rinsed using deionized water to remove any residual salt or 

amino complex and allowed to dry at 60 ºC.  

 

5.2.4 THE SYNTHESIS OF DUMBBELL – SHAPED ZnO 

 

The ZnO nanorods built cotton fabrics were suspended into an aqueous solution of 

ZnAc·2H2O (0.01 mol · L–1) and triethenamine (TEA, International Laboratory, USA, 

0.01 mol · L–1) at ambient pressure for 6 hrs at 95 ºC with vigorous stirring. Finally 
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the samples were rinsed using deionized water (self – made) to remove any residual 

salt or amino complex and allowed to dry at 60 ºC.  

 

5.2.5 INSTRUMENTS AND CHARACTERIZATION  

 

The products were structurally characterized by powder X – ray diffraction (XRD, 

Philips X’pert diffractometer in θ – 2θ configuration). The morphologies were 

investigated using field emission scanning electron microscopy (FESEM, Leica 

Stereo – scan 440, operating at 20 kV; JSM – 6335F at 3.0 kV, JEOL, Tokyo, Japan). 

The lattice space can be determined employing high resolution transmission electron 

microscopy (HRTEM, JEOL JEM 2010 operated at 200 kV). UPF was measured by a 

Varian Cary 300 UV spectrophotometer with the aid of the fibrous cellulose as 

substrates according to the Australian/New Zealand Standard AS/NZS 4399: 1996. 

Washfastness was evaluated with reference to the Technic Manual of the American 

Association of Textile Chemists and Colorists (AATCC). Washing was performed 

using a laundering machine (AATCC Standard Instrumental Atlas Launder – Ometer 

LEF, Atlas electric devices company, Chicago, USA) at 49 ºC in a 1.2 L Stainless 

steel lever lock canister. The substrates were leached in 200 ml of 0.15% aqueous 

solution of sodium lauryl sulfate (SDS) and in presence 50 steel balls for 45 min. For 
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easy understanding, this washing procedure is equivalent to 5 cycles of home 

laundering according to the AATCC Test Method 61 – 1996 test No. 2A. The 

substrates were then rinsed intensively with water and dried at room temperature prior 

to further investigations. 

 

5. 3 RESULTS AND DISCUSSIONS 

 

The products were structurally characterized by XRD revealing that dumbbell – 

shaped ZnO was typical wurtzite structure (Figure 5.1) corresponding to the Joint 

Committee on Powder Diffraction Standard (JCPDS) card number – 36 – 1451 (the 

referenced a = 3.24982 Å; c = 5.20661 Å), i.e., a hexagonal close packing of oxygen 

and zinc atoms in point group 3m and spacing group P63mc with zinc atoms in 

tetrahedral sites.  
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Figure 5.1. A typical indexed X – ray diffraction pattern of the as – prepared products. 

A: control, B: nanosol, C: dumbbell – shaped ZnO. 

 

Similar to colloidal nanocrystal heterostructures with linear and branched topology 

(Milliron 2004), the homostructural fabrication of inorganically coupled colloidal 

quantum dots and rods, connected epitaxially at dendritic and linear junctions within 

single nanocrystals, might be achieved with the benefit of poor orientation of ZnO 

nanorods (Figure 5.2(A)) and/or mobile seeds of nanorods removed from the substrate 

because of mobility of stirred solution. The dendritic structure was flower – like, 
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consisting of various numbers of bells (Indices in Figure 5.2(B) and Fig 5.2(C)). The 

typical dumbbell structure was observed in Figure 5.2D – 5.2G, the size and 

dimensionality of this kind of structure might be tunable by changing the length of the 

original rods and/or varying the synthesizing time. The as – prepared dumbbells were 

500 nm to tens of micrometres in length and with the diameters of 200 up to 1 µm. 

The as – prepared dumbbell – shaped structural products grown after 3 hrs and 6 hrs 

were shown in Figure 5.2(E) and 5.2(F), respectively.  
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(rectangles indexed), (C) flower – like dendritic microcrystallites, (D – G) a high 

magnification SEM image of ZnO microdumbbells, and an individual ZnO dumbbell 

shows clear homojunction after 3 hrs (E), 6 hrs (F) growth based on the coupling of 

ZnO nanorods, respectively. 

 

In order to further understand the homojunctions, high resolution transmission 

electron microscopy (HRTEM, JEOL JEM 2010 operated at 200 kV) was employed 

and it revealed that the representative dumbbells had fairly large lattice mismatches as 

shown by the area indexed using the arrows (Figure 5.3). Imaging process was carried 

out using the Fast – Fourier transformation method. The power spectrum shown in the 

top right corner is in agreement with the diffraction pattern (See Figure 5.1). The 

noise reduced image of the marked square is shown in the top left corner. It shows the 

lattice fringes of 0.523 nm and 0.278 nm, corresponding to the (001) and (100) planes 

of ZnO, respectively.  
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Figure 5.3. A high – resolution TEM image reveals that the dumbbells are highly 

crystalline, grow along <001> direction and have fairly high lattice mismatches 

(arrows indexed). Imaging process was carried out using the Fast – Fourier 

transformation method. The noise reduced image of the marked square is shown in the 

top left corner. The inset in the top right corner illustrates the power spectrum. 
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“Ultraviolet protection factor” (UPF) can directly evaluate the UV – Blocking activity 

of the as – prepared products. The UPF of a fabric depends on various factors, 

including fiber content, weave, fabric color, finishing processes, the presence of 

additives, and laundering. In this study, we employed woven cellulosic cotton fabric 

as substrates. The finishing processes included dip – pad – cure process, nanorods 

growth, and dumbbell – shaped ZnO growth. In order to achieve a thicker film, a 

higher concentration of 3% (w/w) was used and each sample was finished twice. In 

chapter 4, the UV-blocking activity of ZnO nanorods was evaluated and extended 

UV – Blocking range of 375 – 280 nm was achieved with the UPF of more than 700 

after 0.5 hr growth of ZnO nanorods (Wang 2004). As for dumbbell – shaped ZnO, 

they grown on the surface of ZnO nanorods, there existed a challenge to separate 

them from each other. Therefore, the comparison of the two systems, nanorod and 

nano-dumbell, can not be definitely claimed discriminated. 

 

In Figure 5.4, the cotton fabric treated using dumbbell – shaped ZnO revealed a high 

UPF of 1000, in the visible region, the transmission of the treated substrate was about 

20% lower than that of the cotton fabric sample ( Figure 5.5). As for UV range, 

complete blocking (400 – 280 nm) were observed and therefore, dumbbell – shaped 

ZnO presented a higher UV-blocking property than that of ZnO nanorods (Wang 2004) 
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and anatase titania films treated cellulosic fabrics (the complete UV – blocking range 

was 332 – 280 nm (Daoud 2004, Xin 2004)). The washfastness of the materials was 

not presented here. Because these materials might be applied to some reinforced UV – 

blocking fields, e.g. screens, curtains, outdoor shelters. The mechanism of the UV – 

blocking property is attributed to the electronic structure of semiconductors. The 

as–prepared products can absorb light with energy of hν that matches or exceeds their 

band gap energy (Eg). The Eg of ZnO lies in the UV range of the solar spectrum and 

therefore, dumbbell – shaped ZnO has potential applications as a UV – blocking 

materials in outdoor products. Here, as the dumbbell is quite large in size, they do 

form a white powder, therefore the reflection also accounts for part of the low UPF, 

which may explain the high UPF value. 
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Figure 5.4. UV – Vis spectra of cotton fabric sample, treated fabric using ZnO zerogel 

(same as that in Chapter 4, curing at 130˚C), nanorod and dumbbell – shaped ZnO 

(including ZnO nanorods) after 6 hrs. 
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Figure 5.5. Visible part of UV – Vis spectra of cotton fabric sample, treated fabric 

using ZnO zerogel and dumbbell – shaped ZnO (including ZnO nanorods) after 6 hrs. 

 

Figure 5.6 displays the Raman scattering spectra of various ZnO nanostructures. The 

first – order phonon frequencies of E2 and E1 (Longitudinal optical photon, LO) of 

wurtzite ZnO were reported to be 438 and 590 cm–1, respectively (Bae 2004, Hasuike 

2004, Xu 2004). A unique feature of the ZnO spectrum is that its LO signal is weak, 

while its two – phonon signal is relatively strong (Hasuike 2004). The bottom trace 

shows ZnO nanosols are amorphous besides the peak at 520 cm−1 and 941 cm−1 

originating from silicon substrate. Strong peaks appear at 431 cm−1 and 829 cm−1 
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which correspond to the wurtzite phase of ZnO (Figure 5.6A and 5.6B). Other peaks 

at 647, 732, 857, and 913 cm−1 in Figure 5.6C indicate that the sample is 

polycrystalline in the sense that it is mainly c – axis oriented, but contains small 

domains with different orientations or consists of crystalline mismatches. The results 

of XRD and Raman spectrum confirm that the dumbbells are composed of hexagonal 

ZnO with good crystal quality. 
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Figure 5.6. Raman scattering spectra of (A) ZnO nanosols, (B) ZnO nanorods, and (C) 

ZnO dumbbell – shaped crystallites. 
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5.4 SUMMARIES AND CONCLUSIONS 

 

In summary, our approach towards synthesizing dumbbell – shaped ZnO 

microcrystallites creates solution – processible homostructures of nanorods under 

ambient pressure and low temperature and is suitable for the industrial preparation. 

The coupling of nanorods might be tunable in size by changing the length of the 

original rods. The cotton fabric treated using dumbbell – shaped ZnO demonstrated a 

high UPF of 1000, in the visible region, the transmission of the treated substrate was 

about 20% lower than that of the cotton fabric sample. As for UV range, complete 

blocking (400 – 280 nm) were observed and therefore, dumbbell – shaped ZnO 

presented a wider UV – Blocking range than that of ZnO nanosols (352 – 280), 

nanorods (375 – 280 nm), and anatase titania films (332 – 280 nm). Therefore, UPF – 

reinforced dumbbell – shaped ZnO has potential application in some high – 

UV-blocking required fields, e.g. screens, curtains, outdoor products. 
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CHAPTER 6 

 

A BIONIC FABRIC SURFACE: 

SELF–ASSEMBLED MONOLAYERS FILM OF 

FUNCTIONAL ALKYL SILANES MODIFIED 

SILICA ON ORIENTED GROWTH OF ZnO 

CRYSTALS 
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6.1 INTRODUCTION  

 

The maintenance and improvement of current properties and the creation of new 

material properties are the most important reasons for the functionalisation of textiles 

(Mahltig 2005). Many efforts have been made in the development of functions such 

as UV – blocking, microbicidal, water –, oil –, soil – repellence, chemical and 

biological protection. These treatments for wearable textiles are of inherent interests 

to fellow specialists and quite active over the past years (Bozzi 2005, Case 2005, 

Daoud 2004, Lin 2003, Linford 2005, Mahltig 2005, Peplow 2004, Schreuder – 

Gibson 2003, Singh 2004, Wang 2004, Wang 2004, Xin 2004, Xin 2005). The 

advancement of surface science will dramatically benefit the innovative fibres, yarns, 

and fabrics, lotus-effect is an example (Barthlott, 1997). A wide range of 

contaminants can be repelled by water – or oil – repellent surfaces. Such provides 

methods for changing surface properties without altering the bulk properties of the 

material.  

 

Wettability is governed by both the chemical composition and the geometrical 

structure of solid surfaces (Cassie 1944, Wenzel 1936, Wenzel 1949). The 

technology has long existed in nature in the Lotus effect, considered to be 

attributable to the micromorphological papillose protrusions and chemical waxes 

coating on the leaf surface, and has been successfully mimicked by many researchers 

through various approaches, including coating surface with low surface energy 

molecules, roughening the surface of hydrophobic materials, generating well – 

ordered microstructured surfaces with a small ratio of the liquid – solid contact area 
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(Zhai 2004). For example, the superhydrophobic behavior of the lotus leaf structure 

can be mimicked by creating a honeycomb – like polyelectrolyte multilayer surface 

overcoated with silica nanoparticles (advancing contact angle: 172o) (Zhai 2004). 

Similar evidences showed that the silica composites coated cotton fabrics 

demonstrated a durable superhydrophobic property with water contact angle of 141o 

(Daoud 2004, Xin 2005). Therefore, post nanofinishing textiles with functional 

silica-based coatings were desired to improve stability against mechanical, chemical, 

photochemical, and other destructions. It’s well known that ZnO based nanorods and 

dumbbells have demonstrated an ultrahigh UV protection factors (UPF) with 

marginal durability (5 washes) to laundering in Chapter 4 and Chapter 5, 

respectively. Here, a combination of self–assembled semifluorinated surfactant of 

3,3,4,4,5,5,6,6,7,7,8,8 – tridecafluoroctyl triethoxysilane modified silica sol and 

highly oriented ZnO rod arrays was presented to mimic the superhydrophobic 

behavior of the lotus leaf structure. 

 

6.2 EXPERIMENTAL 

 

All chemicals (ACS reagent grade) were used as – received. The substrates (knitted 

or woven cotton fabrics) were scoured by nonionic detergent to remove the wax, 

grease, and other finishing chemicals from fabrics prior to further treatments. The 

scouring process was performed at 90oC. One – dimensional ZnO rod arrays were 

synthesized as shown in Chapter 4. The as – prepared ZnO thin film was further self 

– assembled by silica sol which was functionally modified using low surface energy 

semifluorinated long – chain alkyl silane. The silica sol was prepared by mixing 

tetraethoxysilane (TEOS, 98%, Acros Organics, USA), 3 – glycidoxypropyl 
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triethoxysilane (GPTS, 97%, Acros Organics, USA), and HCl (37%, Sigma – 

Aldrich laborchemikalien GmbH) in ethanol (99.75%, International laboratory, 

USA). The superamphiphobic 3,3,4,4,5,5,6,6,7,7,8,8 – tri – deca –fluoro – ctyl – tri – 

ethoxy – silane (F13, Dynasylan, Germany) was then added to the above mixture 

with a 10 wt % ratio to TEOS. The mixture was stirred for 12 h at ambient 

atmosphere. The reaction of TEOS and F13 could chemically bond through 

hydrolysis and polycondensation to form a cross-linked structure (see Figure 6.1). 

The morphologies were investigated using field emission scanning electron 

microscopy (FESEM, Leica Stereo – scan 440, operating at 20 kV; JSM-6335F at 

3.0 kV, JEOL, Tokyo, Japan). The products were structurally characterized by 

powder X – ray diffraction (XRD, Philips X’pert diffractometer in θ – 2θ 

configuration). The crystallites and selected area electron diffraction (SAED) were 

determined employing high resolution transmission electron microscope (HRTEM, 

JEOL JEM 2010 operated at 200 kV). Chemical elements of ZnO nanorods and 

silica – treated samples were confirmed by energy dispersive X – Ray microanalysis 

(EDX) at 10 KV coupled to FESEM with the gold film as conductive layer. UPF was 

used to index the UV – blocking potential of the as – treated samples. The 

background information has been detailed in Chapter 4 and 5 and relative document 

(Xin 2004). Briefly, UPF ratings indicate how much the material reduces UV 

exposure. For instance, a rating of 15 indicates that 1/15th of the hazardous UV rays 

falling on the surface will pass through and that the skin’s exposure will thus be 

reduced by a factor of 15. UPF is based on an in – vitro method, and it’s a ranking of 

the sun-protective abilities of a textile. The UPF rating of less then 15 of fabrics is 

inadequate for outdoor wearers. Generally a rating of 50 plus is classified as UV – 

blocking property for fabrics. 
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Figure 6.1. Preparation of semifluorinated silica sol and coating process. 

 

6.3 RESULTS AND DISCUSSIONS 

 

The functionalization of cellulosic fibre was schematically demonstrated in Figure 

6.2. From the structural point of view, the untreated fibre was microscopically 

porous and fibrilla, the subunit of the fibre with the dimension up to 50 nm was 

clearly observed in Figure 6.2A. Due to the functional group of hydroxyl and subunit 

of fibrilla, cellulosic fiber may not only chemically react with the functional group of 

nanosols but also be physically filled with semiconductor particles around 20 nm via 

sol – gel process in Figure 6.2B. The size of ZnO nanoparticles in this step was 

around 20 nm. Oriented one – dimensional ZnO was successfully perpendicularly 
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grown onto the fibre surface according to the seeded growth in aqueous solution with 

the facile, low – cost, and low – temperature approach in our previous work (Case 

2005, Wang 2004, Wang 2005), which is also reported in Chapter 4 and Chapter 5. 

The as – prepared surface was schematically shown in Figure 6.2C. The use of one – 

dimensional nanorods as finishing material was original and quite unique to date in 

textile field. How to further improve the wash fastness of this kind of one – 

dimensional treatment is still a challenging job. An attempt related to functional 

silica treatment in this chapter was conducted and would possibly promote the 

potential applications (Figure 6.2D).  

 

In Figure 6.3A, it can be seen that the TEM observation of local longitudinal  cross – 

section of ZnO alignments was presented and the SAED (the inset) showed a 

hexagonal wurtzite structure according to the Joint Committee on Powder 

Diffraction Standard (JCPDS) card number – 36 – 1451. To ensure that the ZnO 

nanorods were normal to the substrate, several methods can be used to achieve this. 

XRD was another example in Chapter 4 and 5. The further self-assembled 

monolayers of functionally modified silica sol built a low – energy surface to mimic 

the art of nature with the presence of fluorine – borne compounds (Figure 6.2D). The 

as – coated film micromorphologically provided papillose protrusions with the 

componential presence of ‘wax’ from top – view SEM image in Figure 3B – 3C. The 

oriented ZnO rod arrays were 200 nm in length, and the silica protrusions were up to 

500 nm in diameters. Figure 6.4A – 6.4B prove chemically that the silica was absent 

before silica coating, and present after treatment, respectively. The peak of Si was 

indexed in Figure 6.4B. The UV – blocking property of modified silica sol treated 

sample has been slightly improved. with the reference to that of only ZnO rods 
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treated one as shown in Figure 5. With or without the silica sol treatment, the fabrics 

have high UPF of 909.7 (rating: 50) and 856.1 (rating: 50), respectively due to the 

fine electronic structures of one – dimensional ZnO. The different band gaps Eg and 

red boundaries λo between ZnO and SiO2 (Parmon 2001), i.e. 3.2 eV (387.5 nm), and 

8.6 eV (145 nm), respectively should be responsible for the UV – blocking 

contribution. As a matter of fact, no UV radiation below 145nm was used under 

ambient condition for textile substrate. Therefore, the self-assembled silica sol had 

not theoretically affectted UPF. According to the AATCC test method 183 – 1998, 

UPF rating of 50 is adequate for fabrics, therefore, the silica treated fabrics have 

shown wearable potential. 

 

Wettability is a crucial property governed by both the chemical component and 

geometrical structure of solid surfaces. Water repellency test is applicable to any 

textile fabric, which may or may not have been given a water – repellent finish. The 

samples used in this study showed wettable ability prior to self – assembled 

monolayers, the water contact angle (CA) was 0o because of the superhydrophilic 

nature of cotton but the subsequent hydrophobic treatments built the possibility of 

forming a CA of 130 o plus. The typical optical image of water repellent was 

demonstrated in Figure 6.6.  

 

A rating of 100 was revealed with the further treatment of modified silica sol, 

coupled with a water CA around 138o or plus. A water CA larger than 120o of fabric 

surfaces should be propositionally defined as superhydrophobicity for textile 

materials.  
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The oil repellency was tested using n – hexadecane as wetting agent after 4 cycles’ 

home laundering. The woven cotton control demonstrated an oil repellent rating of 0. 

The F13 modified silica sol furnished a low energy surface and therefore the silica 

sol treated samples showed a rating of 7 with the presence of the functionally 

amphiphobic alkyl fluoride. The durable wettability of the coating after repeated 

washing was contributed to the linking ability of GPTS and F13 that promoted 

strong adhesion to the cotton fabrics. 

 

ZnO sol has the potential to bond with the hydroxyl group of cotton via curing 

process. The fastness was significantly improved after the modified silica sol coating 

with the tolerance up to 20 wash cycles. The reaction of TEOS and F13 chemically 

bonded through hydrolysis and polycondensation to form a cross – linked structure. 

The as – formed network assisted the fastness between coating and cotton substrate. 

The F13 coating furnished lower energy surface than that of 

hexadecyltrimethoxysilane (HDTMS) and demonstrated excellent amphiphobic 

properties. Therefore F13 treated coating showed more amphiphobic advantages than 

that of HDTMS treated (Daoud, 2004).  

 

The effect of washfastness on wettability was carefully evaluated in this case. The 

CA was decreased to 128o, 120o, 114o, 110o and water spray test rating was 100, 100, 

90, 90 after 5, 10, 15, 20 cycles, respectively. Accordingly the oil repellency 

decreased from 7 to 5 after 20 cycles washing. Faster decrease of water/oil 

repellency was occurred during the earlier washings, the decrease was much slower 

after 10 washing procedures. The durability of the coating after repeated washing 
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was contributed to the linking ability of GPTS and F13 that promoted strong 

adhesion to the cotton fabrics.  

 

The recalcitrant compounds, grime, and bacterial might be catalytically decomposed 

to water, carbon dioxide, and other oxides or minerals if relative elements existed 

with the presence of UV light. In a real world the surface might have alternatively 

been cleaned using either “lotus-effect” mechanism or photocatalytic approach. The 

further evidence on photocatalytic effect of ZnO treated materials should be 

provided in the future work. 
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Figure 6.2. Schematic illustration of the hi

natural lotus effect. (A) The 

(C) the oriented ZnO rod built on cotton subs

coated with the film of the functional semi

 

erarchical treatments mimicking the 

porous cotton fibre, (B) the ZnO sol treated cotton fibre, 

trate, (D) subsequently the substrate 

fluorinated silane modified silica sol. 
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Figure 6.3. (A) Cross – section TEM observation and SAED (insert) pattern of ZnO 

ds treated sample. (B – C) The top – view SEM image of modified silica sol 

eated samples. 

igure 6.4. EDX analysis of samples: (A) ZnO nanorods on cotton fabrics; (B) ZnO 

nanorods and further modified silica sol coated cotton fabrics. 
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Figure 6.5. The indexed UV – blocking spectra of control, ZnO sol treated, ZnO rods 

treated, and further modified silica sol treated samples, respectively (from top to 

bottom). 

 

 - 103 -



 

 

chaumberg, IL, USA). 

6.4 SUMMARIES AND DISCUSSIONS 

 

A novel hierarchical growth approach was used to mimic the “Lotus – effect” 

surface. The natural fibers provide the intrinsic roughness of 20 – 50 µm which is 

crucial for building self–cleaning surfaces. Therefore, functional and low – 

energy treatments were preferred to build multifunctional self-cleaning surfaces. 

3,3,4,4,5,5,6,6,7,7,8,8 – tridecafluoroctyl triethoxysilane modified silica sol was 

self-assembled to highly oriented ZnO rod arrays. The silica sol was prepared by 

Figure 6.6. Typical optical image of ‘drying water bead’ on treated cotton substrate 

with silica/floropolymer micro – nanoscale composites using a water contact meter 

(Tantec, S
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mixing TEOS, GPTS and HCl in ethanol. The ZnO rods were highly oriented and 

provided an ultrahigh UPF of 800 plus. The subsequent silica sol treatment 

furnished the durable wettability. The washfastness was highlighted in this case. 

The water CA was decreased to 128o, 120o, 114o, 110o and water spray test rating 

was 100, 100, 90, 90 after 5, 10, 15, 20 cycles, respectively. Accordingly the oil 

repellency decreased from 7 to 5 after 20 cycles washing. The durable wettability 

of the coating after repeated washing was contributed to the linking ability of 

GPTS and F13 that promoted strong adhesion to the cotton fabrics and the low 

energy surface of as–formed films. The self–cleaning property was revealed 

therefore, it furnished commercialization potential in flexible based substrates. 
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CHAPTER 7 

 

SELF – ASSEMBLED GOLD NANOSHELLS ON 

BIODEGRADIBLE CHITOSAN FIBERS 
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7. 1 INTRODUCTION 

 

Chitosan, a linear (β – 1,4) – linked biopolysaccharide, is an N – deacetylated 

derivative polyelectrolyte of chitin and the second – most abundant natural 

polysaccharide after cellulose with excellent biodegradability, biocompatibility, and 

nontoxicity (Bhattarai 2005, Ravi Kumar 2000, Renbutsu 2005, Yamamoto 1997). 

Enormous efforts have been made on its potential applications in biofabrication (Yi 

2005), pharmaceutics (Ravi Kumar 2004) biomedicine (Berger 2004, Bhattarai 2005, 

Ravi Kumar 2000, Ravi Kumar 2004, Renbutsu 2005, Yamamoto 1997, Yi 2005), 

food (Koide 1998, Shahidi 1999), textiles (Lim 2003, Lim 2004, Shin 1999), etc. 

One – dimensional (1 – D) chitosan fibers can act as a scaffold and therefore have 

been fabricated by various methods such as wet – spinning (Agboh 1997, Liu 2005, 

Notin 2006, Vincent 2001, Vincent 2004), and electro – spinning (Bhattarai 2005, 

Geng 2005, Li 2006, Min 2004). Due to the unique cationic polyelectrolyte character 

of chitosan and its gel – and film – forming, 1 – D chitosan fibers in solution can 

provide scaffolds for the adsorption of metal ions with opposite charges. With the 

assistance of chitosan solution, the synthesis of gold nanoparticles (NPs) has been 

extensively reported (dos Santos 2004, Huang 2004, Miyama 2004). Thin films of 
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chitosan/Au were prepared via irradiation at 253.7 nm under ambient condition by 

Miyama et al (Miyama 2004). Chitosan was also considered to be a stabilizing agent 

and catalyst when the self – sustained chitosan films embedded with gold NPs for 

the surface – enhanced Raman scattering by dos Santos, Jr et al (dos Santos 2004). It 

was further suggested that gold salt could be reduced to zerovalent gold NPs by 

chitosan itself without any additional reducers or stabilizers by Yang’s group (Huang 

2004). The advantage of chitosan for the reduction of auric ions and the stabilization 

of as – formed gold NPs is that the process is facile and will not induce any 

environmental toxicity or biological hazards. The fabrication of gold NP assemblies 

on linear chitosan fibers however, still remain a great challenge and especially for 

chitosan/gold core/shell structured fibers. Successful realization of this type of 1 – D 

structure will furnish the possibility of building new generation fibrous biosensors 

and functional devices due to its high surface – to – volume ratios and potentially 

enhanced sensitivity. Other polymers such as Poly(ethylene oxide) (PEO) was once 

employed as a template for the 1 – D arrangement of gold NPs using electrospinning 

by Kim (Kim 2005). But no amino groups (pKa 6.2) were present in PEO chains. 

These amino groups are significant sites for chemical immobilization.  
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The interaction of light with free electrons in a gold or silver nanostructure can give 

rise to collective excitations commonly know as surface plasmons (Xia 2005). 

Plasmonic behavior is a physical concept that describes the collective oscillation of 

conduction electrons in a metal (or a doped semiconductor) (Kittel 1986). Many 

metals (e.g. alkali metals, Mg, Al, and to some extent noble metals such as Au and 

Ag) can be treated as free – electron systems whose electronic and optical properties 

are determined by the conduction electrons alone. In the Drude – Lorentz model, 

such a metal is denoted as plasma, because it contains equal numbers of positive ions 

(fixed in position) and conduction electrons (free and highly mobile) (Xia 2005). 

Tuning the optical resonant properties of metallic nanoshells has been a topic of 

dramatically increasing interest. Much of the interest is generated by the surface 

plasmon resonance sensors (Tam 2004), potential biomedical applications of 

nanoshells in drug delivery (Sershen 2000), rapid hole – blood immunoassay (Hirsch 

2003), mimimally invasive cancer diagnostics (Hirsch 2003, Loo 2004, O’Neal 

2004), therapeutics (O’Neal 2004), and the growing expertise in fabrication 

methodologies that furnish more and more possibilities of realizing metallic 

nanostructures of controlled size and shape (Kim 2005, Müller 2006, Ochanda 2005, 

Oldenberg 1998, Tseng 2005, Wang 2006). Since the optical properties of this type 

of structural nanoshells are dependent upon the size and thickness of the inner and 
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outer radii of the metallic shell layer (Oldenberg 1998). The size effect of gold NPs 

on surface plasmonic properties were investigated thereafter. 

 

7.2 EXPERIMENTAL  

 

7.2.1 SYNTHESIS OF ONE – DIMENSIOANL CHITOSAN FIBERS AND 

CORE – SHEATH STRUCTURAL NANOSHELLS 

 

Prior to the self-assembly process, the 1 – D chitosan fibers were fabricated using a 

freeze-drying method (temperature: -89oC, and pressure: 115mP for 48 hours) 

starting from chitosan NPs (degree of deacetylation: 95%; molecule weight: 500kDa, 

Haidebei Ltd., China) in surfactant-free aqueous suspension (~0.3% w/v) partially 

cross-linked with glutaraldehyde. 

 

The as-formed 1-D chitosan fibers were consequently dispersed into a 0.025 mol·L-1 

aqueous tetrachloroauric (III) acid (HAuCl4, International Laboratory, USA) 

solution for further formation of gold NPs at ambient environment under mild 

magnetic stirring typically for 6 days. 
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7.2.2 CHARACTERIAZATION 

 

For transmission electron microscopy (TEM) investigations, Au/chitosan composites 

and gold nanoparticles were suspended in aqueous solution and one drop of the 

suspension was placed on a carbon film coated copper grid. After drying, TEM 

micrographs were obtained using a JEOL JEM 2010 electron microscope with a field 

emission gun at an acceleration voltage of 120 kV. TEM investigations were carried 

out at the Materials Characterization & Preparation Facility for High – Resolution 

Electron Microscopy, The Hong Kong University of Science & Technology, Hong 

Kong. UV – Vis was carried out using a Cary spectroscope. AFM was carried out 

using a SPA 4000. FESEM was done using a JEOL JSM – 6335F at 3.0 kV. 

 

7.3 RESULTS AND DISCUSSIONS 

 

7.3.1 FESEM  

 

Figure 7.1A demonstrated the examples of bundles of well – growing thin chitosan 

fibers formed linearly with the diameter of around 100 nm at high magnification rate. 

The thick chitosan fibers were around 2 µm in diameters as presented in Figure 
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7.1B – 7.1D at different magnification rates. At the beginning of gold formation on 

chitosan fibers, the reaction cells on chitosan surface can be morphologically 

observed indexed using the rectangular frame (Figure 7.1E). The as – formed gold 

NPs were assumed to undergo an equilibrium status of surface and interface 

interaction, including adsorption and formation of nuclei, crystal growth, dispersion, 

self – assemble, and agglomeration on chitosan surfaces. The large – size self – 

assembled flakes with the thickness of around 50 nm were observed after 6 days’ 

growth, which partially proved the formation of gold shells on fiber surface as seen 

in Figure 7.1F – 7.1G. The decoration of gold NPs after prolonged growth (30 days) 

has been shown in Figure 7.1H – 7.1K. 
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Figure 7.1. SEM images of (A, D) typical higher amplification 1 – D chitosan fibers, 

(B – C) typical lower amplification 1 – D chitosan fibers, (E) typical surface status 

(indexed place) at the beginning of formation of gold NPs, (F – G) typical gold 

shells formed on the surface of 1 – D chitosan fiber, and (E) the as – formed 

chitosan/gold fiber and the gold NPs in the solution (indexed with a frame), (H – K) 

SEM images of typical gold nanoscaled crystallites decorated on the surface of 1 – D 

chitosan fibers after prolonged growth (30 days). Scale bars: A: 1 µm, B: 30 µm, C: 

30 µm, D: 1.5 µm, E: 10 µm, F: 1 µm, G: 1 µm, H: 3 µm, I: 10 µm, J: 5 µm, K: 2 µm. 

 

7.3.2 TEM AND AFM 

 

The protrusions indexed in Figure 7.1E were the examples of clustered gold NPs and 

were further determined using transmission electron microscope (TEM). Thus 

typical sphere clusters were 200 nm (Figure 7.3A). The high resolution observation 

(Figure 7.3B) showed that they were made up of 5 nm gold NPs. The core/shell 

structure was revealed by the typical example shown in Figure 7.3D. It was evident 

that a 50 nm chitosan fiber core was surrounded by a 20 nm gold shell. The size of 

gold particles grew larger and larger with the prolonged time and a continuous layer 

gradually formed on fiber surface as shown from Figure 7.3D to Figure 7.3F. 
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Typical gold crystallites were shown in Figure 7.2 and Figure 7.3G – 7.3J. Figure 

7.2K displayed the detailed lattice fringes oblique intersection at an angle of 60o of 

gold crystallites with the space fringes of 0.25 nm. The dots in the images 

represented gold NPs were arranged regularly as in the face – centered cubic (fcc) 

lattice. 
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Figure 7.2. AFM images showing the typical morphology (top row) and phase 

(bottom row) images of triangle and hexagon plates, respectively. 
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Figure 7.3. Overview of TEM micrographs of chitosan/gold nanofibers (A – B) and 

typical chitosan fiber as core with gold as sheath structural decoration (C, F). (G – J) 

are further magnified images of morphologically varying nanopartilces such as (G) 

triangle (220 nm in diameter), (H – I) hexagon (135 nm in diameter), (J) rod (44 nm 

in diameter, 673 nm in length). (K) A High – Resolution TEM image reveals that the 

various Au nanopartilces or sheathes are highly crystalline, clearly show crystal 
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lattice fringes of about 0.25 nm, corresponding to the (111) lattice planes of fcc. 

Imaging process was carried out using the Fast – Fourier Transformation (FFT) 

method. The noise reduced image of the marked square is shown in the top right 

corner. The inset in the bottom right corner illustrates the power spectrum. Scale bars: 

A: 1.5 µm, B: 40 nm, C: 100 nm, D: 1 µm, E: 400 nm, F: 4 µm, G: 100 nm, H: 200 

nm, I: 400 nm, J: 400 nm, K: 5nm. 

 

7.3.3 FABRICATION MECHANISM 

 

The mechanism of the formation of gold NPs modified chitosan fibers was 

chematically conjectured from the FESEM and TEM observations and was 

emonstrated in Figure 7.4. 1 – D chitosan fibers in aqueous solution, with positive 

charges of R – NH3
+ (R represents the chitosan main chain) on the surface, provided 

a scaffold for the absorption of AuCl4
 –  ions oppositely charged. As illustrated in 

Figurer 7.4A, AuCl4
 –  anions were electrostatically adsorbed onto cationic chitosan 

nanofibres in aqueous solution. Thereafter, the ion – absorbed scaffolds transformed 

AuCl4
 –  ions to metallic gold at the initial reaction stage by a reduction reaction 

(from AuCl4
 – to Au). After being reduced by chitosan chain (Figure 7.4B), the gold 

nuclei associated with as – formed gold NPs self – assembled onto the surface of 

s

d
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chitosan fiber due to both Van Der Waals force and the high affinity between amino 

group and gold particles (Figure 7.4C). After the fully covering the chitosan surface, 

NPs dispersed solution was randomly moved by Brownian motion and approached 

neighboring particles similar to Pei’s report (Pei 2004). 
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Figure 7.4. Schematic illustration of cross – sections displaying the formation 

mechanism of gold/chitosan core/shell fibers. (A) The anionic AuCl4
 –  ions were 

adsorbed onto the cationic surfaces of chitosan fibers. After reduction and nucleation 

process (I), gold NPs were adsorbed on the fiber or dispersed in the solution (B). 

Process (II) showed the growth and aggregation of gold NPs and finally via process 

(III) shell structure was formed by layers around chitosan fiber by the layers of the 

old NPs (D). 

 

7.3.4 SURFACE PLASMONIC PROPERTIES OF METALLIC 

CORE-SHEATH STRUCTURES 

 

Plasmonics is an emerging branch of nanophotonics that examines the properties of 

the collective electronic excitations in noble metal films or nanoparticles known 

colloquially as surface plasmons. The surface plasmonic properties of gold/chitosan 

nanoshells have been investigated in terms of growth time, chitosan diameters, etc. 

Size – tunable localized surface plasmon resonance spectra are shown in Figure 7.5. 

The experiment was conducted and measured with an interval of 3 hours. Nanoshells, 

concentric nanoparticles consisting of a dielectric chitosan core and a metallic gold 

shell, are simple tubal nanostructures with unique, geometrically tunable optical 

g
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resonances. As with all metallic nanostructures, their optical properties are controlled 

by the collective electronic resonance, or plasmon resonance, of the constituent 

metal – gold sheath. In striking contrast to the resonant properties of solid metallic 

nanostructures, which exhibit only a weak tunability with size or aspect ratio, the 

optical resonance of a nanoshell is extraordinarily sensitive to the inner and outer 

dimensions of the metallic shell layer. With the increment of growth time, the red – 

shift was significantly observed from 520 nm – 540 nm (in Figure 7.5). After a 

prolonged fabrication of 30 days, the characteristic peak has been moved to 590 nm 

as shown in Figure 7.6. The underlying reason for this lies beyond classical 

electromagnetic theory, whereby plasmon – resonant nanoparticles follow a 

mesoscale analogue of molecular orbital theory, hybridizing in precisely the same 

manner as the individual atomic wave functions in simple molecules (Halas, 2005). 

This plasmon hybridization picture provides an essential “design rule” for metallic 

nanostructures that can allow us to effectively predict their optical resonant 

properties. The surface plasmonic phenomena were demonstrated visually using 

vials shown in Figure 7.7 
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Figure 7.5. Outer size – tunable localized surface plasmon resonance spectra. The 

experiment was conducted and measured with an interval of 3 hours (from bottom to 

top) to show the redshift of characteristic peak. 
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Figure 7.6. Typical UV – Vis spectrum of chitosan fiber as core with gold as sheath 

structural decoration after 30 days’ fabrication. 
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Figure 7.7. A display of the fabrication process of concentric nanoparticles 

consisting of a dielectric chitosan core (20 µm) and a tubal metallic gold shell. The 

experiment was conducted and measured with an interval of 3 hours (from top to 

bottom and from left to right) 

 

7.4 SUMMARIES AND CONCLUSIONS 

 

In summary, we demonstrated our original work of fabricating chitosan fiber core 

bers. The chitosan fibers used in this 

study were 50 nm to 50 µm in diameters and up to hundreds of micrometers in length. 

Gold shells were typically 20 – 50 nm in depth and their lattice fringes of 0.25 nm 

obliquely intersecting at an angle of 60o were revealed. Based on SEM and TEM 

evidences, the self – assembly activity of gold NPs on 1 – D fibers was 

schematically described. Successful realization of this type of tubal core – sheath 

structural material would be significantly for the fabrication of new generation 

fibrous biosensors and other functional devices due to the high surface – to – volume 

gold shell structural organic – inorganic composite through the formation of chitosan 

fibers, adsorption and then in – situ reduction of chloroauric ions and consequently 

self – assembly of gold NPs on 1 – D chitosan fi
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ratios and potentially enhanced sensitivity of the materials. The surface plasmonic 

properties were investigated based on the outer size tunable aspect. It have been 

found that significant red – shift was occurred with the characteristic peak shifted 

from 520 nm to 540 nm, and finally to 590 nm after a prolonged fabrication of 30 

days. The photoplasmonics was presented visually using the vials for reference. 
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CHAPTER 8 

 

CONCLUSIONS AND  

SUGGESTIONS FOR FUTURE WORK 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 - 134 -



 

8.1 SUMMARIES AND CONCLUSIONS 

 

In summary, an effective industry – oriented growth approach to grow oriented 

hexagonal ZnO nanorod arrays onto various flexible fiber substrates at low 

temperature is reported. The synthesis art combined the sol – gel process and 

hierarchical growth in aqueous solution. The typical nanorods synthesized in this 

study were 10 – 50 nm in diameter and 300 – 500 nm in length. Meanwhile novel 

structural meso – scale dumbbells uniformly grown in aqueous solution were 

fabricated for the first time in the literature with the length of 2.1 µm, diameter of 

800 nm, 700 nm, 450 nm in a larger end face, in a smaller end face and in the waist, 

respectively. The cotton fabrics treated in this study provided an excellent UV 

protection factor (UPF) rating of 50 + according to the Australian/New Zealand 

Standard AS/NZS 4399: 1966 with a Varian Cary 300 UV spectrophotometer. This 

provides foundations for the further investigation of photocatalytic capability and the 

promising multifunctional protective applications in medical, military, biological, 

and optoelectronic industrial fields ranging from self – cleaning, anti – bacterial, UV 

– blocking, and disorder – proofing to flexible substrate – assisted flexible devices. 

 

Our approach towards synthesizing dumbbell – shaped ZnO microcrystallites creates 

solution – processible homostructures of nanorods under ambient pressure and low 

temperature and is suitable for the industrial preparation. The coupling of nanorods 

might be tunable in size by changing the length of the original rods. The curing 

temperature effect on UPF was carefully investigated and revealed that it played an 

important role during the nanofinishing processes, the higher curing temperature was 
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employed, the better UPF was achieved. The increment seemed approximately 

expressible by an exponential function. The UPF of more than 400 has been 

achieved when the curing temperature was employed at least 150 ºC and the UV – 

Blocking range is 352 – 280 nm. This finishing process provided a reasonable 

washfastness and may be suitable for clothing and textile with the incorporation of 

other binding materials. The cotton fabric treated using dumbbell – shaped ZnO 

demonstrated a high UPF of more than 1000, in the visible region, the transmission 

of the treated substrate was about 20% lower than that of the cotton fabric sample. 

As for UV range, complete blocking (400 – 280 nm) were observed and therefore, 

dumbbell – shaped ZnO presented a wider UV – Blocking range than that of ZnO 

nanosols (352 – 280), nanorods (375 – 280 nm), and anatase titania films (332 – 280 

nm). Therefore, UPF – reinforced dumbbell – shaped ZnO has potential application 

in some high – SPF required fields, e.g. screens, curtains, outdoor shelters. 

 

A novel hierarchical growth approach was used to mimic the “Lotus – effect” 

surface. The natural fibres provide the intrinsic wave of 20 – 50 µm which is 

crucial for building self-cleaning surfaces. Therefore, functional and 

semifluorinated low surface energy surfactants were preferred to build 

multifunctional self-cleaning surfaces. 3,3,4,4,5,5,6,6,7,7,8,8 – tridecafluoroctyl 

triethoxysilane modified silica sol was self-assembled to highly oriented ZnO rod 

arrays. The silica sol was prepared by mixing TEOS, GPTS and HCl in ethanol. 

The oriented ZnO rod arrays were 200 nm in length, and the silica protrusions 

were up to 500 nm in diameters. The ZnO/Slica hybrid treatment provided an 

adequate UPF ratings of 50 plus for wearable fabrics. 
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The original work was also conducted for the fabrication of chitosan fiber core gold 

shell structural organic – inorganic composite through the formation of chitosan 

fibers, adsorption and then in – situ reduction of chloroauric ions and consequently 

self – assembly of gold NPs on 1 – D chitosan fibers. The chitosan fibers used in this 

study were 50 nm to 50 µm in diameters and up to hundreds of micrometers. Gold 

shells were typically 20 – 50 nm in depth and their lattice fringes of 0.25 nm 

obliquely intersecting at an angle of 60o were revealed. Based on SEM and TEM 

evidences, the self – assembly activity of gold NPs on 1 – D fibers was 

schematically described. Successful realization of this type of tubal core – sheath 

structural material would be significantly for the fabrication of new generation 

fibrous biosensors and other functional devices due to the high surface – to – volume 

ratios and potentially enhanced sensitivity of the materials. The surface plasmonic 

properties were investigated based on the outer size tunable aspect. It has been found 

that a significant red – shift was occurred with the characteristic peak from 520 nm 

to 540 nm, and finally to 590 nm after a prolonged fabrication of 30 days. The 

photoplasmonics was visually presented using the vials for reference. 

 

8.2 SUGGESTIONS FOR FUTURE WORK  

 

The wash – fastnesss is a big challenge for one – dimensional ZnO nanorods and 

dumbbells. Novel composites or hybrids have to be exploited to improve the 

repeated washfastness. Other form of binding materials may also be applied to 

improve the durability. 
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Although Silica film have signifcantly improved the washfastness, its noble 

property may probably prohibit the photocatalytical activity of ZnO. Theretically 

the recalcitrant compounds, grime, and bacterial might be catalytically 

decomposed to water, carbon dioxide, and other oxides or minerals if relative 

elements existed with the presence of UV light. In a real world the surface might 

have alternatively been cleaned using either “lotus-effect” mechanism or 

photocatalytic approach. The further evidence on photocatalytic effect of ZnO 

treated materials should be studied in the future work.  

 

As for the chitosan / gold system, the freezing dry approach for one – dimensional 

chitosan fibers has marginal uniformity. Other fabrication methodologies may be 

employed such as electrospinning to morphologically control the size and the shape 

of the fibers. 

 

More parameters should be considered when investigate the surface plasmonic 

properties. Tuning the nanoshell resonance to the near-infrared region of the 

spectrum, when associating with the high biocompatibility characteristic of gold, 

may result in a combination of features that are ideal for biomedical applications in 

textiles and apparel. How to practically exploit the surface plasmonic properties in 

textile field is a challenging but very interesting task.  
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Figure 1.1. Schematic diagram of the self–cleaning mechanism provided by an 

anatase TiO2 treated fabric. Types of substrates can be cotton, polyester, polyamide, 

cotton/PET, cotton/Nylon, wool, silk, polypropylene and other natural and synthetic 

fibers, yarns, and fabrics. Possible applications for self–cleaning fabrics include 

clothing: sportswear, leisurewear, formalwear, footwear; interior textiles: wall fabrics, 

furniture fabric, carpets, curtains, automobile interior fabrics, medical fabrics, 

technical textiles, geotextiles, special textile materials, soft toys and leathers etc. 

 

Figure 1.2. Innovative self–cleaning clothes that demonstrated multifunctional 

properties, including UV blocking, UV sensitive printing, antibacterial, water –, oil –, 

soil – repellent and self–cleaning. A manikin, was dressed up with multi–functional 

clothes and decorated with intelligent accessories, including thermally indicating 

wristband, UV sensitive logo and printing, piezoelectrically sensing glove and 

flexible organic lighting – emitting devices (FOLEDs) – illuminating logo ‘PU’ 

display. The grey UV light source was used to determine the effect of UV – blocking 

treatment after exposure to UV environment. The sensing glove can detect large 

strain deformation, retain its original handle, maintain high flexibility and physical 

properties and be also sensitive to temperature, humidity and gas changes. 

 

Table 1.1. Band gaps Eg (eV) and red boundariesλo (nm) of the optical absorption of 

main semiconductors (Parmon 2001). 
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Figure 1.3 Schematic demonstration of theisis structure 

 

Figure 3.1. Bragg diffraction of X – rays from successive planes of atoms. 

Constructive interference occurs for ABC equal to an integral number of 

wavelengths. 

 

Scheme 4.1. Schematic illustrations of two – step seeded process strategy that has 

been demonstrated for achieving 1D ZnO nanorods arrays. (A) Arbitrary wafer (hard 

or flexible substrate). (B) Zerogel ZnO coated on substrates. (C) The oriented ZnO 

nanorod arrays seeded homo – epitaxial growth on zerogel coated substrate. 

 

Figure 4.1. AFM image of ZnO zerogel with the particle size of 50 – 100 nm. 

 

Figure 4.2. SEM images of (A – B) untreated contton fabric with the single fiber of 5 

µm up to 20 µm in diameter, (C – D) starting nanosol coated on cotton fabric, (E – H) 

ZnO nanorods grown on cotton fabric in different magnification, TEM image of (I – 

L) oriented ZnO nanorods, and High – resolution TEM image of an individual ZnO 

nanorod showing its [001] growth direction with the electron diffraction pattern. (I) 

Top – view TEM image of cross – section of oriented ZnO nanorod arrays. 

 

Figure 4.3. EDX analysis of, (a) ZnO nanorods on the cotton fabric, (b) ZnO 
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nanorods on glass wafer, and (c) ZnO dumbbells on glass wafer. Gold thin films 

were used as conducting coating. 

 

Figure 4.4. Indexed X – ray diffractogram of the substrate (a), after coated with ZnO 

xerogel (b), and ZnO nanorods and dumbbells grown onto the substrate (c). A.U., 

arbitary units. 

 

Figure 4.5. The UV – Blocking spectra of zinc oxide nanosol finished woven cotton 

fabrics. From top to bottom, were cotton fabric sample, treated fabric without curing, 

cured at 130˚C, 150˚C, and 170˚C, respectively. 

 

Figure 4.6. UV – blocking characterization of untreated fabric and treated fabric:  

untreated, Ο treated via a dip – pad – curing process, ∆ treated via both a dip – pad – 

curing process and an open crystallization process. Corresponding to the curves, 

UPFs from top to bottom are 6.5, 123.6, and 741.3 respectively. 

 

Figure 5.1. A typical indexed X – ray diffraction pattern of the as – prepared 

products. A: control, B: nanosol, C: dumbbell – shaped ZnO. 

 

Figure 5.2. (A) A typical SEM image of ZnO nanorods grown on cotton fabrics, (B) 

A low magnification SEM image of ZnO microdumbbells and branched structures 

(rectangles indexed), (C) flower – like dendritic microcrystallites, (D – G) a high 
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magnification SEM image of ZnO microdumbbells, and an individual ZnO dumbbell 

shows clear homojunction after 3 hrs (E), 6 hrs (F) growth based on the coupling of 

ZnO nanorods, respectively. 

 

Figure 5.3. A high – resolution TEM image reveals that the dumbbells are highly 

crystalline, grow along <001> direction and have fairly high lattice mismatches 

(arrows indexed). Imaging process was carried out using the Fast – Fourier 

transformation method. The noise reduced image of the marked square is shown in 

the top left corner. The inset in the top right corner illustrates the power spectrum. 

 

Figure 5.4. UV – Vis spectra of cotton fabric sample, treated fabric using ZnO 

zerogel (same as that in Chapter 4, curing at 130˚C), nanorod and dumbbell – shaped 

ZnO (including ZnO nanorods) after 6 hrs. 

 

Figure 5.5. Visible part of UV – Vis spectra of cotton fabric sample, treated fabric 

using ZnO zerogel and dumbbell – shaped ZnO (including ZnO nanorods) after 6 

hrs. 

 

Figure 5.6. Raman scattering spectra of (A) ZnO nanosols, (B) ZnO nanorods, and 

(C) ZnO dumbbell – shaped crystallites. 

 

Figure 6.1. Preparation of semifluorinated silica sol and coating process. 
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Figure 6.2. Schematic illustration of the hierarchical treatments mimicking the 

natural lotus effect. (A) The porous cotton fibre, (B) the ZnO sol treated cotton fibre, 

(C) the oriented ZnO rod built on cotton substrate, (D) subsequently the substrate 

coated with the film of the functional semifluorinated silane modified silica sol. 

 

Figure 6.3. (A) Cross – section TEM observation and SAED (insert) pattern of ZnO 

rods treated sample. (B – C) The top – view SEM image of modified silica sol 

treated samples. 

 

Figure 6.4. EDX analysis of samples: (A) ZnO nanorods on cotton fabrics; (B) ZnO 

nanorods and further modified silica sol coated cotton fabrics. 

 

Figure 6.5. The indexed UV – blocking spectra of control, ZnO sol treated, ZnO rods 

treated, and further modified silica sol treated samples, respectively (from top to 

bottom). 

 

Figure 6.6. Typical optical image of ‘drying water bead’ on treated cotton substrate 

with silica/floropolymer micro – nanoscale composites using a water contact meter 

(Tantec, Schaumberg, IL, USA). 

 

Figure 7.1. SEM images of (A, D) typical higher amplification 1 – D chitosan fibers, 
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(B – C) typical lower amplification 1 – D chitosan fibers, (E) typical surface status 

(indexed place) at the beginning of formation of gold NPs, (F – G) typical gold 

shells formed on the surface of 1 – D chitosan fiber, and (E) the as – formed 

chitosan/gold fiber and the gold NPs in the solution (indexed with a frame), (H – K) 

SEM images of typical gold nanoscaled crystallites decorated on the surface of 1 – D 

chitosan fibers after prolonged growth (30 days). Scale bars: A: 1 µm, B: 30 µm, C: 

30 µm, D: 1.5 µm, E: 10 µm, F: 1 µm, G: 1 µm, H: 3 µm, I: 10 µm, J: 5 µm, K: 2 µm. 

 

Figure 7.2. AFM images showing the typical morphology (top row) and phase 

(bottom row) images of triangle and hexagon plates, respectively. 

 

Figure 7.3. Overview of TEM micrographs of chitosan/gold nanofibers (A – B) and 

typical chitosan fiber as core with gold as sheath structural decoration (C, F). (G – J) 

are further magnified images of morphologically varying nanopartilces such as (G) 

triangle (220 nm in diameter), (H – I) hexagon (135 nm in diameter), (J) rod (44 nm 

in diameter, 673 nm in length). (K) A High – Resolution TEM image reveals that the 

various Au nanopartilces or sheathes are highly crystalline, clearly show crystal 

lattice fringes of about 0.25 nm, corresponding to the (111) lattice planes of fcc. 

Imaging process was carried out using the Fast – Fourier Transformation (FFT) 

method. The noise reduced image of the marked square is shown in the top right 

corner. The inset in the bottom right corner illustrates the power spectrum. Scale bars: 

A: 1.5 µm, B: 40 nm, C: 100 nm, D: 1 µm, E: 400 nm, F: 4 µm, G: 100 nm, H: 200 
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nm, I: 400 nm, J: 400 nm, K: 5nm. 

 

Figure 7.4. Schematic illustration of cross – sections displaying the formation 

mechanism of gold/chitosan core/shell fibers. (A) The anionic AuCl4
 –  ions were 

adsorbed onto the cationic surfaces of chitosan fibers. After reduction and nucleation 

process (I), gold NPs were adsorbed on the fiber or dispersed in the solution (B). 

Process (II) showed the growth and aggregation of gold NPs and finally via process 

(III) shell structure was formed by layers around chitosan fiber by the layers of the 

gold NPs (D). 

 

Figure 7.5. Outer size – tunable localized surface plasmon resonance spectra. The 

experiment was conducted and measured with an interval of 3 hours (from bottom to 

top) to show the redshift of characteristic peak. 

 

Figure 7.6. Typical UV – Vis spectrum of chitosan fiber as core with gold as sheath 

structural decoration after 30 days’ fabrication. 

 

Figure 7.7. A display of the fabrication process of concentric nanoparticles consisting 

of a dielectric chitosan core (20 µm) and a tubal metallic gold shell. The experiment 

was conducted and measured with an interval of 3 hours (from top to bottom and 

from left to right) 
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Appendix: Fundamental Constants 

 

Quantity Symbol Value Units 

Vacuum velocity of light c 2.998×108 m/s 

Dielectric constant, 1/(µ0·c2) ε0 8.854×10-12 As/(Vm) 

 µ0 4π×10-7 Vs/(Am) 

  12.57×10-7 Vs/(Am) 

Electronic charge e 1.602×10-19 C 

Conductance quantum 2e2 /h G0 7.748×10-5 S 

Von Klitzing constant h / e2 RK 2.581×104 Ω 

Boltzmann constant KB 1.381×10-23 J/K 

  8.617×10-5 eV/K 

Planck’s constant h 6.626×10-34 Js 

  4.136×10-15 eVs 

 ħ=h/2π 1.055×10-34 Js 

  6.582×10-16 eVs 

Rydberg constant  Ry 13.61 eV 

Bohr radius b0 0.529×10-10 m 

Atomic mass unit (amu) U 1.661×10-27 kg 

in eV, U·c2  931.5 MeV 

Electron mass me 9.109×10-31 kg 

in amu  5.486×10-4 U 

in eV, me·c2  0.511 MeV 
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