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Abstract 

In this study, the research work mainly focused on the preparation of 

near-infrared (NIR) reflective titanium dioxide (TiO2) particles and their application 

on cotton fabric to achieve a cooling effect under solar radiation. TiO2 was selected 

due to its high refractive index and well-proven NIR reflective properties. All the 

TiO2 particles prepared in this work were applied on coloured cotton substrate using 

a simple pad-dry-cure method. 

A room-temperature sol-gel route to prepare highly stable TiO2 colloids was 

devised. Their temperature reducing effect on cotton fabric, however, was very small 

due to the deviation of its particle size (42.8 nm) from the optimum range to reflect 

thermal NIR radiation. Therefore, the synthesis of silica-titania core-shell was 

carried out. Both the titania and silica were prepared using the sol-gel method. By 

varying the precursor concentration during the preparation of the silica core, 

core-shell composites with sizes ranging from 565-1038 nm were synthesised. A 

maximum temperature reduction of 4.3°C was achieved by applying the core-shell 

on coloured fabric, being tested under illumination approximating sunlight using a 

solar simulator. 

Commercial titania was modified by means of calcination treatments. Phase 

transition from anatase to rutile and growth in particle size were induced, and both 

processes resulted in the increase of NIR reflectance of the calcined TiO2. 

Irregular-shaped TiO2 particles with sizes of 293-618 nm were obtained. By applying 

the NIR reflective coating consisting of calcined TiO2 on cotton fabric, a lower 

surface temperature was recorded with a maximum difference of 4.3°C. It was found 

that a chitosan-TiO2-chitosan multilayer coating could provide a good wash fastness, 

with only a solar reflectance decrease of 3.70-6.33% after 50 simulated launderings. 
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1.1 Research background 

People living in the tropical or subtropical climates wish to wear clothes 

which make them feel cooler, especially when they are participating in outdoor 

activities with the sun overhead. Since the late 19
th

 Century, there has been a 

continual rise in the global temperature due to the global warming effect. In 

addition, some countries with typically cool summers such as Belgium and 

Canada have recently been subjected to heat waves. In the light of evidence that 

the world is getting hotter, more people need clothes which help them to stay 

cool. 

Solar radiation reaches the earth’s surface with wavelengths ranging from 

295-2500nm, including the UV radiation, visible light and near-infrared (NIR) 

radiation. Solar heat energy is mainly generated in 700-1100nm, which is within 

the NIR radiation portion. The solar thermal energy absorbed by the human body 

results in a heat gain and causes the body temperature to rise, making people feel 

hot under the sun. With the advancements in science and technology, a variety of 

functional garments that can stay cool under the sun have been introduced in the 

market, providing a cooling effect and hence extra comfort to the wearer. The 

advancements referred have offered opportunities to add value to both activewear 

and outerwear garments, and many companies have invested large sums in the 
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research and development of these cooling textiles, such as Columbia 

Sportswear. 

A new approach using the NIR reflective materials in textiles to achieve the 

cooling effect was therefore proposed in the research under discussion. NIR 

irradiation accounts for 52% of the solar irradiance energy reaching the earth, 

most of which is transferred to thermal energy. This work was undertaken in 

order to investigate the possibility of applying the NIR reflective coatings on 

cotton fabrics. By reflecting the NIR radiation, a significant amount of heat 

generated in the human body can be reduced and the wearer will feel more 

comfortable. NIR reflective materials have been used in many different areas and 

have proven to have a significant cooling effect, with the application in the 

architectural sector being the most extensively studied. The cool roof coatings for 

the buildings and construction industry were first introduced in the 1970s, and 

they were designed to reflect incident solar radiation as well as minimize the 

transfer of heat to the interior of the structure, thus reducing the energy required 

for cooling. Since then the NIR reflective materials haven been studied by many 

other researchers and their application expanded to other fields including military 

camouflage, spacecraft thermal control coatings, greenhouse screen materials, 

etc. 
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Most of the NIR reflective materials reported were based on metal oxides 

such as titanium dioxide, chromium oxide and iron oxide [1-5]. However their 

application on textiles with the purpose of temperature reduction has not been 

explored by previous researchers. In this work, titanium dioxide was selected to 

be studied due to its well-proven NIR reflective property in other fields, such as 

the ‘cool roofs’. Generally, it is used as a white pigment and has a high refractive 

index, which provides both an effective nonselective light scattering and good 

hiding power. The main uses of pigmentary TiO2 are coatings and paints, which 

accounted for 58.8% of the world’s consumption of TiO2 pigments in 2007 [6]. 

In addition, it is non-toxic and has been used in sunscreens since 1952 [7]. Other 

advantages include its high availability, biocompatibility, low price, and 

chemical and biological inertness [8, 9]. Its application on textiles has been 

extensively studied by many researchers in recent years, especially the TiO2 

nanoparticles because of their value-added properties on functional textiles, such 

as the photocatalytic self-cleaning action [10-18], bactericidal action [15, 18] and 

the UV-blocking function [15, 17, 19]. 

Chitosan was used as a mediator, as discussed in Chapter 4 of this work. 

Chitosan is one of the most abundant organic materials, being second only to 

cellulose in the amount produced annually by biosynthesis. It occurs in animals, 
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particularly in crustacea, mollusks and insects. Chitosan is a suitable biopolymer 

to become a textile finishing agent due to its natural occurrence, ability to chelate 

metal ions, low price, good biocompatibility, biodegradability and low toxicity. 

Prior work revealed that chitosan can be applied to textiles to improve dyeability 

[20], reduce shrinkage [21, 22], and provide antimicrobial protection [23]. 

 

1.2 Project significance and value 

Prior work reported the application of NIR reflective materials on roofing 

and windows to reduce the heat gain and on textiles to provide an infrared 

camouflage. From the literature review conducted, it was found that few studies 

in the past reported the application of NIR reflective materials on textiles to 

achieve a cooling effect. In this project, a new formulation was designed which 

was compatible with both the fabric and the end use, which has not been reported 

before. NIR reflective materials were applied on substrates by a pad-dry-cure 

coating method which is very versatile. The technique can be used for a wide 

range of textiles, including natural and synthetic, woven, knitted and non-woven 

materials. This allowed the usage of the NIR reflective materials not only in the 

apparel industry, but also on textiles including upholstery like curtains, blinds 

and awnings; outdoor equipment like tents, parasols, sunshades and canopies; 
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and automotive fabrics like soft tops for convertibles, etc. 

 

1.3 Objectives of the project 

(1)  Prepare and characterise titanium dioxide particles or composites that have 

NIR reflective properties. 

(2)  Assess the solar reflection of cotton substrates (with different shades) 

treated with TiO2 or its composites. 

(3)  Study the factors, including particle sizes of TiO2 and colorants on the 

substrates, that affect the solar reflection of the treatment. 

(4)  Assess and optimise the durability to laundering of the treatment on the 

textile substrates.  

(5)  Assess the physical properties of the treated substrates.  

 

1.4 Scope of research and methodology 

The scope of research and methodologies of each chapter are shown below. 

 

A room-temperature synthesis of nanocrystalline anatase TiO2 and its 

solar-reflective effect on cotton (Chapter 3) 

 In this study, the sol-gel synthesis method was employed to prepare 
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nanocrystalline TiO2 particles. The product was in the form of translucent 

colloidal solution, and its good homogeneity and stability ensured the effective 

use of the simple pad-dry-cure method. Most of the sol-gel routes reported by 

other researchers required the use of corrosive inorganic acids which had a 

damaging effect on certain textile fibres. In the case of the method presented in 

this study, neither inorganic acids nor heat treatment were needed. Instead, an 

ageing process was involved to allow the crystallisation of TiO2 from the 

amorphous state to crystalline anatase. Different titanium precursor 

concentrations were used. The effects of both precursor concentration and ageing 

time on crystallinity and crystallite size were studied. The roles of pH value, 

heating and the inorganic acid were also investigated. The TiO2 colloid 

synthesised was applied on coloured cotton fabric and the solar reflective 

performance of the coated fabric was finally assessed. 

 

Application of rutile and anatase onto cotton fabric and their effect on the 

NIR reflection/surface temperature of the fabric (Chapter 4) 

 Titanium dioxide exists in nature in three different crystalline states: anatase, 

rutile and brookite, with anatase and rutile the more commonly used in the 

industry and studied in earlier research work. Both anatase and rutile possess 
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high refractive indices. The average refractive index of rutile is 2.9, compared to 

2.7 for anatase [7]. The principle of this study is based on the fact that the 

calcination process provides heat energy for TiO2 particles to undergo (1) the 

phase transition from anatase to rutile, and (2) the morphological evolution, i.e., 

an increase in particle size. As refractive index and particle diameter are two 

significant factors affecting a pigment’s reflectivity, the phase transition and the 

morphological evolution involved in the calcinations process would affect the 

reflective ability of the calcined TiO2. Since the extent of the phase 

transformation and the grain growth are dependent on the amount of thermal 

energy supplied, different temperatures and periods of time of the heat  

treatment were used in order to provide different amounts of energy to the TiO2 

particles. Hence the two heat-dependent processes took place with different 

levels and a range of TiO2 products with different particle sizes and anatase: 

rutile ratios could be obtained as a consequence. The heat-reducing behavior of 

the TiO2 particles on coloured cotton fabric was assessed, and the relationship 

between the crystalline phase, particle diameter and the solar reflectance was 

studied. 

 

 



Chapter 1 

 

 

  
Page 9 

 
  

Preparation of the silica-titania core-shell particle and its application on 

cotton fabric (Chapter 5) 

The concept of SiO2-TiO2 core-shell was first introduced in the 1990s, the 

original intention having been to lower the cost of paper whiteners by coating a 

thin layer of titania on the less expensive silica core, with the result that the 

composite provided comparable opacity to that of the conventional titania 

pigments [24]. This idea was the inspiration of the preparation the silica-titania 

core-shell in this study. Most of the commercial TiO2 particles available in the 

commercial market are for pigmentary uses, UV protection or the photocatalytic 

reactions. When being used as a white pigment, the TiO2 (in rutile form) particles 

are usually sized at 200-300 nm to reflect visible light [25]. For the purpose of 

photocatalytic reaction, nano-TiO2 particles of <100 nm size are normally used to 

provide an effective light harvesting. Nanostructured TiO2 particles with sizes of 

5-50 nm are used for sunscreens in the cosmetic industry [6]. Therefore TiO2 

particles with the optimal size (i.e., 350-550 nm) to reflect thermal NIR radiation 

have seldom been used in commercial applications. In this study, both the TiO2 

and SiO2 were synthesised using the sol-gel method, where the particle diameter 

of the silica could be controlled by varying the precursor concentration in the 

synthesis. Therefore the size of the SiO2-TiO2 composite particles could be 



Chapter 1 

 

 

  
Page 10 

 
  

altered to the optimal size range and an effective reflection in the thermal NIR 

region could be achieved. Also, the shape of the particle could be spherical, 

which was important in eliminating the shape effect in the NIR reflection. In 

addition, the relationship between the size of core-shell and the light reflection 

was studied as the core-shell particles with a range of different sizes were 

prepared and their heat-reflective properties on coloured cotton were measured. 
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2.1 Existing technologies of cooling effect in the textiles and clothing 

industry 

There are several technologies employed in the textiles and clothing 

industry that provide a cooling effect to the wearer, including the phase change 

materials, moisture management fabrics, coating with natural minerals, xylitol, 

carbon and nitride materials. Some of them are still in the academic research 

stage, while others have already been commercialised and used in mass 

production.  

 

2.1.1 Phase change materials 

Phase change materials (PCMs) take advantage of latent heat that can be 

stored or released from a material over a narrow temperature range. PCMs 

possess the ability to change their state within a certain temperature range. These 

materials absorb energy during the heating process as phase change takes place 

and release energy to the environment in the phase change range during a reverse 

cooling process. The incorporation of PCMs in textiles by coating or 

encapsulation results in the thermo-regulated smart textiles [26, 27]. However, 

the PCMs can only perform within a specific temperature range; they cannot 

provide any cooling effect once the temperature is out of their phase transition 
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range. Different PCMs need to be designed for conditions with different 

temperature ranges. Once all the PCMs have completed the phase change process, 

the cooling effect ceases [28, 29]. PCMs treated fabric was released to the market 

with the registered trade name Outlast
®
. Renzi et al. also reported the use of 

PCM microcapsules in natural leather to achieve thermoregulation [30].  

 

2.1.2 Moisture management fabrics 

The working principle of several registered trademarks including Gore-Tex
®
, 

SympaTex
®
, Coolmax

®
, and DiAPLEX

®
 is based on the moisture management 

system of the fabric, resulting in a cooling effect. Gore-Tex
®
 and SympaTex

®
 are 

laminated fabrics, consisting of pores which are small enough to avoid 

penetration of water molecules but large enough for water vapour to pass through, 

thus the system is breathable and at the same time it is waterproof. Coolmax
®
 is 

constituted of specially-designed micro-fibres where capillary channels are 

created to allow water/water vapor transport by capillary effect; hence 

perspiration can be removed away from the body and evaporates quickly. 

DiAPLEX
®
 takes advantage of the micro-Brownian motion, where micro-pores 

are created in the fabric when the temperature exceed a certain activation point, 

allowing water vapor and excess body heat to escape.  
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All of these performance fabrics have cooling effect at high temperature and 

provide comfort to the wearer. However, the performance depends a lot on the 

vapour pressure and temperature differences between the wearer and the 

surrounding environment. 

 

2.1.3 Natural minerals 

It is commonly understood that certain minerals like jade and crystal provide 

a cool touch feeling. Liu et al. and He et al. reported the incorporation of jade in 

nylon and viscose knitting yarns, and the cooling performance of the knitted 

fabric containing jade reached the standard of health apparel [31, 32]. Lu 

developed a method to apply ground, nanoscale mica, crystal and jade powder on 

both the top and bottom of fabrics, therefore the wearer feels a degree of 

coolness due to the cool layers when wearing clothes made of the fabric of the 

invention [33]. Zhang reported that the jade yarn/polyester woven sports fabric 

had a temperature reduction of 1.2-2.0°C with a surrounding temperature higher 

than 32 °C [34]. The cool fabric which incorporated jade was later on 

commercialised in Taiwan with trademarks including X-breath™ and Stone 

Cold
®
. 
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2.1.4 Xylitol 

Xylitol is one of the chemicals having the property of thermo-chemical heat 

storage, which means it results in a temperature change when in contact with an 

aqueous solution like salt hydrates or anhydrous salts [35]. The crystalline form 

of xylitol presents a cooling effect supported by humidity absorption (e.g., 

perspiration), contributing to a fresh sensation when xylitol dissolves [36]. 

Salaün et al. reported a synthesis route of xylitol encapsulation and stated that it 

would be useful in smart textiles to provide a cooling effect [35]. Columbia 

Sportswear Company launched a product line called Omni-Freeze ICE™ and the 

technology makes use of moisture, such as that found in perspiration, to lower the 

temperature of the fabric, providing a cooling effect. It was believed that the 

technology is based on the endothermic reaction of xylitol or similar materials. 

 

2.1.5 Carbon and nitride materials 

Cotton has a lower level of thermal conductivity (0.026-0.065 W/mK) than 

many synthetic fibers and other natural fibers, which limits its effective heat 

transfer and dissipation of heat [37-39]. Carbon nanomaterials, such as carbon 

nanotubes (CNTs) and graphene, have been recently reported to have excellent 

thermal conductivity [40, 41]. Abbas et al. applied multiwalled carbon nanotubes 
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(MWCNTs) with a resin on cotton fabrics. The coated fabric showed a maximum 

temperature reduction of 3.9°C compared with the untreated fabric, on contact 

with a 50°C hot surface. Such an effective cooling performance was attributed to 

the increased thermal conductivity and surface emissivity of the 

MWCNT-containing coating layer [42]. They also reported that graphene and 

boron nitride coatings could increase the thermoconductivity of coated cotton 

fabrics [43]. 

 

2.2 Principles of NIR reflective coating 

2.2.1 Introduction 

Light energy from the sun spans over a wide range of wavelengths but only 

the 295-2500 nm portion of the total energy reaches the Earth’s surface. Figure 

2.1 shows the solar irradiance spectrum plotted according to ASTM G173 [44]. 

The visible light (400–700 nm) accounts for only 43% of the energy in the 

air-mass 1.5 global solar irradiance spectrum (300–2500 nm); the remainder 

arrives as near-infrared (700–2500 nm, 52%) and ultraviolet (300–400 nm, 5%) 

radiation.  

Ultraviolet (UV) region: The UV radiation is invisible to the human eye. It 

provides beneficial effects but it can also be harmful to human beings.  
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Figure 2.1 Solar irradiance spectrum plotted according to ASTM G173 

 

Overexposure to UVB radiation (wavelength: 290-320 nm) can cause skin 

damage, sunburn or even skin cancer. On the other hand, UVB radiation induces  

the synthesis of vitamin D which is vital to a person’s health since it enhances 

the absorption of essential minerals. 

Visible region: Visible light is the portion of electromagnetic waves that can 

be detected by human eye. Different wavelengths correspond to different colours. 

An object selectively absorbs part of the visible light and reflects the remaining, 

being received by the human eye and hence giving people the perception of 

different colours. 
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NIR region: The NIR radiation is the electromagnetic waves with 

wavelengths that are longer than those of the visible light which is invisible to 

human eye. The heat-producing region of the infrared radiation ranges from 

700–1100 nm. Heat is a direct consequence of the infrared radiation incident on 

an object [4]. 

One can tailor the radiative properties of a surface by coating it with 

appropriate materials to increase or decrease their ability to reflect solar energy 

depending on the desired application [45]. 

 

2.2.2 Optical theory 

Solar radiation on a surface is either absorbed, transmitted or reflected. The 

reflective behavior of pigment particles can be explained by optical phenomena 

including reflection, refraction, diffraction and scattering. 

 

2.2.2.1 Reflection 

Reflection occurs when a beam of light reaches the interface between two 

dissimilar media, then all of or part of the light returns into the medium from 

which it originated. A change of refractive index promotes reflection [46]. The 

reflectivity, R, depends on the refractive indices of the two materials as indicated 
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below: 

R = (n1 - n2)
2 

/ (n1 + n2)
2
 

where n1 and n2 are the refractive indices of the two media [47]. 

Specular reflection is a mirror-like reflection and often occurs on smooth 

surfaces; diffuse reflection occurs over a wide angular range and contains all of 

the reflected radiant energy, which is often considered for rough surfaces [2]. 

Most of the real objects have a mixture of diffuse and specular qualities. 

 

2.2.2.2 Refraction 

When the light enters a medium of higher refractive index, it is bent towards 

a line drawn perpendicular to the surface at the entrance point. When the light 

emerges, it is bent away from this perpendicular. The greater the difference in 

refractive index between the particle and the medium, the more the light is  

bent [46]. 

 

2.2.2.3 Diffraction 

When a wave passes a pigment particle, it tends to bend from its original 

path. It is called diffraction, the other factor affecting the degree to which a 

pigment scatters light. When the size of the pigment particles approaches half the 



Chapter 2 

 

 

  
Page 20 

 
  

wavelength of incident light, the particles can bend four to five times as much 

light as actually falls on the particle because a large amount of the light is 

diffracted when it passes close to the particles. That means the scattering cross 

section can be four to five times the geometric cross section of the particles. It is 

due to the electromagnetic resonance between the particle and light [46].  

 

2.2.2.4 Scattering 

Scattering is a physical process that causes the radiation deviating from the 

straight trajectory. If the particle is small compared to the wavelength of incident 

light (particle diameter, d < 0.1λ), then the Rayleigh scattering predominates. The 

scattering intensity is directly proportional to the 6
th

 power of particle diameter, 

and the inverse 4
th

 power of the wavelength. 

With the increase of d, the Mie theory is more relevant, given that the 

forward scattering becomes stronger and the backward scattering weaker [48]. 

The wavelength dependence of Mie scattering is approximately described by 1/λ. 

If the particles are approximately equal in size to the wavelength, Mie scattering 

predominates. If the particles are much larger than the wavelength, then 

geometric Mie scattering is the rule. In the Mie regime, the shape of the 
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Figure 2.2 Types of scattering [49] 

 

scattering center becomes much more significant and the theory only applies 

effectively to spheres. 

 

2.2.3 Kubelka-Munk theory 

The Kubelka-Munk (KM) theory is widely used to explain the optical 

properties of complex systems such as powders, nonspherical and 

inhomogeneous particles. According to the Kubelka-Munk theory:  

(1 - R∞)
2
 / 2 R∞ ≣ F(R) = K/S 

where  

K = absorption coefficient 

S = scattering coefficient 

R∞ = reflectance of the sample at infinite thickness 

F(R) = KM function or the remission function 

 

The reflectance of the sample does not depend on the absolute values of K 

and S but relates to the ratio of K to S. When the particle size (d) decreases, the 
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scattering coefficient (S) increases since S is proportional to 1/d (for d ≧ 1 μm) 

and this results in an increase of reflectance. In other words, there is a linear 

relationship between the reflectance intensity and the inverse of average particle 

size (for d ≧ 1 μm). When the particle size (d) increases, the penetration depth 

increases and the absorption increases, leading to a decrease in the reflectance [2]. 

The Kubelka-Munk theory has some limitations including: (i) in the case of high 

absorption, i.e., low reflectance values, and (ii) in the presence of specular 

reflection or mirror-like reflection. Table 2.1 shows some pigments with a high 

scattering coefficient which have the potential to be used as NIR reflective 

pigments. Aside from a high scattering coefficient, the pigment should have a 

low absorption coefficient [50]. 

 

2.2.4 NIR reflective pigments 

Pigments are fine particulate solids substantially insoluble in paint or 

coating vehicles and are used to impart certain properties such as colour, opacity, 

corrosion inhibitor and mould resistance [51]. NIR reflective pigments are 

pigments that have a high reflectance in the NIR region, and hence they are able 

to reflect most of the solar heat reaching the coated surface and reduce the heat 

build-up. They reflect the wavelengths in the infrared region in addition to 
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Table 2.1 Pigments with high scattering power S in the 700-1200 nm range of the NIR spectrum [50] 

Pigment 

Scattering coefficient 

S in 700-1200 nm 

range (mm
-1

) 

Absorption coefficient 

K in 700-1200 nm 

range (mm
-1

) 

Overall NIR 

reflectance over white 

(700-2500 nm range) 

Overall NIR 

reflectance over 

black (700-2500 nm 

range) 

TiO2 white ~250 <1 0.88 0.64 

Nickel titanate yellow ~250 ~2 0.78 0.64 

Chrome titanate yellow ~250 ~~2 0.80 0.61 

Iron oxide red, Fe2O3 ~200 ~~10 0.54 0.38 

Cadmium orange 200 <1 0.87 0.47 

Cadmium yellow 200 <1 0.83 0.34 

Chromium oxide green, Cr2O3 120 ~12 0.51 0.39 

Cobalt titanate teal, Co2TiO4 120 ~3 0.67 0.47 

Strontium chromate yellow, SrCrO4 100 <1 0.86 0.38 

Iron titanium brown spinel, Fe2TiO4 80 ~3 0.68 0.4 

Yellow oxide, FeO(OH) ~80 ~8 0.56 0.29 

Chrome yellow, PbCrO4 70 ~1 0.83 0.34 

* With coating thickness = 20 μm (~ indicates that a value is approximate, ~~ indicates that a value is very approximate)
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reflecting some visible light selectively, making them appear to be white or other 

different colours. Conventional pigments tend to absorb near-infrared radiation. 

The replacement of these NIR absorbing pigments by NIR reflecting pigments 

that have the ability to reflect more near-infrared radiation can lead to the 

development of coatings that have similar colours and yet higher solar 

reflectance [52]. NIR reflective pigments can be classified as inorganic pigments, 

organic pigments and metallic pigments. Inorganic pigments have been 

extensively studied, especially for applications such as a cool material for 

residential roofing [1]. They exhibit excellent weatherability, heat stability and 

chemical inertness. They can withstand chemically aggressive environments and 

still retain their colour [53]. Recently reported inorganic pigments are listed in 

Table 2.2. Among the common inorganic pigments, titanium dioxide rutile has a 

high NIR solar reflectance of about 87.0%. Organic NIR reflective materials are 

relatively rare; examples include chlorophyll [4], black pigments containing 

copper phthalocyanine [54, 55], azo pigments [2] and a few perylene-based 

pigments [56]. BASF provides several transparent organic NIR reflective 

pigments including Lumogen
®
, Heliogen

®
, Paliotol

®
 and Paliogen

®
. Research 

which has been conducted on NIR reflective metallic pigments has mainly 

focused on aluminium flakes. Aluminium is highly reflective in the infrared 
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Table 2.2 Recently reported NIR-reflective pigments 

Researcher Pigment(s) reported 
Colour of the 

pigment(s) 
Performance 

George et al. (2011) [57] Si-doped yttrium molybdate Dark yellow NIR reflectance = 98% (at 1100 nm region) 

Pr-doped yttrium molybdate Dark brown NIR reflectance = 92% 

Gonome et al. (2013) [58] Submicron-copper oxide Black No figures reported 

Han et al. (2013) [59] Fe-doped YMnO3 Blue-green NIR reflectance = 53% 

Solar reflectance = 33% 

Jose et al. (2014) [60] Y2BaCuO5 Bright green NIR solar reflectance = 38% 

Li et al. (2013) [61]  Cr2O3-3TiO2 Orange NIR reflectance = 53% 

Sreeram at al. (2008) [62] Ce25Pr0.8FeOy  and  

Ce25Pr0.8MoOy 

Reddish brown and 

reddish orange 

NIR reflectance = 70–80% (in 1000–2200 

nm) 

Sangeetha et al (2012) [3] La- and Pr- doped chromium(III) oxide Green NIR reflectance = 85% 

Vishnu et al. (2001) [63] Mo-doped yttrium cerate Yellow NIR solar reflectance = 81% 

Pr-doped yttrium cerate Brick-red to dark- 

brown 

NIR solar reflectance = 58% (reddish-brown) 

Wang et al. (2012) [64] Cu-doped sodium zincophosphate Black NIR reflectance = 51% 

Wang et al. (2013) [65] Nickel titanate Yellow NIR reflectance = 62% 
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region due to the high concentration of mobile electrons. "Leafing" aluminium 

paints are particularly more reflective. These coatings contain overlapping 

pigment flakes, which are parallel to and concentrated near the surface of the 

binder [4]. Some other metallic pigments such as metallised mica flakes or finely 

powdered metals can also provide various levels of infrared reflectivity [66, 67]. 

Smith et al. reported that the alminium flakes coated with thin dielectric films, 

including iron oxide and silicon oxide, were capable of providing enhanced NIR 

reflectance [5, 68]. A variety of colours could be obtained by varying layer 

thicknesses. 

 

2.2.5 Factors affecting infrared reflectivity 

Since the inorganic pigment has been more extensively studied by 

researchers and it is the major focus of this study, the factors affecting the 

infrared reflectivity of inorganic pigments are discussed below. 

 

2.2.5.1 Particle size 

For the best NIR reflection, dispersed TiO2 particles are sized at 1/3 to 1/2 of 

the wavelength of the incident radiation that is to be reflected [53], because the 

Fresnel's rules state that the optimal reflection occurs when the diameter of the 
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particle equals half the wavelength [7, 48]. The scattering efficiency decreases 

rapidly as the particle size varies from the optimum and the extent of reduction is 

by about 60% for particles twice the optimum size [9]. For these reasons, careful 

control of particle size is necessary. Since 700-1100 nm is the heat-producing 

region in NIR region [4], in order to reflect solar heat energy and reduce heat 

gain, pigments with particle size of 350-550 nm are required according to the 

Fresnel’s rules. 

 Many researchers have attempted to predict the optimum size to reflect NIR 

radiation with a minimum change of colour of the underlying substrate. Baneshi 

et al. have made a significant contribution to this field [45, 58, 69-73]. The group 

first introduced an optimisation method for titanium dioxide pigments that 

maximised the reflectivity of the near infrared (NIR) region to reduce thermal 

heating and at the same time minimise the visible reflected energy for aesthetic 

appeal. The optimum pigment size was found to be 0.778 μm, and it was reported 

that film thickness   pigment volume fraction should be 0.27 μm [69]. In a later 

study, they reported another optimisation method based on the control of the size 

and concentration of pigment particles. The optimum TiO2 particle size to have a 

coating with reasonable temperature and moderate brightness was found to be 0.8 

μm with 5% volume fraction and 50 μm thickness. Using this optimum design, 
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the brightness and temperature were 60.8% and 60°C, respectively [73]. They 

further studied the aesthetic and thermal performances of polydisperse TiO2 

pigmented coatings. They reported that the powder with an average size of about 

0.646 μm performed better in the light of their stated research objective when 

compared with the typical TiO2 powder with average size of 0.175 μm [45]. 

Vargas reported an optimisation of the solar reflectance in terms of the size 

of the rutile or anatase pigments. The work showed that solar reflectance value of 

approximately 75% could be obtained with the rutile pigmented coatings with a 

particle volume fraction about 10% and average particle diameters around  

0.36 μm, and a reflectance of 65% could be obtained for anatase with size of  

0.43 μm [74]. 

Wang et al. performed an optimisation of heat-insulating coatings for 

thermal radiation energy emitted at temperatures from 300 K to 1000 K with a 

broad-wavelength range spectrum (mainly in 0.75-10 μm). The optimisation 

results for the scattering coefficient and particle diameter are shown in Figures 

2.3 and 2.4. They reported that the solid spherical TiO2 particle with radii ranging 

from 0.2 μm to 3 μm could reflect in this wavelength range most effectively [75]. 
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Figure 2.3 Scattering coefficients of solid spherical TiO2 particles as a function of 

wavelength for selected radii [75] 

 

 

 
Figure 2.4 The maximum scattering coefficient and corresponding radius of solid 

spherical TiO2 particle at corresponding wavelength [75] 
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2.2.5.2 Refractive index 

Diffuse reflectance is sensitive to the value of refractive index and it is 

determined by the formula Np/Nm, where Np is the refractive index of the 

material in question, and Nm is the refractive index of the adjacent medium, air 

in this case. The larger the difference between the refractive indices of the 

pigment and those of the medium in which it resides, the greater the refractive 

light scattering. The refractive index of air cannot be altered, but by choosing 

pigments with a high refractive index, which are usually good reflectors, it is 

possible to increase reflection [2, 7]. Figure 2.5 shows an illustration of the cross 

section of two white paint films with different refractive indices and the path of 

light traveling in the films. Both films appear opaque and white, since practically 

all the incident light is returned to the surface. A shorter path length results in the 

case of the film with higher refractive index and vice versa. If the films were 

reduced in thickness to “X” and placed over a black background, the top 

illustration would remain opaque and white, while the bottom one would allow 

some of the light to pass completely and be absorbed by the black background, 

resulting in a grey appearance [46]. Figure 2.6 shows an illustration of the 

opacifying power of several materials with different refractive indices. 

Table 2.3 shows the refractive indices of some commonly used pigments. Of 
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Figure 2.5 Path of light in white film [46] 

 

 

Figure 2.6 Effect of refractive index on opacity [46] 
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Table 2.3 Refractive indices of a number of inorganic pigments [7] 

Inorganic 

pigment 

Refractive 

index 

Inorganic 

pigment 

Refractive 

index 

TiO2 (rutile) 2.9 Magnesium oxide 1.7 

TiO2 (anatase) 2.7 Barium sulphate 1.6 

Zirconium oxide 2.2 Mica 1.6 

Yellow iron oxide 2.1 Talc 1.6 

Zinc oxide 2.0 CaCO3 1.5 

Aluminium oxide 1.8 Fumed silica 1.5 

 

the different oxides, titanium oxides (both anatase and rutile) are characterised by 

their very high refractive indices. The average refractive index of rutile is 2.9, 

compared to 2.7 for anatase. 

 

2.2.5.3 Particle shape 

Liu et al. synthesised nano-yttria with three different shapes, and the 

correlations between the shape and NIR reflectance properties were 

systematically investigated. The results showed that Y2O3 microspheres had a 

higher reflectivity than nanoflakes and nanorods (Figure 2.7), due to the higher 

packing densities and light backscattering [76]. Liu et al. prepared tin oxide with 

different shapes using a sol–gel method. The surface energy of the square shape 

was higher than that of the sphere; it was less stable and prone to aggregate. On 

the other hand, the spherical shape had the largest surface area. Therefore the  
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Figure 2.7 Near-infrared reflectance spectra of Y2O3 samples (a) rod, (b) flake, (c) 

sphere [76] 

 

spherical structure had more reflecting surfaces and a higher level of reflectivity 

[77]. Kiomarsipour et al. prepared five different morphologies of ZnO pigment 

using a hydrothermal method. They reported that nanorod and microrod ZnO 

pigments showed the lower reflectance spectra, whereas scale-like and 

submicrorod ZnO pigments showed mean reflectance and the novel 

nanoparticle-decorated ZnO pigment showed the highest spectral reflectance 

(Figure 2.8) [78]. 
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Figure 2.8 UV-visible-NIR reflectance spectra of ZnO pigments of different 

shapes [78] 

 

2.2.5.4 Binder selection 

The scattering of the infrared radiation by a coating is a function of the 

refractive index of the pigment and the resin in which it is dispersed. However 

substantial changes in scattering power cannot be achieved by the choice of resin, 

because conventional resins in coatings do not show a large variation in 

refractive index. The resin must protect the pigments and preserve their infrared 

properties throughout the service life of the coating. In addition, the resin must 

be sufficiently transparent in the NIR region. Most organic resins are free from 

strong absorptions in the near-infrared region and can be used for many 

applications in this part of the spectrum [79]. 
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2.3 Application of NIR reflective technology 

The NIR reflective technology to reduce heat gain can be applied in many 

different fields to give different advantages, including the construction and 

building sector, military camouflage, spacecraft thermal control, greenhouse 

screen materials, cool leather, coatings for automotives, heat reflective coatings 

for fire proetction, heating reflective clothing and shading devices. 

 

2.3.1 Construction and building sector 

Coatings with NIR reflective properties were designed for (1) roof and other 

exteriors and (2) windows. 

 

2.3.1.1 Cool roof coatings 

Dark tones are often used on building exteriors, either from an aesthetic 

view point or to make dirt less obvious. However the conventional black 

pigments absorb more sunlight and they reflect approximately 5% of the total 

solar irradiation only [72]. Although white paint can strongly reflect solar 

irradiation (up to 85% for a clean, smooth and solar-opaque surface [80]) and 

reduce the cooling load, the advantages of its application to exterior walls are 

offset by the less appealing high glare and poor stain resistance. Therefore 
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non-white solar reflective finishing is preferred. The cool roof coating was first 

introduced in the 1970s. Since then it has been extensively studied by many 

researchers because it can reflect most of the solar heat energy and greatly reduce 

the surface temperatures of a roof, and therefore mitigates the urban heat island 

effect, saves cooling energy, reduces carbon dioxide and ozone emissions and 

decreases the life cycle cost of a roof [81, 82]. Some researchers have estimated a 

potential saving of peak cooling load of 11–27% for air-conditioned buildings 

depending on the climatic conditions [83]. In addition, vinyl siding is made of 

polyvinyl chloride which is a temperature sensitive product and it distorts at high 

temperatures. It was reported that vinyl siding can be melted by sunlight 

reflected from nearby windows. To solve the problem, multifunctional NIR 

reflective pigments were introduced in the market, for example the cool pigments 

produced by BASF are claimed to be applicable on asphalt and metal roofing 

aluminium and vinyl siding, window profiles, window films and skylights. 

 

2.3.1.2 Heat mirror 

The “heat mirror” has been widely studied for building application to 

produce energy efficient glass windows. It usually consists of a multilayer of 

metals and/or metal alloys applied on glass or polymeric substrates by PVD or 
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magnetron sputtering. It generally exhibits medium or high transmittance over 

the visible fields and high reflectance throughout the infrared range [84], 

therefore the visible light can pass through while NIR radiation is reflected to 

reduce heat buildup [85]. Very thin films of metals have been used as transparent 

heat reflectors since the early 1980s, including Ag, Cu or Au. It is possible to 

boost the transmittance by adding dielectric layers that antireflect the metal 

effectively leading to dielectric/metal or dielectric/metal/dielectric (D/M/D) 

multilayers. 3M launched the sun control window films which were said to reject 

up to 79% of the solar heat. A summary of TiO2/Ag/TiO2 and TiO2/TiN/TiO2 

systems reported in recent studies is shown in Table 2.4. 

 

2.3.2 Military camouflage 

To conceal military personnel from detection in daylight, most of the 

camouflage patterns are in hues of green, olive, khaki, brown and black, to match 

with the surrounding vegetation. However, with the advent of NIR surveillance 

equipment, it became necessary to take into account the non-visual range of the 

spectrum (700–1500 nm). Thus NIR reflective pigments are applied on 

camouflaging equipment to modify the NIR reflectance level of the substrate 

underneath, so that it matches the NIR reflectance values of vegetation and desert  
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Table 2.4 Summary of D/M/D systems reported in recent studies 

Authors Thickness 

of D/M/D 

(nm) 

Fabrication technique Performance 

Visible 

transmittance* 

Infrared 

reflectance^ 

TiO2/Ag/TiO2 system 

Al-Shukri (2007) 

[86] 

40/20/40 Physical vapor deposition 

(PVD) 

>80% >80% 

Temperature of 8ºC was observed. 

Durrani et al. 

(2004) [87]  

38/18/38 Physical vapor deposition 

(PVD) 

~70%  

Temperature of 8ºC was observed. 

Fan et al. (1974) 

[88] 

18/18/18 Radio-frequency (rf)  

magnetron sputtering 

84% 98-99% 

Granqvist et al. 

(1991)  [89] 

18/18/18 Not reported ~50% ~42% 

33/13/33 ~67% ~26% 

Hasan et al. 

(2009) [90]  

32/20/32 Radio-frequency (rf) 

magnetron sputtering 

65%  50% 

Lampert (1981) 

[84] 

34/24/34 Radio-frequency (rf) 

magnetron sputtering 

~85% ~95% 

Lee et al. (1996) 

[91] 

30/15/37.5 Ion-assisted deposition 

(IAD) 

>80% >95% 

TiO2/TiN/TiO2 system 

Georgson et al. 

(1991) [92] 

35/28/38 dc magnetron sputtering >80% >70% 

Jin et al. (2003) 

[93] 

30/30/30 Radio-frequency (rf)  

magnetron sputtering 

>50% ~50% 

Jung et al. (2005) 

[94] 

370/22/450 Pulsed dc magnetron 

sputtering 

85% 80% 

Okada et al. 

(2006) [95] 

35/22/35 Reactive 

magnetron sputtering 

>60% >60% 

Zhao et al. (2001) 

[96]  

30/20/30 dc reactive magnetron 

sputtering 

~60%  ~67% 

* Maximum transmittance in visible region is shown 

^ Maximum reflectance in infrared region is shown 
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regions [97-101]. A few inorganic compounds such as chromium oxide, red and 

yellow oxide of iron, ferric oxide, carbon black and lead chromate, not only 

exhibit similar reflectance properties as natural objects in the visible region but 

also in the NIR region [51]. 

 

2.3.3 Spacecraft thermal control 

NIR reflective pigments are used in thermal control coatings (TCCs) and 

play an important role in spacecraft thermal management by providing the 

radiative pathway needed to reject heat from a spacecraft [102]. Space assets 

inhabit a harsh thermal environment in which the high intensity of direct solar 

radiation can potentially raise temperatures to harmful levels. 

Thermal management is achieved through the use of radiators coated with TCCs 

that diffusely reflect the sun's high energy visible and NIR radiation, while 

emitting IR energy as a method of radiative cooling. Metallic oxides with high 

reflectance in the ultraviolet, visible, and NIR regions are commonly used TCCs, 

while zinc oxide is a typical type of pigment used due to its low solar absorbance 

and high semi-spherical emissivity, which can maintain solar reflectance over a 

long exposure time [103-105]. 
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2.3.4 Greenhouse screen materials 

IR reflective screens are particularly useful in greenhouses; they are made 

using a polymer and reflective pigments, allowing only visible light and reflect 

the NIR light [2]. Daponte et al. invented an energy screen that could reflect 

infrared rays and other parts of the sunlight to control the light conditions within 

enclosed areas, for instance, in greenhouses [106]. The purpose was to avoid 

overheating of the greenhouse when the sunrays were too intensive, while 

keeping the parts of the visible light which the plant utilised to pass through. In 

the summer, when the radiation from the sun is too strong, the material is spread 

out over the entire surface of the greenhouse, thereby screening the plants from 

too intensive sunlight. In the winter the screens are spread out during the night, in 

order to retain as much heat in the greenhouse as possible. Since the screen is 

made of polymeric material, it can be rolled up easily and arranged in the 

greenhouse according to the climate. Gulrez et al. reported the preparation of 

polyethylene films with NIR reflective pigments incorporated by the melt 

blending technique and the blown film extrusion process and the films are 

suitable for greenhouse applications in arid regions [107]. 
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2.3.5 Cool leather 

Radhika et al. reported the synthesis of some more environmentally friendly, 

rare earth based near infrared reflective yellow pigments as alternatives to the 

traditional toxic inorganic pigments used in the leather industry. The pigments 

possessed a high NIR reflectance value of 96% in the wavelength region  

1100 nm and the finished leather showed a lower heat retention when exposed to 

the NIR radiation [108]. 

Also, the company TFL launched the cool pigments and dyes for leather 

which are mainly organic. They do not absorb NIR waves but let them pass 

through the coating and reach the leather underneath, which is made up of the 

fibrous collagen network that possesses very good solar reflective properties. No 

absorption and thus no heat buildup can take place in the coating. Major 

applications of such cool pigments and dyes include garment leather and car 

seats in convertible cars [109]. 

 

2.3.6 NIR reflective coating for automotives 

2.3.6.1 Solar reflective glazing and car shell 

The air conditioner is the single largest auxiliary load on an automobile 

engine. The energy used to air condition an automobile has a significant effect on 
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vehicle fuel economy and tailpipe emissions. If the interior temperature in an 

automobile can be reduced, the power consumed by the air conditioner may be 

decreased while passenger comfort is maintained or enhanced [110, 111]. The use 

of solar reflective glazing is an especially effective strategy for reducing cooling 

loads, since sunlight transmitted through glazing accounts for 70% of cabin heat 

gain in hot soak conditions [112]. The principle of solar reflective glazing is 

similar to the heat mirror described in Section 2.3.1.2. Rugh et al. measured that 

the solar reflective glazing in a cabin decreased the air temperature by 2.7°C 

[110]. PPG launched the Sungate
®
 laminated solar reflective glass which was 

installed in the Ford Explorer vehicles [110, 111, 113]. Solar reflective shell is 

another technology to reduce cabin temperature. Levinson et al. lowered the soak 

temperature of breath-level air by about 5–6°C in a cabin, by the use of solar 

reflective shells, i.e. the opaque elements of the car’s envelope, such as its roof 

and doors [113].  

 

2.3.6.2 Heat reflective tape or sheets 

In automobiles, especially racing cars, many component parts may suffer 

from extremely high temperature including the fuel cells, engine compartments, 

seat bottoms, wires, cables, hoses, pipes, etc. Heat reflective tapes have been 



Chapter 2 

 

 

  
Page 43 

 
  

introduced in the market which are composed of a polymer sheet or adhesive 

tape, and a reflective metallic foil layer, usually made of silver or aluminium. 

The tape and sheet can be applied on anything or area that needs thermal heat 

protection. 

 

2.3.7 Heat reflective coating which prevents damage from fire 

The radiation of heat from a fire to an unaffected area of the structure is a 

decisive factor in the spread of the fire [114]. NIR reflective coating is useful in 

reflecting heat radiation from fire and slows the spread of fire [66]. Suitable 

materials for pigments include titanium dioxide, iron oxide, chromium oxide, and 

silicon. Aluminium flake pigments are also effective [66, 115]. Such coatings are 

fire-resistant and applicable on the surfaces of combustible materials such as 

wood, polymers, fabrics, paper, etc. These coatings reduce the fire hazards 

associated with these materials.  

The heat reflective coating is also used in personal protection equipment, for 

example the heat insulating protective clothing fabric for firemen. Zhou  

et al. reported a preparation process of protective composite fabrics for 

firefighters by laminating a heat reflective aluminium foil onto the base cloth 

[116]. 
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2.3.8 Heat reflective clothing 

The Omni-Heat™ reflective technology developed by Columbia Sportswear 

utilises the coating of tiny silver dots in the lining of winter clothing to reflect the 

thermal energy generated by the body and reduce heat loss. The concept is 

similar to that of the aluminium laminating layer described in Section 2.3.7, but 

the reflective layer in this case is applied on the inner lining of the garment. The 

metallic dot pattern makes up 35% of the heat retaining lining, and the body heat 

radiation can bounce off the surface and reflect back to the wearer. The rest of the 

lining consists of breathable fabric dissipating moisture and excess heat. The 

body heat management coating can be found in garments, footwear and 

accessories for cold weather. 

 

2.3.9 Application on shading devices 

Although many shading devices present in the industry today create a 

shaded area when placed between the user and the sun and provide an 

UV-blocking function, there is still a substantial amount of heat transfer which 

occurs through the shading device. Therefore some heat reflective shading 

devices have been introduced in the market, including umbrellas, parasols and 

tent covers. An opaque textile layer is combined with a metallic material with 
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heat reflective qualities, providing a reduction in the heat energy transferred to 

the user when exposed under the sun [117]. 

 

2.4 Titanium dioxide 

2.4.1 Properties of titanium dioxide 

Titanium dioxide occurs in nature in three crystalline forms: anatase, 

brookite, and rutile. The most important commercial use of titanium dioxide is as 

a white pigment in a wide range of products, including paint, plastics, paper, and 

inks. Titanium dioxide has an excellent scattering power (=1.90, in an alkyd resin 

having a refractive index of 1.48), making it able to scatter light very effectively. 

It does not significantly absorb visible light, resulting in its opacity; it can also 

hide the substrate and modify the reflectance curve of the coating. The synthesis 

procedures allow a fine control of the colloid size, shape, crystal structure, and  

 

Table 2.5 Worldwide applications for TiO2 pigments [9] 

Application Percentage 

Surface coatings 56.8 

Plastics 19.6 

Paper 13.6 

Printing inks 3.3 

Fibres 1.7 

Other 5.0 



Chapter 2 

 

 

  
Page 46 

 
  

purity [118], which allows the manufacturer to produce TiO2 according to 

different end uses. Both anatase and rutile are used as white pigments, and scatter 

light more efficiently than other oxides. Because of its higher refractive index, 

rutile has a higher opacity than anatase and is more widely used. Nevertheless, 

anatase is used in many specialised applications, for instance in paper and in 

fibres because the lower abrasivity of anatase results in less wear on thread 

guides and other parts of the spinning machine [9].  

 

2.4.2 Application of titanium dioxide in textile research 

Interest in applying TiO2 onto textile materials has been growing recently as 

a result of their extraordinary photocatalytic activity, nontoxicity, high 

availability, biocompatibility and low price [8]. The sol-gel method is usually 

employed to synthesise TiO2 for textiles applications due to the high TiO2 

crystallinity and homogeneity of colloid which can be obtained. The crystalline 

phase, crystallite size, shape and many other qualities can be altered by varying 

the experimental conditions; the flexible method allows the synthesis of the 

material with the desired characteristics for the proposed applications. The 

colloid is often applied onto textiles by a dip-coating method. The following is a 

summary of the recent studies. 
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2.4.2.1 Self-cleaning property 

The capability of TiO2 nanoparticles to degrade surrounding molecules in 

the presence of UV and visible light was exploited for the purpose of imparting 

self-cleaning properties to textile materials. The mechanism of photocatalytic 

degradation by TiO2 nanoparticles immobilised on textile materials was 

examined in tests involving the use of coffee, wine, juice and make-up stains [8]. 

The experiments were performed on cotton [17, 119, 120], wool [10, 11, 121], 

and synthetic fibres including polyester and polyamide [13]. It was reported that 

silver doping on TiO2 could enhance the degradation ability and extend the light 

absorption into the visible spectrum [122]. 

 

2.4.2.2 UV blocking function 

The ability of TiO2 nanoparticles to act as UV blocking agents is 

particularly important for the textile industry because the demand for UV 

protective garments is growing rapidly by virtue of the excessive UV irradiation 

reaching the earth caused by ozone layer depletion. One of the proposed UV 

blocking mechanisms of the TiO2 nanoparticles relies on the assumption that 

TiO2 nanoparticles refract and/or scatter the incoming UV irradiation due to its 

high refractive index; however, it is more widely accepted that the absorption of 
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UV light by TiO2 nanoparticles provides a desirable level of protection [8]. The 

TiO2-treated cotton fabric could provide a maximum UPF rating of 50+ since 

complete UV blocking from 332 to 280 nm was obtained, while the untreated 

fabric was classified as nonratable (UPF rating 10). The maximum UPF rating 

could be preserved even after 20–55 home launderings, indicating the excellent 

wash fastness which is one of the major requirements for textile materials [15, 17, 

19]. 

 

2.4.2.3 Bactericidal action 

Photogenerated reactive species produced by TiO2 were shown to repel 

various microorganisms (bacteria, fungi, algae, viruses, etc.). Hence, TiO2 could 

be utilised for imparting antibacterial properties to textile materials [15, 123]. 

The exact mechanism of bactericidal activity of TiO2 nanoparticles has not yet 

been established [8]. 
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3.1 Research background 

Titanium dioxide exists in nature in three different crystalline phases: 

anatase, rutile and brookite. Anatase has the highest photocatalytic activity 

among the three phases, hence synthesis of pure crystalline anatase is preferred 

for applications like dye-sensitised solar cells. Several techniques such as the 

sol-gel method (particle size range = <50 nm [124-129]), chemical vapor 

deposition (particle size range = <50 nm [124, 130-134]), hydrothermal 

treatment (particle size range = <100nm [124, 135-139]) and spray pyrolysis 

(grain size = 100-500 nm [140-146]) can be used to prepare crystalline titanium 

dioxide nanoparticles, in both anatase and rutile phases. Of these preparation 

techniques, the relatively simple sol-gel method is the most widely used since no 

special equipment (e.g. autoclave, reaction chamber) or high reaction (or 

deposition) temperature is required. Nevertheless, the as-prepared titania is 

mainly amorphous and subsequent thermal treatment at temperatures >400°C is 

required to produce crystalline TiO2. The application of synthesised TiO2 on 

substrates with low melting points is impossible, such as polymer substrates used 

in flexible DSSCs. Many researchers reported the low temperature sol-gel routes 

to produce crystalline TiO2. However, most of the methods involve the use of 

corrosive inorganic acids like hydrochloric acid [147-153] and nitric acid 
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[154-156] which restricts the application of prepared sol to acid-resistant 

materials. Apart from heat treatment, ageing is another technique to make a 

transition of prepared titania from an amorphous phase to a crystalline phase. Qi 

et al. reported a sol-gel synthesis of anatase at room temperature with 1-week 

ageing, using only mild acetic acid as the catalyst [157]. Deshpande et al. 

reported a non-aqueous sol–gel route in the presence of acetic acid resulting in 

the formation of crystalline anatase after ageing for 120-360 days at room 

temperatures [158]. However, the effect of ageing has not been studied 

comprehensively. In this study, a synthesis route in aqueous medium to produce 

pure nanocrystalline anatase at room temperature is reported. Crystalline anatase 

could be prepared simply by ageing, without the use of any inorganic acid and 

heat treatment. A comprehensive range of ageing up to 8 weeks was involved to 

study the effect of ageing and precursor concentration on crystallinity and 

crystallite size. Because the method does not require inorganic acids or heat 

treatment to produce nanocrystalline anatase, it is not only useful in 

photocatalysis and dye sensitised solar cells, but also makes mass production 

more feasible and allows wider applications on materials with poor 

acid-resistance or thermal stability, for example polyethylene, polypropylene, 

nylon and polyester [159-161].
 
A direct application of the TiO2 sol in such 
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materials is possible using either a dip-coating or pad-dry-cure process, and no 

damage will occur since neither corrosive acid nor high temperature is used. 

Previous studies of applying TiO2 sol-gel on cotton fabric mainly focused on 

its photocatalytic self-cleaning activity [14, 162-165], UV-protection [131, 162, 

166-168], super-hydrophobicity [169, 170], anti-bacterial activity [171], 

flame-retardancy [172] and anti-wrinkle effect [168]. According to the literature 

survey, the solar reflective property of the cotton fabric treated with TiO2 sol-gel 

has not been studied before. In this study, titanium dioxide nanoparticles were 

applied on the cotton fabrics for the purpose of heat reflection, since TiO2 has an 

excellent solar reflective property. The TiO2 sol prepared by the 

room-temperature synthesis was applied on cotton fabric by means of a 

pad-dry-cure method. A solar reflectance analysis of the treated sample together 

with the control was performed, and the heat-reducing effect was assessed by 

means of the temperature measurement using a simulated solar radiation. 

 

3.2 Experimental 

3.2.1 Preparation of the TiO2 sol 

Nanocrystalline titanium dioxide sol was prepared using the formulations 

shown in Table 3.1. Glacial acetic acid was added to titanium isopropoxide  
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Table 3.1 Composition of the sol-gel formulations 

 A5 A10 A15 A20 A25 A30 B20 C20 A20H 

Titanium isopropoxide  

(% v/v) 
5 10 15 20 25 30 20 20 20 

Glacial acetic acid  

(% v/v) 
5 10 15 20 25 30 20 20 20 

Hydrochloric acid  

(% v/v) 
/ / / / / / 1.4 / / 

Nitric acid (% v/v) / / / / / / / 1.4 / 

Deionised water  

(% v/v) 
90 80 70 60 50 40 58.6 58.6 60 

Measured pH 2.9 2.8 2.7 2.5 2.5 2.4 1.8 1.4 2.5 

Reaction temperature R.T. R.T. R.T. R.T. R.T. R.T. R.T. R.T. 60°C 

R.T. = room temperature 

 

(Aldrich) under magnetic stirring at room temperature, followed by the addition 

of deionised water. A translucent solution with white aggregates was formed. The 

mixture was stirred until the aggregates dissolved. The prepared sol was then 

stored in the dark at room temperature to allow ageing up to 8 weeks. A20H was 

prepared using the same procedure, and heating applied after the addition of 

deionised water but no ageing followed. The mixture was heated for 2 hours until 

all of the white aggregates dissolved and a homogeneous colloidal solution was 

formed. For B20 and C20, apart from acetic acid, hydrochloric acid 

(International Lab, 37%) or nitric acid (VWR BDH Prolabo, 64%) was used and 

there was no ageing involved. The pH values of the sols were measured using a 
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TOA-DKK HM-21P pH meter, while the viscosity values were measured using a 

Brookfield DV-E viscometer. 

 

3.2.2 Extraction of solid powder from the TiO2 sol 

Solid powders were extracted from the as-prepared colloidal TiO2 sols and 

those after 2, 3, 6 and 8 weeks of ageing. A 10% sodium carbonate solution was 

added dropwise to the TiO2 sols, shifting the pH from acidic to neutral. The TiO2 

nanoparticles were precipitated then collected by centrifugation (4000 rpm), 

washed with deionised water and finally oven dried at 55°C under reduced 

pressure. 

 

3.2.3 Application of TiO2 sol-gel on cotton fabric 

Cotton fabric was cleaned using BASF Kieralon F-OLB conc at 80C for 30 

minutes and dyed at 1/1 standard depth with Levafix Amber CA (amber) and 

Levafix Blue CA (blue) respectively according to ISO 105-A06. 

The TiO2 sol-gel was applied onto cotton fabric by means of a pad-dry-cure 

method. The dyed fabric was padded twice with the A5 colloidal solution (with 8 

weeks of ageing) at 80% pickup and dried at 80°C for 5 minutes (padding 

drying padding drying). The dried samples were then cured at 150C for 2 
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minutes in a preheated curing oven (Mathis Labdryer Labor-Trockner Type LTE, 

Werner Mathis AG Co., Switzerland). 

 

3.2.4 Characterisation 

3.2.4.1 Characterisation of the TiO2 nanoparticles 

X-ray diffraction (XRD) patterns of the extracted titanium dioxide powders 

were collected using a Rigaku Smartlab X-Ray diffractometer, operating with Cu 

Kα radiation. The crystallite size of titanium dioxide nanoparticles was 

calculated using the Scherrer equation
   

  

     
 [173, 174], where D is 

crystallite size, K is the shape factor (= 0.9), λ is X ray wavelength (= 1.54178 Å 

for Cu Kα radiation), β is the full width at half maximum intensity of the 

corresponding peak, and   is the Bragg angle.  

Transmission electron microscopy (TEM), high resolution transmission 

electron microscopy (HRTEM) and selective area electron diffraction (SAED) 

observations were recorded using a JEOL JEM-2100F transmission electron 

microscope. Specimens were prepared by dispersing the extracted powder in 

absolute ethanol and depositing them individually on copper TEM grids.  

The average diameter of titanium dioxide colloid was measured by means of 

the dynamic light scattering (DLS) analysis using a Brookhaven ZetaPlus zeta 
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potential analyser. Stable dispersed samples were prepared by diluting the 

colloidal sol in deionised water with 5×10
-3 

M sodium pyrophosphate as the 

stabilising agent, followed by a 5-minute bath sonication and 10-minute probe 

sonication to break the agglomerates. The average diameter was derived from the 

results of 10 runs using the same dispersed sample. The zeta potential of the TiO2 

colloid was measured using a Brookhaven ZetaPlus zeta potential analyser.  

 

 

3.2.4.2 Characterisation of the TiO2 sol-gel-padded cotton 

The UV-visible reflectance (200-800 nm) of the fabric samples was 

measured with a Shimadzu UV-2600 UV-vis spectrophotometer with an 

integrating sphere, while the NIR reflectance (800-2500 nm) was measured with 

a Bruker Vertex70 spectrometer with an integrating sphere. Barium sulphate was 

used as the 100% reflectance reference in both measurements. The reflectance 

percentage to solar irradiation was calculated using the standard spectral solar 

irradiance method ASTM G 173 [44] and the equation specified in test method 

ASTM E 424 [175]: 
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where 

Rsc = Solar energy reflectance 

Rλ = Spectral reflectance at wavelength λ 

Eλ = Relative energy at wavelength λ 

 

Field emission scanning electron microscopy (FESEM) observations were 

recorded using a JEOL JSM-6335F field emission scanning electron microscope. 

The TiO2-padded samples and the control fabric without TiO2 coating were 

simultaneously irradiated with air-mass 1.5 for 10 minutes, using an ABET 

Technologies Sun 2000 solar simulator (model 11000). The samples were 

mounted on a sample holder and placed horizontally under the light source; the 

distance between the samples and the light source was 9 cm. Figure 3.1 is a 

schematic diagram showing the experimental setup. Thermal images were taken 

with an FLIR i5 infrared camera every 30 seconds. The thermal images were 

analysed using the FLIR Quick Report program and the temperature difference 

(∆T, = Tpadded sample – Tcontrol fabric) between the TiO2-padded sample and the control 

fabric was calculated. All the measurements were carried out in the same 

laboratory with standardised temperature. Appropriate shielding device was used 

to isolate the space where the test sample, control fabric, light source and thermal  
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Figure 3.1 Schematic diagram of the setup of temperature measurement 

 

camera located, in order to minimise the effect of surrounding condition (e.g. 

wind speed) on the testing results. 

 

3.3 Results and discussion 

3.3.1 XRD analysis 

XRD patterns of A5 to A30, from as-prepared to up to 8 weeks of ageing, 

are shown in Figure 3.2. For all of the six formulations, the as-prepared sols were 

purely amorphous as indicated by the absence of significant diffraction peaks, 

and anatase was the predominant phase after 8 weeks of ageing, as evidenced by 
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Figure 3.2 XRD patterns of solid powder extracted from (a) A5; (b) A10; (c) A15; 

(d) A20; (e) A25; (f) A30 
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the diffraction peaks at 25.4°, 38.0° and 47.6°. According to Jolivet et al., strong 

acids and high temperatures favoured the formation of rutile while mild acidic 

media and low temperatures favoured the formation of anatase, as shown in 

Figure 3.3 [176]. Titanium isopropoxide reacts with acetic acid, which acts as a 

chelating agent, to form a stable complex by reducing the availability of groups 

that are hydrolysed easily. Through the better control of the degree of 

condensation and oligomerisation of the stabilised precursor, preferential 

nucleation of anatase nanoparticles resulted [177-179]. In this study, low 

temperature and acetic acid (weak acid) were used, resulting in nanocrystalline 

anatase with a narrow size distribution. 

 

3.3.1.1 Effect of ageing time 

With a longer ageing time, anatase peaks became narrower with higher 

intensities. This demonstrated that while crystallisation occurred at room 

temperature, the longer the ageing time, the higher was the crystallinity. For all 

of the six formulations, similar crystallinity could be reached after 8 weeks of 

ageing. The crystallite size (plane 101) calculated using the Scherrer equation is 

summarised in Table 3.2. There was little significant change in the size of the 

crystals with longer ageing time. 
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Figure 3.3 Precipitation TiO2 rutile R and anatase A as a function of medium 

acidity and temperature (left) with HCl; (right) with HNO3 [176] 

 

3.3.1.2 Effect of precursor concentration 

Increasing the precursor concentration resulted in an increased ageing time 

required for crystallisation. For A5, the crystallinity did not have a further 

significant change after 2 weeks of ageing; this crystallinity level was taken as a 

benchmark for comparison. A10 also required two weeks to reach this 

crystallinity, while A15 required three weeks; A20, A25, A30 required eight 

weeks. The increased ageing time required for crystallisation was due to the 

increased viscosity of sol as shown in Table 3.2. As the precursor concentration 

increased, water amount decreased and the viscosity of sol increased, thus a 

thicker gel was formed.  

Hydrolysis: 

Ti{OCH(CH3)2}4 + xH2O → Ti(OH)x{OCH(CH3)2}4-x + x (CH3)2CHOH   (1) 
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Table 3.2 The physical properties, calculated crystallite size, interplanar spacing (after 8 weeks of ageing) and lattice parameters (after 8 weeks 

of ageing) of the prepared gel 

 A5 A10 A15 A20 A25 A30 

Gelation time No gelation No gelation No gelation 2 days 15 minutes 3 minutes 

Viscosity (cP) 10 40 1050 12000 16000 78000 

Crystallite size, 101 plane (nm) As prepared Amorphous Amorphous Amorphous Amorphous Amorphous Amorphous 

1 week 10.5 11.3 14.7 Amorphous Amorphous Amorphous 

2 weeks 11.7 10.0 14.0 18.1 11.6 11.4 

3 weeks 9.3 10.8 11.9 11.3 11.3 11.4 

6 weeks 10.0 11.2 12.4 10.3 10.2 11.4 

8 weeks 10.1 10.1 11.8 12.2 11.0 11.0 

Interplanar spacing, dhkl (Å ) d101 3.52 3.51 3.51 3.52 3.52 3.51 

d004 2.38 2.37 2.38 2.38 2.37 2.38 

d200 1.90 1.90 1.90 1.90 1.90 1.90 

Lattice parameters (Å ) a 3.81 3.80 3.80 3.80 3.80 3.80 

c 9.51 9.46 9.52 9.51 9.49 9.51 
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Condensation: 

≡Ti–OH + HO–Ti ≡ → ≡Ti–O–Ti≡ + H2O                           (2) 

≡Ti–OCH(CH3)2 + HO–Ti≡ → ≡Ti–O–Ti≡ + (CH3)2CHOH             (3) 

Hydrolysis occurs upon addition of water and highly reactive Ti–OH groups 

are formed as shown in equation 1. Ti–OH group condenses with other Ti–OH 

(equation 2) or Ti–OCH(CH3)2 groups (equation 3) to subsequently form the 

Ti–O–Ti bridge. Theoretically, 1 mol of titanium isopropoxide (TTIP) requires 4 

mol of water to complete the hydrolysis. In this study, the TTIP:H2O mole ratio 

was 1:300, 1:140, 1:80, 1:50, 1:30 and 1:20 for A5, A10, A15 A20, A25 and A30 

respectively, hence water was in excess for all the six formulations, with the rate 

-determining step the condensation step. With a thicker gel, the molecules had 

less chance to collide with each other, leading to a slower reaction rate in the 

condensation step and a longer ageing time required for crystallisation. The final  

crystallinity did not change significantly with higher precursor concentration, 

while a slight increase was observed in the calculated crystallite size. This 

correlates with the crystallite size derived from the TEM analysis and will be 

explained in Section 3.3.2. 
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3.3.1.3 Effect of heating and inorganic acid 

Sample A20 was prepared without inorganic acids or heating. Three other 

samples with the same amount of precursor, A20H, B20 and C20, were prepared 

to study the effect of inorganic acid and heating. The XRD patterns of A20, B20, 

C20 and A20H without ageing are shown in Figure 3.4. While A20H was 

crystalline anatase, B20, C20 and A20 were purely amorphous. This 

demonstrated that in the sol-gel synthesis without ageing process, heating was 

required to induce crystallisation while the inorganic acids were not necessary. 

The crystallite size of as-prepared A20H was 12.6 Å . This is similar to the 

crystallite size of A20 after 8 weeks of ageing because of the same pH condition, 

which controls the crystallite size as explained in section 3.3.2. 

 

3.3.2 TEM, HRTEM and SAED analyses 

Figure 3.5 shows the morphology of TiO2 powders extracted from the sols 

after 8 weeks of ageing, where needle-like grains can be seen in the six 

formulations. In the work conducted by Su et al., it was found that the TiO2 

particles in the newly formed gel before any removal of liquid or heat treatment 

were of elliptical shape, similar to that of the synthesised crystallites discussed in 

this study. The elliptical shape shows a characteristic of octahedral configuration  
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Figure 3.4 XRD patterns of extracted powder without ageing from (a) A20; (b) 

B20; (c) C20; (d) A20H 

 

 

Figure 3.5 TEM images of extracted powder with 8 weeks of ageing of (a) A5; (b) 

A10; (c) A15; (d) A20; (e) A25; (f) A30 
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with the two pointed sharp ends [180]. As the precursor concentration increased 

from A5 to A30, more large grain crystallites were observed. The average 

particle sizes of A5-A30 derived from the TEM analysis are shown in Figure 3.6. 

There was a slight increase in the minor axis dimension as the precursor 

concentration increased from 5% (for A5) to 30% (for A30), and no significant 

trend was observed in the major axis. This demonstrates that there was more 

aggregation in the widthwise direction as the precursor concentration increased. 

The increase in the minor axis also correlates with the calculated crystallite size 

(101 plane) after 8 weeks of ageing using the Scherrer equation, which can be 

explained by the pH value of the prepared sol. The pH value decreases and 

protons are more abundant from A5 to A30. Although the abundant protons 

adsorb on the surface of TiO2 colloids and prohibit the aggregation, the electric 

double layer is too compacted and the diffusion layer is reduced for particles that 

are too small, leading to an accelerated collision and aggreagation of colloids 

[148]. The less positive zeta potential with higher precursor concentration shown 

in Figure 3.7 was also explained by the increased proton amount from A5 to A30. 

Accroding to Brinker et al., colloidal gel is formed in aqueous solution where the 

only liquid present is water, and has identifiable primary particles larger than 

1nm which is the lower level of colloidal range [181, 182]. In this study, particles 
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Figure 3.6 The average particle size with deviation of A5-A30 after 8 weeks of 

ageing, using TEM analysis (N = 50) 

 

larger than 1 nm were identified, hence A20, A25 and A30 are classified as 

colloidal gel (whereas A5, A10 and A15 never formed a gel). 

The HRTEM and SAED images are shown in Figures 3.8 and 3.9. The 

crystallites shown in HRTEM images have a needle-like shape with grain sizes 

from 13.0 to 17.2 nm, which match the size derived from the XRD analysis. The 

interplanar spacing, dhkl of 101, 004 and 200 and lattice parameters (a and c) are 

shown in Table 3.2. Compared to the lattice parameters of anatase from JCPDS 

file no. 21-1272 in which a = 3.79 Å  and c = 9.51 Å , the six formulations were 

further confirmed to be anatase [183]. 
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Figure 3.7 The zeta potential of A5-A30 

 

 

Figure 3.8 HRTEM images of extracted powder after 8 weeks of ageing of (a) A5; 

(b) A10; (c) A15; (d) A20; (e) A25; (f) A30 
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Figure 3.9 SAED ring patterns of extracted powder and the corresponding XRD 

patterns with 8 weeks of ageing of (a) A5; (b) A10; (c) A15; (d) A20; (e) A25; (f) 

A30 

 

3.3.3 DLS analysis 

The average diameters of TiO2 nanoparticles measured by DLS after 8 

weeks of ageing were 42.8, 45.2, 36.5, 44.0, 43.6 and 52.9 nm for A5, A10, A15, 

A20, A25 and A30, respectively. These were all larger than the crystallite size 

calculated using the Scherrer equation and those observed from the HRTEM 

images. A possible reason is that the DLS measures the hydrodynamic diameter 

of particles dispersed in a solution, where several primary particles might join 

together to form aggregates and that these aggregates could not be separated by 
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sonication [184]. On the other hand, the size derived from XRD and TEM relates 

to unit crystallites in the dried-powder sample. The crystallite size calculated 

from the 101 plane diffraction was 10.1-12.2 nm, while the hydrodynamic 

diameter of the colloidal sol measured by means of DLS ranged from 36.5-52.9 

nm. It was shown that three or more crystallites might form aggregates in 

aqueous solution. 

 

3.3.4 Application of TiO2 sol-gel on cotton and its NIR-reflective effect 

Figure 3.10 shows the FESEM images of the cotton fabric padded with A5 

sol-gel (aged for 8 weeks) and the control fabric. After the pad-dry-cure process, 

the A5 sol-gel formed a homogeneous coating on the cotton fibres. Very few 

discrete grains were identified, due to the small particle size of the TiO2 (= 42.8 

nm by the DLS analysis). 

The diffuse UV-visible-NIR reflectance spectra of the cotton fabric padded 

with A5 sol and the control fabric are shown in Figure 3.11. For the amber cotton, 

addition of TiO2 to the fabric increased the diffuse reflectance over the 

UV-visible and NIR regions, denoted by the upward shifting of the reflectance 

curve after the TiO2 sol padding. This is consistent with previous studies reported 

by Mehrizi et al. and Goudarzi et al. that an addition of nano-TiO2 on cotton  
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Figure 3.10 FESEM image of (a) control fabric; (b) cotton fabric padded with A5 

sol (aged for 8 weeks) 

 

fabric could increase its visible and NIR reflectance [100, 185]. No peaks of TiO2 

were observed in the diffuse reflectance curve of coated fabric. This could be 

explained by the large difference in the thickness between the thin coating and 

the fabric substrate: the reflectance characteristic of the coated cotton was  
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Figure 3.11 Diffuse UV-visible-NIR reflectance spectra of amber and blue cotton 

padded with A5 sol-gel and the control fabric 

 

determined by the bulk of the fabric underneath, hence the TiO2 in the padding 

layer did not contribute to any significant peaks. The increase in UV-visible-NIR 

reflectance led to an increase in calculated solar reflectance in the solar radiation 

spectrum, as shown in Table 3.3. In the case of the blue cotton, the TiO2 layer 

increased the reflectance in the UV-visible region but decreased the reflectance in 

the NIR region. For the calculated solar reflectance in the whole region and heat 

generating region, the TiO2-padded sample still exhibited a higher value than the 

untreated fabric. The A5 sol padding gave opposite effect on the NIR reflectance 

for the amber cotton (increased for 1.58%) and blue cotton (decreased for   
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Table 3.3 Solar reflectance of the TiO2 sol-padded cotton and the control fabric 

Sample 

Solar reflectance  

UV-vis  NIR  
Whole 

region  

Heat generating region 

(700-1100 nm) 

Amber 
Control 41.30% 71.53% 52.81% 74.66% 

Padded with A5 sol-gel 42.29% 73.11% 54.02% 76.37% 

Blue 
Control 14.11% 59.60% 31.49% 48.10% 

Padded with A5 sol-gel 15.64% 59.37% 32.34% 48.51% 

 

0.23%). This might be attributed to the measurement error since the difference 

was insignificant, since the change in NIR reflectance relative to the control 

fabric in amber cotton = +1.58% / 71.53% = +2.21%; in blue cotton = -0.23% / 

59.60% = -0.39%. The insignificant change is due to the small particle size of the 

sol prepared and being explained in later discussion. 

The graphs of surface temperature of irradiated fabric samples versus time 

are shown in Figure 3.12. When the surface temperatures of the control fabrics  

are compared, the blue control had a higher value than the amber control due to 

the lower intrinsic diffuse reflectance over the UV-visible-NIR spectrum. The 

TiO2 sol-padded samples, in both amber and blue colours, presented a lower 

surface temperature than the control fabrics. The average temperature differences 

∆T for amber and blue cotton were -0.9 ± 0.2°C and -1.1 ± 0.3°C respectively. 

The wavelength 700-1100 nm is the heat-producing region in the solar 
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Figure 3.12 Temperature measurement of the A5 sol-gel-padded cotton (top) 

amber; (bottom) blue. Solid line represents control fabric; dash line shows the A5 

sol-gel-padded sample. 

 

radiation spectrum. In order to present the best reflection in this region and 

reduce heat gain, pigments with particle diameter of 350-550 nm are required, 

according to the Fresnel’s rules which state that dispersed TiO2 particles should 

be sized at 1/3 to 1/2 of the wavelength of the incident radiation that is to be 

reflected [7, 48, 53]. The particle size of the TiO2 synthesised in this study was 

36.5-52.9 nm (by the DLS analysis), which is much smaller than the theoretical 

optimum size required to provide maximum heat reflection. Therefore, TiO2 

particles of larger particle size were prepared to study the size effect on solar 

reflectance, as discussed in the next chapter. 
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3.4 Conclusion 

Nanocrystalline anatase was prepared by means of a room-temperature 

sol-gel process in aqueous medium with acetic acid; TiO2 colloids of a 

needle-like shape were obtained. Highlights of the work are given below:  

(1) Titanium isopropoxide was used as a precursor with concentration up to 30%. 

The higher the precursor concentration, the more viscous the sol. Because of 

the reduced probability of collision of molecules, the rate of condensation is 

slower and hence longer ageing time is required. A slight increase in 

crystallite size was observed with increasing precursor concentration. 

(2) The longer the ageing time, the greater the crystallinity, however it was found 

that the ageing time did not affect the crystallite size calculated using the 

Scherrer equation. With 8 weeks of ageing, similar crystallinity could be 

obtained regardless of precursor concentration. 

(3) Use of low temperature and mild acid is beneficial in the synthesis of 

similar-sized anatase. Since no inorganic acid or heat treatment is required, 

this process is suitable for wider applications in substrates with poor 

resistance to strong acids and poor thermal stability, such as textiles and 

plastics. 

(4) The TiO2 coating layer increased the solar reflectance of the padded cotton in 
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both cases of amber and blue colours. Temperature reduction of 0.9°C and 

1.1°C were recorded for amber and blue coloured cotton respectively. 
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4.1 Research background 

In this study, titanium dioxide was selected for use in this research due to its 

high refractive index. Both the particle size and refractive index would 

significantly affect the NIR reflectance [4, 186]. For the best NIR reflection, 

dispersed TiO2 particles are sized at 1/3 to 1/2 of the wavelength of the incident 

radiation that is to be reflected [53], since the Fresnel's rules state that the 

optimal reflection occurs when the diameter of the particle equals half the 

wavelength [7, 48]. The scattering efficiency decreases rapidly as the particle 

size varies from the optimum. This decrease is by about 60% for particles twice 

the optimum size [9], therefore careful control of particle size is necessary. Since 

700-1100 nm is the heat-producing region in the NIR region, in order to reflect 

solar heat energy and reduce heat gain, pigments with particle size of 350-550 

nm are required according to the Fresnel’s rules. 

Diffuse reflectance is sensitive to the value of refractive index, and it is 

determined by the formula Np/Nm, where Np is the refractive index of the 

material in question, and Nm is the refractive index of the adjacent medium, air 

in this case. The larger the difference between the refractive index of the pigment 

and that of the medium in which it resides, the greater the refractive light 

scattering. The refractive index of air cannot be altered, but by choosing 
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pigments with high refractive index, which are usually good reflectors, it is 

possible to increase reflection [2, 7]. Among different oxides, titanium oxides 

(both anatase and rutile) possess very high refractive indices. The average 

refractive index of rutile is 2.9, compared to 2.7 for anatase [7]. By annealing the 

TiO2 powder, it is possible to increase the scattering efficiency through the phase 

transformation of anatase to rutile. 

Recently, the effect of calcination on the phase transition and morphological 

evolution of TiO2 was studied. Zhao et al. and Choudhury et al. proposed that 

both the anatase-to-rutile phase conversion and grain growth was temperature- 

dependent [187, 188]. Thermal treatment first removed the grain boundary of the 

closely associated smaller nanocrystallites in the agglomerates, they then 

migrated from the interface to larger crystallites, and the grains grew in size. 

Finally, phase transformation and grain growth to larger rutile nanocrystallites 

resulted in the more severe annealing. Zhao et al. revealed the anatase 

nanocrystallites→anatase nanoparticle aggregations→rutile microparticles 

transitions. In the present study, phase transition and morphological evolution of 

TiO2 particles using several different calcination conditions have been studied. 

The NIR reflectance of the TiO2 particles has also been measured to investigate 

the effect of calcination, crystal structure and morphology on the NIR reflection. 
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In this work, TiO2 particles with and without thermal treatment were applied onto 

cotton substrates using the versatile pad-dry-cure method. The effect of TiO2 on 

the NIR reflectance of the cotton fabric and the effect of the substrate colour 

were studied. By reflecting the NIR radiation, a significant amount of solar heat 

reaching the coated fabric surface was reflected and the heat build-up was 

reduced, so that extra comfort could then be provided to the wearers. This allows 

usage of the NIR reflective materials not only in the garment industry, but also in 

upholstery like curtains, blinds and awnings; outdoor equipment like tents, 

parasols, sunshades and canopies; automotive fabrics like soft tops for 

convertible cars. 

 

4.2 Experimental 

4.2.1 Sample preparation 

Cotton fabric was cleaned using BASF Kieralon F-OLB conc at 80C for 30 

minutes and dyed at 1/1 standard depth with Levafix Amber CA (amber), Levafix 

Fast Red CA (red), Levafix Blue CA (blue), and Remazol Deep Black RGB 

(black) respectively according to ISO 105-A06. 

Titanium dioxide anatase powder was obtained from Aldrich. It was 

calcined at different temperatures and periods of time to obtain 8 mixtures of  
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anatase and rutile with different ratios, as shown in Table 4.1. X-ray diffraction 

(XRD) patterns of the TiO2 powders were collected using a Rigaku Smartlab 

X-Ray diffractometer, operating with Cu Kα radiation. Anatase to rutile 

percentages were calculated from the resulting diffractograms using the Spurr 

equation [189]: 

        
 

                      
 

where IA is the intensity of (101) peak of anatase and IR is the intensity of (110) 

peak of rutile. The average diameter of titanium dioxide powder was measured 

by dynamic light scattering (DLS) analysis using a Brookhaven ZetaPlus zeta  

 

Table 4.1 Anatase:rutile ratio, crystallite size by XRD, particle diameter and 

polydispersity by DLS of TiO2 in different calcination conditions 

Sample 
Calcination 

condition 

XRD analysis DLS analysis 

Anatase 

to rutile 

ratio 

Crystallite size (nm) 
Particle 

diameter 

(nm) 

Polydispersity 
Anatase 

(Plane 

101) 

Rutile 

(Plane 

110) 

NC No calcination 94:6 39.3 50.6 293 ± 1 0.184 

C800-2 800C. 2hours 94:6 46.8 60.5 397 ± 8 0.189 

C950-2 950C, 2hours 86:14 57.0 64.4 497 ± 16 0.193 

C970-2 970C, 2hours 77:23 61.0 64.4 530 ± 14 0.214 

C990-2 990C, 2hours 60:40 58.2 60.1 510 ± 15 0.141 

C990-4 990C, 4hours 35:65 56.3 60.1 563 ± 11 0.192 

C1000-2 1000C, 2hours 12:88 63.7 63.0 571 ± 9 0.216 

C1000-4 1000C, 4hours 0:100 None 58.9 618 ± 18 0.259 



Chapter 4 

 

 

  
Page 82 

 
  

potential analyser. Stable samples were prepared by dispersing the powder in 

deionised water, with a trace amount of sodium pyrophosphate as a stabilising 

agent, followed by sonication to break the agglomerates. The average diameter 

was derived from the results of 10 runs using the same dispersed sample. 

The titanium dioxide powder was applied onto cotton fabric by means of a 

pad-dry-cure method, with chitosan as a mediator. The dyed cotton fabric was 

first padded with chitosan (1% in aqueous acetic acid (1%)) at 80% pickup and 

then oven dried at 80°C for 5 minutes, followed by soaking in sodium carbonate 

solution (1%) overnight and washed until the pH was 7. A TiO2 (4% (w/v)) 

dispersion was prepared by sonicating the TiO2 powder in deionised water with 

sonication bath for 3 h, followed by the addition of triethylene glycol (0.5%(w/v)) 

and stirring for 30 minutes. The chitosan-padded fabric was padded twice with 

the TiO2 dispersion at 80% pickup and dried at 80°C for 5 minutes (padding 

drying padding drying). The dried samples were then cured at 150C for 2 

minutes in a preheated curing oven (Mathis Labdryer Labor-Trockner Type LTE, 

Werner Mathis AG Co., Switzerland). The amount of TiO2 applied on the fabric 

in each padding = fabric weight  pickup %  TiO2 concentration in padding 

solution = 18.5 mg/cm
2
  80%  4% = 0.6 mg/cm

2
. 

 



Chapter 4 

 

 

  
Page 83 

 
  

4.2.2 Characterisation 

The diffuse near-infrared and mid-infrared (NIR-MIR) reflectance 

(666-10000 nm) of the TiO2 powder and diffuse NIR reflectance (700-2500 nm) 

of the dye powder were measured with a Bruker Vertex70 spectrometer with 

DiffusIR accessory (Note: Since the reflector was monolithic ellipsoidal, instead 

of a full sphere, the reflectance data obtained was lower than those generated by 

an integrating sphere). The UV-visible reflectance (200-800 nm) of the fabric 

samples was measured with a Shimadzu UV-2600 UV-vis spectrophotometer 

with an integrating sphere, while the NIR reflectance (800-2500 nm) was 

measured with a Bruker Vertex70 spectrometer with an integrating sphere. 

Barium sulphate was used as the 100% reflectance reference in both 

measurements. The reflectance percentage to solar irradiation was calculated 

using the standard spectral solar irradiance method ASTM G 173 [44] and the 

equation specified in test method ASTM E 424 [175]: 

    
   

        
          

   
        
       

 

where 

Rsc = Solar energy reflectance 

Rλ = Spectral reflectance at wavelength λ 

Eλ = Relative energy at wavelength λ 
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Field emission scanning electron microscopy (FESEM) observations were 

recorded using a JEOL JSM-6335F field emission scanning electron microscope. 

The TiO2-padded samples and control fabric without the TiO2 coating were 

simultaneously irradiated with air-mass 1.5 for 10 minutes, using an ABET 

Technologies Sun 2000 solar simulator (model 11000). The samples were 

mounted on a sample holder and placed horizontally under the light source; the 

distance between the samples and the light source was 9 cm. Figure 4.1 is a 

schematic diagram showing the experimental setup. Thermal images were taken 

with an FLIR i5 infrared camera every 30 seconds. The thermal images were 

analysed using the FLIR Quick Report program and the temperature difference 

(∆T, = Tpadded sample –Tcontrol fabric) between the TiO2-padded sample and the control 

fabric was calculated. All the measurements were carried out in the same 

laboratory with standardised temperature. Appropriate shielding device was used 

to isolate the space where the test sample, control fabric, light source and thermal 

camera located, in order to minimise the effect of surrounding condition (e.g. 

wind speed) on the testing results. 

CIELAB analysis was performed using a Datacolor 650 spectrometer. 

CIELAB colour coordinates (L*, a*, b*) of the control and treated samples were 

calculated using 10 observer and illuminant D65, with a 30mm sample diameter. 
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Figure 4.1 Schematic diagram of the setup of temperature measurement 

 

The CIE L*, a*, b* dimensions are combined as Cartesian coordinates to form a 

three-dimensional colour space. The lightness scale L* ranges from 0 to 100, 

with 0 being ideal black (total absence of light) and 100 being the reference 

white. The a* and b* dimensions correlate approximately with red-green and 

yellow-blue chroma perceptions. They take on both negative and positive values. 

If a* has negative values, the colour exhibits the attribute of greenness; while 

positive a* values indicate redness. If b* has negative values, the colours exhibit 

blueness and positive b* values indicate yellowness. Changes of components in 

the L*a*b* colour space correspond to changes in perceived colour. TiO2 is a 
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good reflector and the fabric samples padded with TiO2 would have a higher L* 

value. A modified colour change ΔE was calculated using the equation: 

                  

to study the change in chroma, excluding the effect of the lightness (L*), so that 

the change in chroma and lightness could be studied separately 

 

4.2.3 Air permeability test 

The air permeability of the fabric is defined as the rate of air flow passing 

perpendicularly through a fabric under a prescribed air pressure differential 

between the two surfaces of the fabric [190]. The air permeability of the coated 

fabric and the control was assessed according to ISO 9237, using an air 

permeability tester provided by SDL International. The test area was 5.08 cm
2
. 

Each result value was averaged from 3 repeated measurements. 

 

4.2.4 Thermal conductivity test 

The constant thermal conductivity of the coated fabric and the control was 

assessed using a KES-F7 Thermo Labo II tester by Kato Tech Co. Ltd. The water 

box temperature was set to 20°C. A 55 cm sample was placed on the water box 

and the heat plate of B.T. box was placed on the upper surface of the sample. 
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After reaching a constant value, the heat flow loss W was recorded. Thermal 

conductivity was calculated, and each result value was averaged from 3 repeated 

measurements: 

  
   

    
 

where 

k = thermal conductivity (W/mK) 

W = heat flow loss (watt) 

D = thickness of sample (m) 

A = area of the B.T. heat plate (m
2
) 

∆T = temperature difference of sample (K) 

 

4.2.5 Durability test 

The TiO2-padded samples were washed according to AATCC standard 

methods and the NIR reflective property was assessed to study the effect of 

laundering on the durability of the TiO2 coating. The AATCC Test Method 61 is 

an accelerated laundering test to evaluate the colour loss or surface change 

resulting from detergent solution and abrasive action of the fabric samples 

subjected to typical hand or home launderings. Test no. 1A simulated repeated 

hand laundering at low temperature, each wash cycle approximated to five 

typical careful hand launderings at a temperature of 40 ± 3°C. Test no. 2A 

simulated repeated low temperature machine laundering in the home or in the 
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commercial laundry and each wash cycle approximated to five commercial 

launderings at 38 ± 3°C or five home machine launderings at medium or warm 

setting in the temperature range of 38 ± 3°C. 

 

4.2.5.1 Preliminary test 

In the preliminary test, 3 different approaches were used to apply the 

coating on the white cotton fabric: (1) TiO2 layer alone (padded 2 times); (2) 

chitosan layer as a mediator, followed by a TiO2 layer (padded 2 times); (3) 

chitosan layer, followed by a TiO2 layer (padded 2 times) and another chitosan 

layer on top as a protective layer. An illustration of the 3 approaches is shown in 

Figure 4.2. White plain woven cotton fabric was used in this preliminary test due 

to its high transmission in UV region. The 1% chitosan (w/v) 1% acetic acid (v/v) 

solution and 4% (w/v) TiO2 0.5% (w/v) triethylene glycol solution were used as 

the padding solutions. The pad-dry-cure procedures were the same as those 

mentioned in Section 4.2.1. The padded samples and the control fabrics were 

washed according to AATCC Test Method 61-2013 test no. 1A and 2A. The test 

conditions are shown in Table 4.2. The powder detergent used was the 1993 

AATCC Standard Reference Detergent WOB (without fluorescent whitening 

agent and phosphate), supplied by SDL Atlas Ltd. After laundering, the UV  
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Figure 4.2 A schematic diagram illustrating the 3 approaches used to apply the 

TiO2 coating on cotton fabric 

 

 

Table 4.2 Test conditions of AATCC Test Method 61-2003 test no. 1A and 2A 

Test No. 
Temperature 

(C) 

Total liquor 

volume (ml) 

% powder 

detergent 

No. of steel 

balls 

Time 

(min) 

1A 40 200 0.37 10 45 

2A 49 150 0.15 50 45 

 

 

1
st
 approach: Padded with TiO2 only 

3
rd

 approach: Padded with chitosan-TiO2-chitosan 

2
nd

 approach: Padded with chitosan-TiO2 

Cotton fabric 

TiO2 

TiO2 

Cotton fabric 

Chitosan 

TiO2 

Chitosan 

Chitosan 

Cotton fabric 
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transmission (280-400 nm) was measured to quantify the amount of TiO2 

remaining on the fabric, using a Varian Cary 300 Conc UV-visible 

spectrophotometer. 

A UV transmission analysis is a quantitative analysis of the TiO2 amount  

which remains on the cotton sample after certain wash cycles. An increase in UV 

transmission implies a loss of TiO2 particles on the fabric surface. Since most of 

the UV radiation is absorbed in the case of coloured fabric (i.e., low UV 

transmission), any change in the UV transmission property of the coating applied 

on the fabric cannot be detected. Therefore the coloured fabric is not suitable to 

act as the substrate in the assessment of TiO2 particles remaining on the sample 

after laundering. Instead, white plain woven cotton fabric was selected for this 

preliminary test due to its high inherent transmission in the UV region, hence any 

increase in the UV transmission after the simulated washing implied a loss of 

TiO2 particles, could be recognised.  

 

4.2.5.2 Durability test on coloured fabric 

In the second stage, the approach which performed best in the preliminary 

test was used to apply the TiO2 coating on coloured fabric (amber and blue fabric 

dyed with Levafix Amber CA and Levafix Blue CA at 1/1 standard depth). The 
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coated samples and the control fabric were washed according to AATCC Test 

Method 61-2013 test no. 1A and 2A. After laundering, a temperature 

measurement analysis was done following the procedures in Section 4.2.2. The 

temperature difference (∆T, = Tpadded sample – Tcontrol fabric) between the washed 

TiO2-padded sample and the washed control fabric was measured. The 

UV-visible-NIR reflectance (200-2500 nm) of the washed samples was measured 

as mentioned in Section 4.2.2 and the solar reflectance was calculated.  

 

4.2.6 Study of the effect of TiO2 concentration 

Two more sets of fabric samples in amber and blue colour were prepared, 

padded with 2% (w/v) and 6% (w/v) TiO2 dispersion, following the procedures in 

Section 4.2.1. The diffuse UV-visible-NIR reflectance analysis, temperature 

measurement under simulated solar light and CIELAB colour space analysis 

(following the procedure in Section 4.2.2) were performed on these samples and 

the results were compared with those padded with 4% (w/v) TiO2 dispersion to 

investigate the effect of TiO2 concentration on the heat reducing performance and 

colour change. 
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4.3 Results and discussion 

4.3.1 Phase transition of TiO2 

The XRD patterns in Figure 4.3 demonstrate the phase transition of the TiO2 

powders. Without heat treatment, anatase was the predominant phase as 

evidenced by the diffraction peaks at 25.4°, 37.9° and 48.1°. With increasing 

calcination temperatures and periods of time, the anatase content in the sample 

diminished but the rutile phase became more dominant in the sample, as 

indicated by the diffraction peaks at 27.6°, 36.2°, 41.4°. The anatase to rutile 

ratio was calculated from the diffractograms using the Spurr equation and is 

summarised in Table 4.1 [189]: 

        
 

                      
 

where IA is the intensity of (101) peak of anatase and IR is the intensity of (110) 

peak of rutile. Pure rutile phase was obtained at 1000°C for 4 hours.  

 

4.3.2 Morphological evolution of TiO2 

The crystallite size of titanium dioxide nanoparticles was calculated using 

the XRD diffraction data and the Scherrer equation [173, 174]: 
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Figure 4.3 XRD patterns of TiO2 powder samples in different calcination 

conditions 

 

where D is crystallite size, K is the shape factor (=0.9), λ is X-ray wavelength 

(=1.54178 Å for Cu Kα radiation), β is the full width at half maximum intensity 

of the corresponding peak, and   is the Bragg angle. The calculated crystallite 

size is shown in Table 4.1. Both the anatase and rutile crystallites of the calcined 

oxide samples had a larger size, compared with those without the heat treatment.  

Figure 4.4 shows the morphological change of TiO2 upon calcination at 

different calcination temperatures and periods of time. The general conclusion 

from the crystallite size calculation and the SEM images presented is the  
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Figure 4.4 FESEM images of the TiO2-padded fabric: (a) no calcination; (b) 

calcined at 800 °C for 2 hours; (c) calcinated at 950°C for 2 hours; (d) calcined at 

970°C for 2 hours; (e) calcined at 990°C for 2 hours; (f) calcined at 990°C for 4 

hours; (g) calcined at 1000°C for 2 hours; (h) calcined at 1000°C for 4 hours 
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apparent growth of TiO2 particles with the more severe annealing conditions. 

Several particles merged together to form a cluster with a larger size. It was in 

good agreement with the increasing average hydrodynamic diameter measured 

using the DLS analysis (Table 4.1). Grains which absorb maximum heat grow in 

size at the expense of shrinking grains which absorb less thermal energy [188]. 

Therefore as the annealing condition was more severe, some grains grew in size 

by consuming other particles, whereas the grains with insufficient energy were 

neither being consumed nor growing in size. This explains the rise in the 

calculated polydispersity index in the DLS analysis. 

 

4.3.3 Diffuse reflectance analysis 

Figure 4.5 shows the relationship of NIR reflectance with the calcination 

condition of TiO2 powder. The particle diameter and the crystalline phase had a 

combined effect on the diffuse reflectance of TiO2 in this study. 

 

Crystalline phase 

With the phase transition from anatase to rutile, the refractive index of the 

sample increases since rutile has a higher value than anatase. Refractive index is 

a critical property of a white pigment since the light scattering potential is  
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Figure 4.5 Diffuse near-infrared spectra of the TiO2 powder samples 

 

proportional to the square of the difference in refractive index between the 

pigment and the medium in which the particle resides [191, 192]. Phase 

conversion is preferably performed with severe heat treatment, as more thermal 

energy is supplied, the rutile content becomes more dominant in the sample and 

the resultant refractive index increases, leading to an improvement in reflective 

efficiency. 

Particle diameter 

As previously indicated, as the heat treatment becomes more severe, the 

particles grow in size, leading to an increased particle diameter (d). When d < 0.1 



Chapter 4 

 

 

  
Page 97 

 
  

λ, the Rayleigh scattering theory is applicable; the scattering intensity is directly 

proportional to d
6
. With the increase of d, the Mie theory is more relevant. The 

total scattering intensity increases to the peak value when d reaches about λ/2, 

and then decreases with further increase of d [48]. In this study, the Mie theory 

was applicable instead of the Rayleigh theory due to the fact that the particle size 

is comparable to the wavelength. In this case, the wavelengths from 700-1100 

nm were targeted, which is the heat-producing region of the infrared radiations, 

and the irradiance intensity starts to diminish at the wavelengths longer than 

1100 nm. Thus for an effective reflection of thermal infra-red light, particle size 

should be around 350-550 nm. In the previous sections, the results showed that 

heat treatment favoured the growth in particle size (d), which increased the 

reflectance of TiO2. The reflectance efficiency started to degrade when the 

temperature reached 990°C (for 4 hours, where d = 563 nm by DLS) and the two 

other more severe conditions, due to the deviation of particle diameter from the 

optimum size (350-550 nm) for reflecting the heat-generating wavelengths. This 

also explained the higher reflectance of C1000-2 and C1000-4 in the mid- 

infrared region, shown in Figure 4.6. Due to their larger particle sizes (571 nm 

and 618 nm), according to the Fresnel’s rules, they reflected more efficiently in 

longer wavelengths than the other TiO2 samples which had smaller particle  
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Figure 4.6 Diffuse NIR-MIR reflectance spectra of the TiO2 powder samples 

 

diameters. 

With the combined effect of the refractive index and particle diameter, the 

reflectance of TiO2 first increased as the calcination temperature and/or time 

increased until heating at 990C for 4 hours (anatase:rutile = 35:65), when the 

reflectance value showed a drop in value. Although refractive index played a role 

in improving the reflectance during the heat treatment, the particle diameter 

effect was dominant over the refractive index effect starting from condition 

C990-4 where anatase:rutile = 35:65 and particle diameter = 563 nm. Further 

increase in particle diameter, induced by calcination at higher temperature and 
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longer time, resulted in deviation of particle size from the optimum range 

(350-550 nm) to reflect the thermal infrared radiation (700-1100 nm). 

The diffuse UV-visible-NIR reflectance spectra of the TiO2-padded fabrics 

and their respective spectra in the heat producing region 700-1100 nm is shown  

in Figures 4.7 and 4.8, and the calculated solar reflectance values are shown in 

Tables 4.3 and 4.4. The TiO2 coating improved the NIR reflectance of the cotton 

substrate, and the improvement followed the same trend similar to TiO2 powder. 

Fabric samples coated with C990-4 had the highest reflectance throughout the 

NIR region and the whole solar spectrum, the NIR reflection values being 

84.80%, 83.30%, 71.69% and 83.24% for amber-, black-, blue- and red-coloured 

cotton respectively. Apart from the crystalline phase and particle diameter of the 

TiO2 particles, the colour of the substrate is another parameter affecting the solar 

reflectance of the treated cotton fabric. First, the colour of the substrate is 

determined by its reflectance in the visible region. Moreover, the NIR reflectance 

of the substrate needs to be taken into account as well. Uemoto et al. studied the 

NIR reflection of different coloured paint on cement and found that the 

reflectance values for white, yellow and brown paint were 63.8%, 44.4%, and 

32.8% respectively [193]. The reflectance spectra of the four dyestuffs used in 

this study are shown in Figure 4.9. Levafix Amber CA, Levafix Fast Red CA and  
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Figure 4.7 Diffuse UV-visible-NIR reflectance spectra of the TiO2-padded fabric and the control fabric, each was averaged from 3 

measurements: (a) amber; (b) black; (c) blue; (d) red 
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Figure 4.8 Diffuse reflectance spectra in the heat producing region (700-1100 nm) 

of the TiO2-padded fabric and control fabric, each was averaged from 3 

measurements: (a) amber; (b) black; (c) blue; (d) red 

 

Remazol Deep Black had similar NIR reflective characteristics, while Levafix 

Blue CA had a relatively low reflectance in the range 700-1800 nm, with the 

result that the blue fabric samples had a significantly lower NIR reflectance and 

solar reflectance. The relationship between the heat reducing effect with the 

colour of substrate was discused in the next section. 
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Table 4.3 Solar reflectance of the TiO2-padded cotton 

Sample 

Solar reflectance  

UV-vis  NIR  
Whole 

region  

Heat generating region 

(700-1100 nm) 

Amber 

Control 41.78% 71.23% 53.63% 73.71% 

Padded with chitosan  41.48% 70.54% 53.18% 74.28% 

Padded with TiO
2 

 

NC 53.14% 79.43% 63.71% 85.09% 

C800-2 53.87% 80.73% 64.66% 86.22% 

C950-2 54.57% 82.11% 65.64% 87.06% 

C970-2 56.01% 83.28% 66.97% 87.81% 

C990-2 56.41% 83.14% 67.15% 87.81% 

C990-4 57.93% 84.80% 68.73% 89.13% 

C1000-2 52.27% 81.92% 64.20% 86.18% 

C1000-4 53.68% 82.58% 65.30% 86.99% 

Black 

Control 18.03% 70.31% 39.13% 69.03% 

Padded with chitosan 17.95% 69.98% 38.94% 68.70% 

Padded with TiO
2 

 

NC 27.71% 79.82% 48.72% 80.95% 

C800-2 29.33% 80.68% 50.04% 81.71% 

C950-2 28.75% 82.11% 50.27% 81.92% 

C970-2 31.60% 81.24% 51.62% 81.98% 

C990-2 32.00% 83.07% 52.59% 83.32% 

C990-4 31.90% 83.30% 52.63% 83.59% 

C1000-2 28.19% 81.51% 49.70% 81.01% 

C1000-4 29.53% 81.50% 50.49% 81.48% 
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Table 4.4 Solar reflectance of the TiO2-padded cotton (continued) 

Sample 

Solar reflectance  

UV-vis  NIR  
Whole 

region  

Heat generating 

region (700-1100 nm) 

Blue 

Control 15.67% 59.68% 33.45% 48.71% 

Padded with chitosan 15.92% 59.36% 33.47% 49.38% 

Padded with TiO
2 

 

NC 25.69% 67.82% 42.70% 59.50% 

C800-2 25.13% 66.65% 41.89% 58.32% 

C950-2 27.29% 70.72% 44.82% 62.03% 

C970-2 26.04% 70.62% 44.04% 61.17% 

C990-2 23.41% 68.24% 41.51% 58.94% 

C990-4 26.68% 71.69% 44.86% 62.43% 

C1000-2 22.71% 66.46% 40.38% 57.21% 

C1000-4 23.71% 67.99% 41.59% 58.64% 

Red 

Control 34.42% 70.83% 49.09% 74.11% 

Padded with chitosan 34.03% 68.56% 47.94% 71.91% 

Padded with TiO
2 

 

NC 44.97% 79.31% 58.79% 85.11% 

C800-2 45.81% 79.99% 59.57% 85.56% 

C950-2 46.13% 81.08% 60.20% 86.20% 

C970-2 46.00% 82.26% 60.60% 86.59% 

C990-2 46.99% 82.04% 61.10% 86.83% 

C990-4 48.62% 83.24% 62.55% 87.79% 

C1000-2 46.05% 82.26% 60.63% 86.41% 

C1000-4 47.29% 83.54% 61.89% 87.79% 
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Figure 4.9 Diffuse NIR reflectance spectra of the dye powder 

 

4.3.4 Temperature measurement of TiO2-padded fabric 

The graphs of surface temperature of irradiated fabric samples versus time 

are shown in Figure 4.10. Comparing the temperature of the control fabric for the 

four different substrate colours, the blue-coloured one showed the highest 

temperature, which could be up to 49°C. It is a common perception that the black 

colour exhibits the highest heat absorption. Nevertheless, in this study it was 

shown that apart from the colour, the NIR reflectance needed to be considered as 

well. The blue dyestuff used had a relatively low NIR reflectance, making the 

blue cotton substrate absorb more heat than the other colours, including the black
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Figure 4.10 Temperature measurement of the TiO2-padded cotton (a) amber (b) 

black (c) blue (d) red. Solid line represents the control sample; dash line shows 

the TiO2-padded sample 
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colour (the maximum surface temperature of black cotton was 45°C). 

All of the TiO2-padded cotton samples showed a lower surface temperature 

than the control fabric, when irradiated with the solar simulator. The average ∆T 

values of each measurement are shown in Table 4.5. Maximum ∆T occurred in 

the case of the sample padded with C990-4 for the four substrate colours. The ∆T 

values between the samples padded with C990-4 and NC were 2.8°C, 2.5°C, 

3.3°C and 1.4°C for amber, black, blue and red respectively. The results were 

consistent with the NIR reflectance analysis and show that calcination has a 

positive effect in fabric surface cooling.  

 

 

Table 4.5 The average temperature difference (∆T) between the TiO2-padded 

cotton and the control 

Padded with TiO2 
Average temperature difference (∆T, °C) 

Amber Black Blue Red 

NC -1.1 ± 0.1 -0.8 ± 0.4 -0.6 ± 0.2 -2.0 ± 0.2 

C800-2 -1.9 ± 0.4 -1.1 ± 0.3 -1.2 ± 0.3 -2.2 ± 0.5 

C950-2 -2.5 ± 0.2 -1.1 ± 0.3 -1.3 ± 0.3 -2.4 ± 0.2 

C970-2 -2.2 ± 0.2 -1.8 ± 0.2 -2.0 ± 0.3 -2.6 ± 0.2 

C990-2 -3.6 ± 0.3 -3.2 ± 0.2 -3.3 ± 0.3 -3.3 ± 0.4 

C990-4 -3.9 ± 0.3 -3.3 ± 0.3 -3.9 ± 0.4 -3.4 ± 0.2 

C1000-2 -2.0 ± 0.2 -2.6 ± 0.2 -3.3 ± 0.2 -3.2 ± 0.2 

C1000-4 -2.1 ± 0.3 -2.5 ± 0.4 -2.7 ± 0.3 -2.7 ± 0.5 
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Table 4.6 shows the increase of solar reflectance and the average 

temperature difference (coated sample – control fabric) of cotton substrate in 

different colours after padding with TiO2. It is demonstrated that the 

improvement in solar reflectance and the reduction in surface temperature with 

the application of TiO2 coating were similar in the four different substrate colours. 

It is concluded that the colour of substrate did not have a significant effect on the 

heat reducing performance of the TiO2 coating. 

 

4.3.5 CIELAB colour space analysis 

The CIELAB L*, a*, b* values of the cotton samples are shown in Tables 

4.7 and 4.8. All TiO2-padded cotton samples had higher L* values than the 

control fabrics. After applying the TiO2 particles onto the cotton fabric, the 

 

Table 4.6 Increase in solar reflectance after padding with TiO2 (990-4) 

 Amber Black Blue Red 

Solar reflectance of the control 

fabric 
53.63% 39.13% 33.45% 49.09% 

Solar reflectance of the fabric 

padded with TiO2 (990-4) 
68.73% 52.63% 44.86% 62.55% 

Increase in solar reflectance 

(padded with TiO2 – control) 
15.1% 13.5% 11.41% 13.46% 

Average temperature difference 

(∆T, °C) 
-3.9 ± 0.3 -3.3 ± 0.3 -3.9 ± 0.4 -3.4 ± 0.2 
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reflectance curve shifted upwards throughout the whole visible range (400-700 

nm) because the oxide is a good reflector, which resulted in an increase in 

lightness (L*). 

After the TiO2-padding, the a* and b* values decreased compared to the 

control fabrics, which implied the treated cotton was less reddish and more 

bluish. This is also demonstrated in the reflectance spectrum in visible range 

where the reflectance curves shifted towards the shorter wavelengths, showing 

that the TiO2 coating decreased the redness of fabric; the saddle around 400 nm 

indicates a more bluish colour. The ΔE values of TiO2-padded cotton compared 

to the control were 20-32 for the amber colour; 1-3 for the black colour; 4-7 for 

the blue colour and 11-17 for the red colour. It shows that the TiO2 coating had a 

different effect on the colour change of coated cotton, depending on the substrate 

colour. Amber and red colours showed a greater colour change, while black and 

blue colours showed a relatively small colour change. 

 

4.3.6 Air permeability test 

In Table 4.9, it is shown that the air permeability of the cotton fabric first 

increased significantly after the application of chitosan on the fabric surface, then 

decreased slightly after the application of TiO2. Abou-Okeil et al. reported  
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Table 4.7 CIE L*, a*, b* values of the control and the TiO2-padded fabric 

Sample 
Chroma Lightness 

a* b* ∆E L* 

Amber Control 38.82 70.44 / 64.24 

Padded with chitosan 38.61 69.42 1.04 64.29 

Padded with TiO2 NC 30.38 51.77 20.49 72.37 

C800-2 29.20 47.82 24.58 72.81 

C950-2 27.30 44.48 28.40 73.93 

C970-2 28.47 47.66 25.02 72.98 

C990-2 27.76 46.45 26.41 73.53 

C990-4 25.19 41.34 32.13 75.25 

C1000-2 30.29 52.62 19.75 71.48 

C1000-4 28.95 49.99 22.71 72.60 

Black Control -0.90 -4.75 / 26.05 

Padded with chitosan -0.78 -4.78 0.12 25.75 

Padded with TiO2 NC -2.00 -7.58 3.04 43.12 

C800-2 -1.94 -6.69 2.20 45.68 

C950-2 -1.55 -4.07 0.94 44.31 

C970-2 -1.89 -5.17 1.08 49.00 

C990-2 -1.68 -4.25 0.93 50.37 

C990-4 -1.74 -4.44 0.90 50.51 

C1000-2 -1.58 -4.09 0.95 45.30 

C1000-4 -1.45 -3.75 1.14 45.59 
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Table 4.8 CIE L*, a*, b* values of the control and TiO2-padded fabric 

(continued) 

Sample 
Chroma Lightness 

a* b* ∆E L* 

Blue Control -0.17 -29.89 / 33.64 

Padded with chitosan -0.73 -30.02 0.57 35.61 

Padded with TiO2 NC -2.87 -27.16 3.84 48.32 

C800-2 -2.68 -25.62 4.95 47.60 

C950-2 -2.82 -24.40 6.10 48.89 

C970-2 -2.38 -23.77 6.50 48.41 

C990-2 -2.47 -25.40 5.04 46.36 

C990-4 -2.62 -23.63 6.72 49.08 

C1000-2 -2.07 -25.39 4.88 44.90 

C1000-4 -2.26 -24.69 5.60 46.23 

Red Control 52.65 -5.80 / 41.20 

Padded with chitosan 52.35 -5.02 0.84 40.46 

Padded with TiO2 NC 41.43 -8.29 11.49 53.66 

C800-2 41.47 -7.58 11.32 53.22 

C950-2 39.73 -6.31 12.93 53.87 

C970-2 38.76 -5.47 13.89 54.29 

C990-2 40.76 -5.76 11.89 53.12 

C990-4 35.98 -5.78 16.67 56.93 

C1000-2 37.89 -5.36 14.77 54.93 

C1000-4 37.21 -5.41 15.44 55.83 
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that the application of chitosan to viscose fabrics by padding resulted in an 

increase in air permeability. Increasing the chitosan concentration led to a higher 

air permeability due to an increase in pore size and distortion of the fabric 

structure [194]. This shows a good agreement with the results in this study where 

the presence of the chitosan layer in the coated fabric increased the sample’s air 

permeability.  

Followed by the application of chitosan layer, TiO2 nanoparticles were 

padded onto the fabric and the air permeability decreased slightly. Previous 

researchers reported that TiO2 particles either decreased the air permeability of 

fabric [195], or had an insignificant effect [190]. A possible reason is the TiO2 

nanopoarticles filled up the voids between the fibres, which limited the air flow 

through the padded fabric and a lower air permeability was resulted. 

Besides, the air permeability of the fabric is generally affected by variables 

such as the fabric structure, thickness and the surface characterisation [196]. 

Ureyen et al. reported that mechanical forces applied to fabrics during washing 

led to increased air permeability [197]. In this study, each cotton sample was 

padded three times (1
st
 layer: chitosan, 2

nd
 and 3

rd
 layer: TiO2). The mechanical 

forces applied on the fabric might lead to certain changes in the structure such as 

fabric thickness. Table 4.10 shows the fabric thickness measured by a thickness  
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Table 4.9 The air permeability values of the control and the TiO2-padded fabric 

(Pressure difference = 100 Pascal) 

Sample 
Air permeability (ml/s/cm

2
) 

Amber Black Blue Red 

Control 11 ± 0.4 13 ± 0.3 13 ± .4 13 ± 0.3 

Padded with chitosan 22 ± 0.3 25 ± 2.7 24 ± 1.2 26 ± 2.3 

Padded with TiO2 NC 17 ± 1.5 18 ± 1.0 20 ± 0.6 16 ± 1.9 

C800-2 15 ± 1.2 17 ± 0.9 20 ± 1.2 16 ± 0.4 

C950-2 14 ± 1.5 16 ± 1.1 18 ± 0.3 16 ± 0.2 

C970-2 12 ± 0.8 13 ± 0.9 17 ± 1.3 13 ± 0.6 

C990-2 14 ± 0.8 15 ± 1.6 19 ± 0.9 17 ± 1.4 

C990-4 13 ± 1.4 16 ± 1.9 15 ± 0.5 16 ± 2.8 

C1000-2 14 ± 0.3 17 ± 0.5 18 ± 0.6 16 ± 2.3 

C1000-4 13 ± 0.6 15 ± 0.5 19 ± 0.6 12 ± 1.0 

 

 

Table 4.10 The fabric thickness of the control and the TiO2-padded fabric 

Sample 
Fabric thickness (mm) 

Amber Black Blue Red 

Control 0.53 ± 0.01 0.54 ± 0.01 0.52 ± 0.02 0.52 ± 0.02 

Padded with chitosan 0.51 ± 0.03 0.50 ± 0.01 0.50 ± 0.01 0.50 ± 0.02 

Padded with TiO2 NC 0.53 ± 0.03 0.50 ± 0.02 0.50 ± 0.01 0.46 ± 0.00 

C800-2 0.50 ± 0.01 0.50 ± 0.01 0.50 ± 0.03 0.49 ± 0.01 

C950-2 0.51 ± 0.01 0.50 ± 0.01 0.49 ± 0.01 0.50 ± 0.01 

C970-2 0.49 ± 0.01 0.49 ± 0.01 0.48 ± 0.01 0.51 ± 0.03 

C990-2 0.51 ± 0.01 0.50 ± 0.01 0.51 ± 0.01 0.51 ± 0.02 

C990-4 0.51 ± 0.01 0.51 ± 0.02 0.48 ± 0.01 0.50 ± 0.01 

C1000-2 0.51 ± 0.00 0.50 ± 0.02 0.47 ± 0.01 0.50 ± 0.03 

C1000-4 0.49 ± 0.01 0.49 ± 0.01 0.50 ± 0.02 0.48 ± 0.03 

 



Chapter 4 

 

 

  
Page 113 

 
  

gauge, averaged from 3 repeated measurements at different areas. Hence a 

decrease in fabric thickness after several padding cycles might be another 

potential reason for the increase in air permeability. 

 

4.3.7 Thermal conductivity test 

The measured thermal conductivity values of the fabric samples are shown 

in Table 4.11. The test reflects the thermal conductivity and heat diffusion of the 

tested specimens. The literature value of the thermal conductivity of TiO2 (8.5 

W/mK [198]) is higher than that of cotton (0.026 – 0.065 W/mK [42]), while 

chitosan was reported to have a higher thermal resistance, implying a lower 

thermal conductivity, than cotton [199]. The slight decrease in the thermal 

conductivity of the padded fabrics was the result of the opposing effects of TiO2 

and chitosan on the resultant value. 

 

4.3.8 Durability test 

Preliminary test 

Figure 4.11 shows the UV transmission spectra of the cotton samples before 

and after laundering, with the TiO2 coating applied with the 3 different 

approaches. Table 4.12 shows the percentage increase in the UV transmission 
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Table 4.11 The thermal conductivity of the control and the TiO2-padded fabric 

Sample 
Thermal conductivity (k) (W/mK,  10

-2
) 

Amber Black Blue Red 

Control 5.8 ± 0.02 5.9 ± 0.17 6.0 ± 0.04 5.9 ± 0.24 

Padded with TiO2 NC 5.9 ± 0.28 5.7 ± 0.06 5.6 ± 0.17 5.5 ± 0.06 

C800-2 5.6 ± 0.07 5.3 ± 0.09 5.2 ± 0.03 5.6 ± 0.09 

C950-2 5.7 ± 0.05 5.7 ± 0.16 5.3 ± 0.16 5.5 ± 0.06 

C970-2 5.5 ± 0.04 5.3 ± 0.06 5.5 ± 0.09 5.3 ± 0.05 

C990-2 5.7 ± 0.12 5.6 ± 0.16 5.2 ± 0.19 5.6 ± 0.17 

C990-4 5.7 ± 0.07 5.3 ± 0.04 5.3 ± 0.02 5.4 ± 0.05 

C1000-2 5.6 ± 0.04 5.2 ± 0.08 5.0 ± 0.08 5.6 ± 0.06 

C1000-4 5.7 ± 0.06 5.7 ± 0.04 5.3 ± 0.10 5.7 ± 0.11 

 

(i.e., the total area under the UV transmission curve) after each laundering cycle, 

compared with the unwashed sample. In other words, a 100% increase in UV 

transmission means the intensity of the UV radiation that can transmit through 

the sample is double that of the unwashed sample. The higher the % increase in 

UV transmission, the greater is the amount of TiO2 loss in the laundering cycle 

(the relationship might not be directly proportional). The chitosan-TiO2- 

chitosan-padded cotton showed a very small % increase in UV transmission in 

both test no. 1A and 2A, followed by the one padded with chitosan-TiO2, and the 

cotton padded with TiO2 only exhibited the highest value of % increase. That 

means the chitosan-TiO2-chitosan-padded cotton had the least amount of TiO2 

particles separating from the fabric surface during the laundering process. The  
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Figure 4.11 UV transmission spectra of the cotton fabrics before and after 

laundering according to AATCC 61 (a) padded with TiO2 only; (b) padded with 

chitosan-TiO2; (c) padded with chitosan-TiO2-chitosan 
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Table 4.12 The percentage increase in UV transmission after laundering, 

compared with the unwashed sample 

Number 

of 

cycles 

Number of 

launderings 

simulated 

Test no. 1A Test no. 2A 

TiO2 

only 

Chitosan- 

TiO2 

Chitosan- 

TiO2- 

chitosan 

TiO2 

only 

Chitosan- 

TiO2 

Chitosan- 

TiO2- 

chitosan 

1 5 77% 21% 1% 60% 29% 13% 

2 10 82% 25% 2% 115% 60% 15% 

3 15 85% 26% 10% 123% 87% 20% 

4 20 103% 26% 15% 124% 95% 21% 

5 25 106% 34% 18% 128% 97% 21% 

6 30 110% 37% 26% 133% 113% 28% 

7 35 117% 42% 28% 147% 116% 63% 

8 40 118% 62% 31% 165% 120% 75% 

9 45 118% 69% 34% 175% 122% 112% 

10 50 139% 83% 46% 239% 160% 132% 

 

good wash fastness was due to the presence of the chitosan layer in between the 

TiO2 layer and the fabric surface, acting as a mediator, and the chitosan layer on 

top of the TiO2 layer, serving as a protective layer. The sample padded with TiO2 

only had the maximum amount of TiO2 loss after laundering because of the 

absence of any mediator layer and protective layer. The chitosan-TiO2-padded 

sample showed the medium amount of TiO2 loss as there was only a chitosan 

mediator layer, without any protective layer. 

 Figure 4.12 shows the FESEM images of the appearance of the cotton fabric 

before and after laundering, with the coating applied with the 3 different 
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Control (unwashed) 

 

 Unwashed Test no. 1A, 10 cycles Test No. 2A, 10 cycles 

TiO2 only 

 

Chitosan- 

TiO2 

Chitosan- 

TiO2- 

chitosan 

Figure 4.12 FESEM images of the TiO2-padded samples coated with 3 different approaches, before and after laundering
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approaches. The results were consistent with those in the UV transmission 

spectroscopy, in which the chitosan-TiO2-chitosan-padded fabric had the least 

TiO2 loss, followed by the chitosan-TiO2-padded one, and the approach with only 

TiO2-padded showed the most TiO2 amount falling off. The TiO2 particles fell off 

from the exposed fibre surfaces, with the remaining TiO2 particles staying on the 

less exposed areas between the fibres. 

 

Durability test on coloured fabric 

Figures 4.13 and 4.14 show the diffuse UV-visible-NIR reflectance spectra 

of the chitosan-TiO2-chitosan-padded fabric and the control fabric before and 

after laundering. Table 4.13 shows the solar reflectance of the sample and the 

control before and after laundering, with the difference calculated. The 

comparison was made between the washed sample with the washed control 

fabric with the same number of laundering cycles, in order to exclude the effect 

of colour fading and change in textile structure on the reflective property of the 

fabrics. The chitosan-TiO2-chitosan-padded sample still remained more reflective 

to solar radiation than the control fabric, even after 10 laundering cycles 

(equivalent to 50 washings) in both test no. 1A and 2A. The difference in solar 

reflectance between the coated sample and the control, however, decreased with 
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Figure 4.13 Diffuse UV-visible-NIR reflectance spectra of the chitosan-TiO2- 

chitosan-padded cotton (dash line) and the control fabric (solid line), before and 

after laundering according to AATCC 61 test no. 1A: (a) amber cotton; (b) blue 

cotton 
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Figure 4.14 Diffuse UV-visible-NIR reflectance spectra of the chitosan-TiO2- 

chitosan-padded cotton (dash line) and the control fabric (solid line), before and 

after laundering according to AATCC 61 test no. 2A: (c) amber cotton; (d) blue 

cotton 
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Table 4.13 Solar reflectance of the chitosan-TiO2-chitosan-padded cotton, before 

and after laundering 

Colour Laundering condition 

Solar reflectance 

Control Sample 
Difference 

(sample- control) 

Amber Unwashed 51.89% 59.97% 8.08% 

Test no. 1A 2 cycles 53.02% 60.64% 7.62% 

4 cycles 53.62% 60.37% 6.75% 

6 cycles 53.43% 59.83% 6.40% 

8 cycles 53.53% 60.39% 6.86% 

10 cycles 53.71% 60.04% 6.33% 

Test no. 2A 2 cycles 52.87% 58.23% 5.36% 

4 cycles 53.10% 58.10% 5.00% 

6 cycles 53.61% 59.82% 6.21% 

8 cycles 53.51% 57.86% 4.35% 

10 cycles 53.59% 58.16% 4.57% 

Blue Unwashed 31.95% 38.23% 6.28% 

Test no. 1A 2 cycles 33.30% 40.41% 7.11% 

4 cycles 32.67% 38.49% 5.82% 

6 cycles 33.17% 38.57% 5.40% 

8 cycles 34.05% 38.22% 4.17% 

10 cycles 34.12% 38.03% 3.91% 

Test no. 2A 2 cycles 33.34% 38.51% 5.17% 

4 cycles 33.14% 38.26% 5.12% 

6 cycles 33.64% 37.29% 3.65% 

8 cycles 33.46% 37.31% 3.85% 

10 cycles 33.62% 37.32% 3.70% 
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an increase in the number of laundering cycles, as a result of the loss of solar 

reflective TiO2 particles from the coated fabric during simulated washing. 

 The temperature versus time graphs of the chitosan-TiO2-chitosan and the 

control fabric, before and after washing, are shown in Figure 4.15, with the 

average temperature difference shown in Table 4.14. After laundering, the coated 

sample still exhibited a lower surface temperature than the control fabric, which 

was consistent with the results in the calculation of solar reflectance. This proved 

that the chitosan-TiO2-chitosan coating approach provided a good wash fastness, 

and a temperature reduction of 1.1°C could be maintained compared with the 

control with 50 simulated hand washing cycles (for amber coloured cotton, 

laundered according to test no. 1A with 10 cycles). 

 

4.3.9 Study of the effect of TiO2 concentration 

The diffuse UV-NIR reflectance spectra of the fabric samples padded with 

2%, 4% and 6% (w/v) TiO2 dispersion is shown in Figure 4.16 and the calculated 

solar reflectance is shown in Table 4.15. It was shown that as the TiO2 

concentration increased, the increase in diffuse UV-visible-NIR reflectance and 

calculated solar reflectance was more significant. However, the solar heat 

reducing performance of the 4% and 6% TiO2-padded samples was similar, as  
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Figure 4.15 Temperature measurement of the chitosan-TiO2-chitosan-padded 

cotton (dash line) and the control fabric (solid line) (a) before laundering; (b) 

after laundering according to AATCC 61 test no. 1A; (c) after laundering 

according to AATCC 61 test no. 2A 

 

Table 4.14 Average temperature difference (∆T) between the chitosan-TiO2- 

chitosan-padded cotton and the control before and after laundering, according to 

AATCC test method 61 

Colour 

Average temperature difference (∆T, °C) 

Unwashed 
Test no. 1A 

(10 washing cycles) 

Test no. 2A 

(10 washing cycles) 

Amber -1.2 ± 0.2 -1.1 ± 0.2 -0.9 ± 0.2 

Blue -1.0 ± 0.3 -0.6 ± 0.2 -0.4 ± 0.1 
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Figure 4.16 Diffuse UV-visible-NIR reflectance spectra of the TiO2-padded 

fabric and the control fabric, each was averaged from 3 measurements: (a) amber; 

(b) blue 

 

evidenced by the overlapping of reflectance curves in most of the wavelengths in 

the spectra and the small difference in calculated solar reflectance (1.64% for 

amber cotton and 0.52% for blue cotton). The graphs of surface temperature of 

irradiated fabric samples versus time are shown in Figure 4.17 and the average 
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ΔT values of each measurement are shown in Table 4.15. The results of surface 

temperature measurement showed a good agreement with those of the diffuse 

reflectance analysis and solar reflectance calculation: as the TiO2 concentration 

increased, a better heat reducing performance was provided. When the TiO2 

concentration exceeded 4%, the heat reducing effect reached a saturated point 

and the temperature difference between the TiO2-padded cotton and the control 

was similar. 

 Table 4.16 shows the CIELAB L*, a*, b* values of the cotton samples 

padded with TiO2 dispersion of different concentrations. A greater chroma  

 

Table 4.15 Solar reflectance of the TiO2-padded cotton and the average 

temperature difference (ΔT) between the TiO2-padded cotton and the control 

Sample 
Solar reflectance 

(whole region) 

Average temperature 

difference (∆T, °C) 

Amber Control 41.78% / 

Padded with chitosan 41.48% / 

Padded with TiO2 (2%) 59.35% -1.0 ± 0.2 

Padded with TiO2 (4%) 63.71% -1.1 ± 0.1 

Padded with TiO2 (6%) 65.35% -1.1 ± 0.1 

Blue Control 15.67% / 

Padded with chitosan 15.92% / 

Padded with TiO2 (2%) 39.29% -0.3 ± 0.1 

Padded with TiO2 (4%) 42.70% -0.6 ± 0.2 

Padded with TiO2 (6%) 43.22% -0.6 ± 0.2 
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Figure 4.17 Temperature measurement of the TiO2-padded cotton (a) amber (b) 

blue. Solid line represents the control sample; dash line shows the TiO2-padded 

sample 

 

change (∆E) was resulted as a higher TiO2 dispersion concentration was used. 

The lightness value increased with the TiO2 concentration, which correlated with 

the results of diffuse UV-visible-NIR reflectance analysis. Because TiO2 is a  

good reflector, increasing its concentration resulted in an increase in lightness 

(L*) and diffuse reflectance over the UV-visible-NIR range. As mentioned in the 

last paragraph, when the TiO2 concentration exceeded 4%, the heat reducing 

effect reached a saturated point but the lightness value kept increasing which 
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Table 4.16 CIE L*, a*, b* values of the control and the TiO2-padded fabric 

Sample 
Chroma Lightness 

a* b* ∆E L* 

Amber Control 38.82 70.44 / 64.24 

Padded with chitosan 38.61 69.42 1.04 64.29 

Padded with TiO2 (2%) 31.46 53.04 18.89 69.33 

Padded with TiO2 (4%) 30.38 51.77 20.49 72.37 

Padded with TiO2 (6%) 27.02 43.91 29.04 73.59 

Blue Control -0.17 -29.89 / 33.64 

Padded with chitosan -0.73 -30.02 0.57 35.61 

Padded with TiO2 (2%) -1.80 -27.22 3.12 41.86 

Padded with TiO2 (4%) -2.87 -27.16 3.84 48.32 

Padded with TiO2 (6%) -2.94 -25.36 5.31 49.31 

 

affect the colour of the fabric substrate. In order to have a trade-off between heat 

reducing effect and appearance, TiO2 concentrations above 4% were not 

recommended since the temperature reduction might not increase with higher 

concentrations, while the colour change was still increasing which shielded the 

original colour of the substrate. 

 

 

4.4 Conclusion 

 The effect of particle size and crystalline phase of TiO2 on its 

UV-visible-NIR reflectance was studied. TiO2 with different crystalline phases 

and particle sizes were prepared by calcining the oxide at different temperatures 
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and periods of time, inducing the phase transition and morphological evolution. 

Here below is a summary of the facts derived from the experiments. 

1. TiO2 powder was calcined at seven different temperatures and periods of 

time to obtain 8 mixtures with different anatase-to-rutile ratios. The phase 

transition, morphological evolution and the NIR reflectance of TiO2 upon 

heat treatment were studied. It was found that calcination induced the 

anatase-to-rutile conversion (resulting in higher refractive index) and 

growth in grain size. 

2. The refractive index and particle diameter have a combined effect on the 

NIR reflectance of the TiO2 powder. The reflectance of TiO2 first increased 

with heat treatment at higher temperature and longer time, where the rise in 

rutile content implied higher refractive index. Until a certain point where the 

anatase:rutile ratio was 35:65 and the corresponding particle diameter was 

563 nm, further increase in particle diameter, induced by calcination at 

higher temperature and longer time, resulted in deviation from the optimum 

particle size (350-550 nm) to reflect the thermal infrared radiation 

(700-1100 nm). 

3. Application of TiO2 coating onto cotton substrate increased the NIR 

reflectance of cotton. The NIR reflectance of the coated fabric was affected 
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by the refractive index and particle diameter of the TiO2 particles, as well as 

the substrate colour. 

4. Maximum temperature reduction of 2.8°C, 2.5°C, 3.3°C and 1.4°C was 

recorded for amber-, black-, blue- and red-coloured cotton respectively, 

when they were irradiated with simulated solar radiation. 

5. Physical properties including air permeability and thermal conductivity of 

the fabric samples were measured. The TiO2-padded sample had a higher air 

permeability and a slightly lower thermal conductivity than the control 

fabric without coating. 

6. A durability test of the TiO2 particles against laundering was performed. It 

was found that the chitosan-TiO2-chitosan multilayer approach exhibited the 

best durability, i.e., the least TiO2 loss in the laundering procedure. The 

washed chitosan-TiO2-chitosan-padded sample (in amber colour) still 

showed a difference of 6.33% in solar reflectance, and a temperature 

reduction of 1.1°C, compared with the washed control fabric after 50 

simulated hand launderings. 
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Preparation of the Silica-Titania Core-Shell 

Particle and Its Application on Cotton Fabric 
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5.1 Research background 

In Chapter 3, titanium dioxide sol-gel was prepared and its heat reflection 

effect on cotton fabric was evaluated. However, the particle size of TiO2 

synthesised by the sol-gel route is seldom larger than 100 nm commonly. 

According to the Fresnel’s rules, the size of the dispersed TiO2 particles should 

be at 1/3 to 1/2 of the wavelength of the incident radiation, in order to obtain 

maximum reflection [7, 48, 53]. The heat-producing region in the solar radiation 

spectrum is 700-1100 nm, therefore TiO2 particles with a diameter of 350-550 

nm were targeted to exhibit the best reflection in the heat-producing region for 

solar reflection. The size of the TiO2 sol-gel was smaller than the optimum size to 

reflecting heat radiation, hence a silica-titania core-shell concept was explored. 

Core-shell nanoparticles could be prepared by many methods including 

impregnation [200], grafting [200], precipitation [200], reverse suspension [201], 

layer-by-layer technique [202], template-directed self-assembly [203], 

encapsulation by in-situ polymerisation [204], sol-gel technology [205, 206]. 

Among the different methods, the sol-gel process is comparatively simple. 

Monodisperse silica cores can be prepared using the Stöber process [207], 

followed by the deposition of TiO2 sol on the surface, resulting in a core-shell 

composite structure. The size of the SiO2 core can be controlled by varying the 
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synthesis conditions; for example submicron range particles can be made easily, 

and are suitable for the heat-reflective purpose. 

The SiO2-TiO2 core-shell concept was first suggested by Hsu et al. for the 

application of paper whiteners [24]. Due to the limited supply of titanium dioxide, 

it is desirable to minimize the amount of titania used in the pigment, for example, 

using inexpensive cores coated with titania [208], while a titania shell alone has 

nearly the scattering properties of titania [209]. Another advantage is the very 

good control of particle size and size distribution made possible by the chemical 

coating methods. This makes the optimisation of the optical properties easier 

[210]. Wang et al. used the Kubelka-Munk theory and the Mie model to conduct 

an experiment, predicting and designing the optimal size and structure of the 

titania pigment for the purpose of heat-insulation [75]. They reported that the 

infrared radiation in the 0.75 μm to 10 μm wavelength range was most 

effectively scattered by solid spherical TiO2 particles with radii ranging from 0.2 

μm to 3 μm. The scattering ability of the core-shell SiO2-TiO2 pigment whose 

size ranges from 0.3-1.6 μm was even better than the solid spherical TiO2 

pigments. The optimum diameter range of the core-shell particles should be 

0.6-0.8 μm and the optimal shell thickness should be 50-100 nm to maximize the 

solar reflectance in the NIR region. They also prepared SiO2-TiO2 core-shell 
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composites with a silica core of 800 nm diameter and a titania shell with a 

thickness of 30-100 nm [211]. The use of the core-shell in thermal management 

application was proposed, however, no temperature measurement was done to 

support their proposed objective. Vargas et al. also prepared the anatase 

titania-coated silica pigments and tested them on glass substrates in the form of 

paints [210]. The core-shell pigments (best solar reflectance = 0.7) were less 

scattering than commercial rutile titania particles (best solar reflectance = 

0.75-0.8), and the difference was not very large, then they suggested the 

application of the studied pigments in radiative cooling. 

Few studies of the application of the SiO2-TiO2 core-shell have been 

reported in the context of textile applications. Pakdel et al. investigated the 

self-cleaning and superhydrophobic properties of SiO2-TiO2 on cotton fabric, but 

the oxides were in a mixed composite form, instead of a core-shell structure [121, 

212]. The only reported use of SiO2-TiO2 core-shell on cotton was for the 

photocatalytic self-cleaning activity [120, 213]. In this study, the method was 

modified and the SiO2-TiO2 composites with different sizes were prepared. The 

solar reflectance of the core-shell and the effect of the size of the core were 

studied. 
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5.2 Experimental 

5.2.1 Preparation of TiO2 sols 

The titanium tetraisopropoxide (5 ml) (Aldrich) was added into acidic water 

(100 ml) containing 1 ml nitric acid and 10 ml acetic acid, whilst being stirred 

vigorously. The mixture was heated at 60C under magnetic stirring for 16 h. 

 

5.2.2 Preparation of SiO2 nanoparticles 

Four sets of silica particles with different particle sizes were prepared using 

the formulations shown in Table 5.1. The silica precursor methyl- 

trimethoxysilane (MTMS, Fluka) was introduced into the nitric acid solution, 

while being heated at 60C under vigorous stirring. After stirring for 1 min, 

ammonia was added to the solution to shift the pH to alkaline (pH = 9–11). The 

silica particles were precipitated out and collected by centrifugation (6000 rpm). 

 

Table 5.1 Formulation of the silica particles 

Sample 
Precursor 

concentration 

MTMS 

(ml) 

1×10
-4

 M nitric acid 

solution (ml) 

Ammonia 

(ml) 

CS1 2.5% 2.5 97.5 2.5 

CS2 5.0% 2.5 47.5 1.3 

CS3 7.5% 2.5 35.0 0.9 

CS4 10.0% 2.5 22.5 0.6 
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5.2.3 Preparation of the SiO2-TiO2 nanocomposites 

Each set of as-prepared SiO2 powder was added to 100ml of TiO2 sol and the 

pH was tuned to a specified value (explained in section 5.3.1). The mixtures were 

sonicated in an ultrasonic bath for 2 hours. The TiO2/SiO2 mixtures were left to 

settle deposition for 12 hours to form a SiO2-supported TiO2 spherical 

nanocomposite with a core–shell structure. 

 

5.2.4 Application of SiO2-TiO2 nanocomposites on cotton 

Cotton fabric was cleaned using BASF Kieralon F-OLB conc at 80C for 30 

minutes and dyed at 1/1 standard depth with Levafix Amber CA (amber) and 

Levafix Blue CA (blue) respectively according to ISO 105-A06. The SiO2-TiO2 

nanocomposites were applied onto the cotton fabric by means of a pad-dry-cure 

method. Each dyed cotton fabric was padded twice with the SiO2-TiO2 

suspension with a 80% wet pickup and dried (padding drying padding 

drying). Before drying, the padded fabrics were put in ammonia gas for 

neutralization until a pH of 7 was achieved on the fabric surface. Dried samples 

were then cured at 150C for 2 minutes in a preheated curing oven (Mathis 

Labdryer Labor-Trockner Type LTE, Werner Mathis AG Co., Switzerland). TiO2 

sol-padded fabric was also prepared for the purpose of comparison. 
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5.2.5 Characterisation 

The zeta potential of the titania and silica particles was measured using a 

Brookhaven ZetaPlus zeta potential analyser. Field emission scanning electron 

microscopy (FESEM) observations were recorded using a JEOL JSM-6335F 

field emission scanning electron microscope. Transmission electron microscopy 

(TEM), high resolution transmission electron microscopy (HRTEM) and 

selective area electron diffraction (SAED) observations were recorded using a 

JEOL JEM-2100F transmission electron microscope. Specimens were prepared 

by dispersing the SiO2-TiO2 powder in absolute ethanol and depositing it on 

copper TEM grid. X-ray diffraction (XRD) patterns of the core-shell samples 

were collected using a Rigaku Smartlab X-Ray diffractometer, operating with Cu 

Kα radiation. The core-shell powder samples for XRD analysis were collected by 

centrifugation, then washed with deionised water and finally oven dried at 55°C 

under reduced pressure. The UV-visible reflectance (200-800 nm) of the fabric 

samples was measured with a Shimadzu UV-2600 UV-vis spectrophotometer 

with an integrating sphere, while the NIR reflectance (800-2500 nm) was 

measured with a Bruker Vertex70 spectrometer with an integrating sphere. 

Barium sulphate was used as the 100% reflectance reference in both 

measurements. The % reflectance to solar irradiation was calculated using the 
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standard spectral solar irradiance in test method ASTM G 173 [44] and the 

equation specified in test method ASTM E 424 [175]: 

    
   
        
          

   
        
       

 

Where 

Rsc = Solar energy reflectance 

Rλ = Spectral reflectance at wavelength λ 

Eλ = Relative energy at wavelength λ 

 

The core-shell-padded samples and the control fabric without the core-shell 

coating were irradiated with air-mass 1.5 simulated solar irradiance for 10 

minutes, using an ABET Technologies Sun 2000 solar simulator (Model 11000). 

The samples were mounted on a sample holder and placed horizontally under the 

light source; the distance between the samples and the light source was 9 cm. The 

experimental setup is illustrated in Figure 5.1. Thermal images were taken with a 

FLIR i5 infrared camera every 30 seconds. The thermal images were analysed by 

means of the FLIR Quick Report program and the temperature difference (∆T, = 

Tpadded sample – Tcontrol fabric) between the core-shell-padded sample and the control 

fabric was calculated. All the measurements were carried out in the same 

laboratory with standardised temperature. Appropriate shielding device was used 

to isolate the space where the test sample, control fabric, light source and thermal  



Chapter 5 

 

 

  
Page 138 

 
  

 

Figure 5.1 Schematic diagram of the setup of temperature measurement 

 

camera located, in order to minimise the effect of surrounding condition (e.g. 

wind speed) on the testing results. 

 

5.3 Results and discussion 

5.3.1 Characterisation of SiO2-TiO2 core-shell 

According to the previous studies reported by other researchers, the 

deposition of TiO2 on SiO2 core surface is due to the heterogenic coagulation 

[182, 214, 215]. The heterogenic coagulation is a self-assembly of two different 

kinds of particles due to the electrostatic attractions, as the smaller particles are 

physically or chemically deposited on the surface of the larger ones. In this study, 
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the TiO2 nanoparticles, which were of smaller size, were bound on the larger 

SiO2 particles. In order to facilitate the deposition of the nano-titania on the silica 

particles, the pH value of the SiO2-TiO2 mixture was adjusted to create an 

electrostatic attraction between the two kinds of particles. Figure 5.2 shows the 

graph of zeta potential versus pH value of the titania and silica prepared. The 

isoelectric points of the TiO2 sol, CS1, CS2, CS3 and CS4 were 4.0, 5.3, 4.6, 3.6 

and 3.6 respectively. The pH of each SiO2/TiO2 mixture was therefore adjusted to 

a value in between the isoelectric points of the TiO2 and the corresponding SiO2: 

4.5, 4.3, 3.8, and 3.8 for the mixture of CS1, CS2, CS3 and CS4 respectively. 

Then the titania nanoparticles would assemble themselves on the surface of the 

silica cores due to the charge difference and lead to the coating. 

 

 

Figure 5.2 Zeta potential of TiO2 and SiO2 sol-gel 
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Figure 5.3 shows the FESEM images of the SiO2 cores and SiO2-TiO2 

core-shells. The prepared silica cores were spherical in shape with a smooth 

surface. The particles were monodisperse, and the average particle diameters of 

CS1, CS2, CS3 and CS4 were 565 nm (±30 nm); 619 nm (±39 nm); 699 nm (±36 

nm) and 1038 nm (±108 nm) respectively (N=50). This demonstrated that as the 

precursor concentration increased, the SiO2 particles synthesised were larger in 

size. Precursor concentration of 1.25% and 20% was also used in the experiment 

to synthesise uniform silica cores, and their morphology is shown in Figure 5.4. 

With a precursor concentration = 1.25%, SiO2 spherical particles could not be 

formed; in the sample with precursor concentration = 20%, the size of the SiO2 

particles were not uniform with a broad distribution. Therefore, these two 

precursor concentrations were not further studied in the later experiments. 

The surface morphology of the SiO2 cores with the nano-TiO2 deposited on 

the surface is shown in Figure 5.3 (b-c). The surfaces of the SiO2-TiO2 core- 

shells were rough and textured, and the appearance was consistent with the other 

core-shell composites reported [120, 216, 217]. Figure 5.5 shows the TEM and 

HRTEM images of CS1, with the red line indicating the thickness of the 

nano-TiO2 deposited on the SiO2 surface. The TiO2 coating layer was not 

uniform, with an estimated average thickness of 10 nm. The SAED image of the 
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Figure 5.3 FESEM images of (a) the silica core of (1) CS1, (2) CS2, (3) CS3 and 

(4) CS4 on silicon wafer; (b-c) the SiO2-TiO2 core-shell of (1) CS1, (2) CS2, (3) 

CS3 and (4) CS4 on silicon wafer 
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Figure 5.4 FESEM images of silica prepared using precursor concentration: (left) 

1.25%; (right) 20% 

 

 

 

Figure 5.5 (a-b) TEM images of CS1; (c) HRTEM image of CS1; (d) SAED 

image of CS1, red line indicates the thickness of TiO2 coating 
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TiO2 coating is shown in Figure 5.5 (d), and the lattice spacing confirmed the 

deposited shell layer was anatase TiO2. 

The XRD patterns of the SiO2-TiO2 extracted core-shell powders are shown 

in Figure 5.6. Silica did not show diffraction, while the titania shell showed 

significant diffraction peaks at 25°, 38° and 48°, indicating that anatase was the 

predominant phase. It further confirmed the shell was comprised of crystalline 

anatase TiO2. 

 

5.3.2 Application of the SiO2-TiO2 core-shell cotton fabric 

Figure 5.7 shows the FESEM images of the cotton fabrics padded with 

SiO2-TiO2 core-shells, TiO2 only, and the control fabric without treatment. Due  

 

Figure 5.6 XRD patterns of the extracted core-shell powders 
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Figure 5.7 FESEM images of (a) control fabric without treatment; (b) cotton 

fabric padded with TiO2 sol; (c) cotton fabric padded with CS1; (d) cotton fabric 

padded with CS2; (e) cotton fabric padded with CS3; (f) cotton fabric padded 

with CS4 

 

to the small particle size of the TiO2 sol (nano-range), it formed a smooth 

continuous coating on the cotton fibres, and no discrete particles could be 

identified. By way of contrast, the SiO2-TiO2 core-shells were in the submicron 
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and micron range, and they were uniformly coated on the cotton fibres as discrete, 

identifiable particles. 

Figure 5.8 and Table 5.2 show the diffuse UV-visible-NIR spectra and the 

calculated solar reflectance of the amber and blue cotton before and after the 

 

 

Figure 5.8 Diffuse UV-visible-NIR reflectance spectra of cotton fabrics padded 

with the SiO2-TiO2 core-shell and the control fabric (a) amber cotton (b) blue 

cotton 
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Table 5.2 Solar reflectance of core-shell-padded fabric and the control fabric 

Sample 

Solar reflectance 

UV-vis NIR 
Whole 

region 

Heat generating 

region (700-1100 nm) 

Amber 

Control 42.01% 71.65% 53.29% 75.15% 

Padded with  

TiO2 sol 43.03% 72.85% 54.38% 76.39% 

CS1 43.72% 73.79% 55.16% 77.75% 

CS2 44.15% 75.06% 55.92% 78.94% 

CS3 44.77% 75.61% 56.51% 79.76% 

CS4 43.85% 74.70% 55.59% 78.69% 

Blue 

Control 15.74% 61.02% 33.03% 50.94% 

Padded with  

TiO2 sol 17.28% 60.51% 33.79% 50.90% 

CS1 17.38% 63.49% 34.99% 53.78% 

CS2 17.95% 64.24% 35.63% 54.49% 

CS3 18.16% 64.72% 35.95% 54.94% 

CS4 17.49% 63.42% 35.03% 53.52% 

 

padding with the TiO2 sol and the SiO2-TiO2 core-shell. When compared with the 

control fabric and the fabric padded with only TiO2 sol, all the core-shell-padded 

cotton fabrics had a higher diffuse reflectance over the UV-visible and NIR 

region. It can be concluded that with the SiO2-TiO2 core-shell, the solar 

reflection was more promising than when using TiO2 sol alone. This was due to 

the small particle size of TiO2 sol, which could not reflect effectively in the solar 

radiation wavelength range. Regarding the solar reflectance of the cotton fabrics 

padded with SiO2-TiO2 core-shell, the trend first increased from CS1-padded to 
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CS3-padded, but then diminished in the sample padded with CS4. The solar 

reflectance levels of CS2, CS3 and CS4 samples were very similar with 

insignificant difference. The trend can be explained by the size of the core-shell. 

According to the Fresnel’s rules, in order to maximize the reflection in the 

heat-generating region of the solar irradiation (700-1100nm), the solid TiO2 

particles should have a diameter of 350-550 nm, which equals to 1/3 to 1/2 of the 

wavelength of the targeted wavelength [7, 48, 53]. However in this study, the 

heat reflective performance of 699 nm diameter (CS3, by FESEM) was the best, 

followed by 619 nm (CS2), 1038 nm (CS4) and 565 nm (CS1). This 

demonstrates that although the titania shell alone has nearly the scattering 

properties of titania [209], the optical property of the SiO2-TiO2 core-shell 

particles might not be the same as the conventional solid spherical TiO2 particles 

with the same particle diameter. Sample CS3 had the highest NIR reflectance 

with a core-shell size of 699 nm, which was consistent with Wang et al.’s study 

reporting that the optimum diameter range of the core-shell particles should be 

0.6-0.8 μm to maximize solar reflectance in the near-infrared region [75, 211]. 

 Figure 5.9 shows the graphs of surface temperature versus time of the 

core-shell-padded fabric and the adjacent control fabric without coating, 

irradiated under the simulated sunlight. Table 5.3 shows the average temperature  
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Figure 5.9 Temperature measurement of core-shell-padded cotton (a) amber; (b) 

blue. Solid line represents control fabric; dash line shows core-shell-padded 

sample 

 

difference ∆T (= Tpadded sample – Tcontrol fabric). The heat-reducing effect was  

most significant in the sample padded with CS3 in both amber colour and  

blue colour, followed by CS2, CS4 and CS1. The sample padded with TiO2  
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Table 5.3 Average temperature difference (∆T) between core-shell-padded cotton 

and the control 

Sample 
Average temperature difference (∆T, °C) 

Amber Blue 

Padded with TiO2 sol -0.5 ± 0.2 - 1.4 ± 0.2 

Padded with CS1 -0.6 ± 0.2 -2.7 ± 0.4 

Padded with CS2 -1.3 ± 0.3 -3.8 ± 0.6 

Padded with CS3 -1.9 ± 0.3 -4.3 ± 0.3 

Padded with CS4 -1.0 ± 0.2 -3.0 ± 0.7 

 

sol had an insignificant cooling effect. The results were consistent with the 

calculated solar reflectance. 

 

5.4 Conclusion 

Silica-titania core-shells with different sizes were prepared and applied on 

the coloured cotton fabric, the cooling effect of the coated fabrics was assessed. 

A summary of this work is given below: 

(1)  Monodisperse silica particles were prepared using the sol-gel synthesis with 

particle diameters of 565 nm, 619 nm, 699 nm and 1038 nm by altering the 

precursor concentration. As precursor concentration increased, the 

synthesised SiO2 became larger in size. 

(2)  Titania was synthesised using a sol-gel route and the nanocrystallites 

deposited on the SiO2 cores as a rough and textured shell. The shell was 
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confirmed as anatase TiO2. 

(3)  The prepared SiO2-TiO2 core-shell particles with different core size were 

applied onto cotton fabric by means of a pad-dry-cure process. The results 

in the diffuse UV-visible-NIR reflectance analysis and solar reflectance 

calculation showed that the core-shell-padded fabrics exhibited a higher 

reflectance over the UV-visible and NIR region, resulting in a higher solar 

reflectance. 

(4)  Surface temperature measurement under simulated sunlight demonstrated 

that the core-shell-padded fabrics had a lower surface temperature than the 

control fabrics, with a maximum temperature of 1.9°C (amber colour) and 

4.3°C (blue colour) in the samples padded with CS3. 
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6.1 Comparison of the different TiO2 prepared 

In this project, 3 different techniques were employed to produce NIR 

reflective materials for textiles based on titanium dioxide, including the sol-gel 

synthesis, calcination of commercial TiO2 and the preparation of SiO2-TiO2 

core-shell. The performance in solar reflectance and surface temperature 

reduction of the 3 techniques employed are summarised in Table 6.1. 

In Chapters 3 and 5, the TiO2 sol with 5% precursor concentration was used 

because the other sols with higher precursor concentrations were too viscous for 

the pad-dry-cure process on cotton fabric. When the 5% titanium precursor was 

used, the concentration of TiO2 in the final volume was 1.35% (assuming 100% 

yield). On the contrary, the commercial titania is usually surface treated to 

 

Table 6.1 Performance of the 3 techniques used in this work (on blue coloued 

cotton) 

* Compared with the control 

# Calculated theoretical value 

Sample 
Increase in solar 

reflectance* 

Temperature 

reduction* 

Synthesised by 

sol-gel method 

Padded with TiO2 sol 

(TiO2 = 1.35% (w/v)
#
) 

0.85% 1.1 °C 

Padded with core-shell 

(TiO2 = 1.35% (w/v)
#
) 

2.92% 4.3 °C 

Commercial 

product 

Padded with calcined TiO2 

(TiO2 = 4.00% (w/v)) 
11.41% 3.9 °C 
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achieve good dispersibility and minimization of aggregation. Therefore the 

commercial TiO2 % used in Chapter 4 could be as high as 4%, while the padding 

solution still showed a good degree of stability, free of aggregation, characterised 

by its low level of viscosity. 

The cotton padded with TiO2 sol had a relatively small cooling effect when 

compared with the other two techniques. Due to the small particle size of TiO2 

sol (42.8 nm), it could not provide an effective reflection in the NIR region 

(700-2500 nm) according to the Fresnel’s rules which stated that the optimum 

particle diameter should be half of the wavelength previously referred [7, 48]. 

The commercial TiO2 with calcination and the SiO2-TiO2 core-shell had particle 

sizes of 563nm and 699 nm, which were close to the optimum diameter derived 

from the Fresnel’s rules. Comparing the performance of the cotton padded with 

these two sets of TiO2 particles, the calcined TiO2 particles gave a higher 

improvement in solar reflectance to the cotton sample, but the temperature 

reduction was less marked than in the case of the synthesised SiO2-TiO2 

core-shell. A possible explanation for this was that the colour effect of the 

padded fabrics was not accounted for in this study. Generally, objects with 

lighter colours have higher levels of solar reflectance. In the case of this work, 

the cotton padded with calcined TiO2 particles had an increased lightness value 
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(L* increased from 33.64 in the control fabric to 49.08 in the padded sample) 

because the commercial TiO2 was intended to be used as a pigment originally, so 

its hiding power was good, resulting in the increased lightness. On the other hand, 

the sample padded with SiO2-TiO2 core-shell changed colour only marginally 

due to the fact that the core-shell suspension synthesised was translucent. It was 

invalid to compare the solar reflectance of the commercial TiO2 padded cotton 

and the core-shell padded cotton because of the large difference in lightness 

value.  

As evidenced by the temperature reduction values given by the 3 different 

techniques, it was concluded that the cooling effect provided by the core-shell 

was better than that provided by the other 2 techniques. In effect, the TiO2 

concentration in the core-shell padding solution was three times lower than that 

of calcined commercial TiO2 (as shown in Table 6.1), but the core-shell particle 

padded cotton exhibited a comparable temperature reduction to that of the one 

padded with calcined TiO2. A possible reason was that the irregular shape of the 

TiO2 particles occurred after calcination, which made the scattering on the 

particle surface more complex. Moreover, the SiO2-TiO2 core-shell had an 

insignificant effect on the colour of the cotton substrate. The slight colour change 

is beneficial to the textile apparel field, where the colour of the fabrics varies a 
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lot; the core-shell coating layer would neither limit the colour range nor alter the 

colour of the fabric. And the core-shell method allowed the use of inexpensive 

cores such as silica in this work, while the titania shell had comparable NIR 

reflective properties to those of conventional TiO2 pigments. Therefore the 

reported method was more cost effective due to the minimal amount of TiO2 used, 

the price of which has risen in the recent years. 

 

6.2 Comparison with existing technologies 

There are several existing technologies in fabric cooling, as described in 

detail in Chapter 2. The Outlast
®
 fabric, with the microcapsulated phase change 

materials incorporated, was said to have a temperature reduction of 3°C. The jade 

yarn/polyester woven sports fabric was reported to exhibit a temperature 

reduction of 1.2-2.0 °C [34], while the MWCNT-coated fabric showed a 

maximum temperature reduction of 3.9°C compared with the untreated fabric 

[42]. When compared with these commercial products and academic 

developments, the TiO2-treated fabric discussed in this work presented a 

satisfactory cooling effect, and the temperature reduction of fabric surface was 

comparable. 

However, each cooling technology is confined to certain working conditions 
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or requires certain prequisites. For example, the Omni-Freeze™ technology 

developed by Columbia Sportswear Company requires moisture (i.e., perspiration) 

to induce a reaction with the chemical applied on the fabric, thereby providing a 

cooling effect. The phase change materials in the Outlast
®
 fabric absorb energy 

when the surroundings get hotter, then phase change takes place and energy is 

subsequently released, providing a reverse cooling effect; however they cannot 

function efficiently if the temperature is out of its phase change range. The 

solar-reflective fabric reported in this study only works under solar light or in 

environments with NIR radiation. Moreover, different cooling technologies are 

based on different working principles, for instance the principle of MWCNT- 

coated fabric is based on the increased thermal conductivity of the substrate, 

while the principle of the TiO2-treated fabric discussed in this study is based on 

the increased solar reflectance of the base fabric. Therefore it is inappropriate to 

compare the performance of different technologies directly. In order to compare 

the solar reflective fabric in this work logically, it is recommended to compare 

with samples that are based on similar working principles, for example the 

fabrics exhibiting solar-reflective or NIR-reflective properties. 

In general aspect, the advantages and disadvantages of the TiO2 coating 

reported in this work could be summarised as follow: 
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Advantages: 

- The NIR reflective TiO2 nanoparticles were not incorporated into spun 

yarns (as in the case of the natural minerals mentioned in Section 2.1.3) and 

no encapsulation was required (like the case of phase change materials 

(PCMs) in Section 2.1.1 and xylitol in Section 2.1.4), the application 

process on fabric materials is relatively simple by the pad-dry-cure coating 

process. 

- The TiO2 coating reported does not require special structural design as in 

the case of Gore-Tex
®
 and Coolmax

®
. It is relative versatile since the 

coating can be applied on any kinds of fabric (including woven, knitted and 

non-woven) and fibre types (including natural or synthetic). 

- Unlike the PCMs which only work under certain temperature range, the 

TiO2 coating can show the heat reducing performance theoretically as long 

as the working condition involves solar light, based on the working 

principle of solar heat energy reflection. 

Disadvantages: 

- Since TiO2 is a good visible light reflector, the TiO2-coating inevitably 

increased the lightness of the treated sample and resulted in a colour change. 

- Because the heat reducing effect is based on the solar heat energy reflecting 
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behavior of the TiO2 nanoparticles, once the TiO2 nanoparticles are 

detached from the fabric (e.g. rubbed off during wearing, falling off during 

laundering), the heat reduction effect diminished. However, the 

chitosan-TiO2-chitosan coating approach provided a good wash fastness, 

and a temperature reduction of 1.1°C could be maintained compared with 

the control with 50 simulated hand washing cycles, as reported in Section 

4.3.8. 

- The TiO2 coating only provides the heat reducing function under sun, since 

the working principle is based on solar heat energy reflection. 

 

6.3 Conclusion and recommendations for future work 

In this work, NIR reflective materials were prepared using titanium dioxide 

according to the three different techniques. Analysis methods included X-ray 

diffraction, dynamic light scattering, and transmission electron microscopy. They 

were applied on coloured cotton fabrics by a versatile pad-dry-cure process 

which could be also be used for many other kinds of textile materials. Different 

kinds of characterisation were carried out to assess the coated fabrics, including 

diffuse UV-visible-NIR spectroscopy, field emission scanning electron 

microscopy, CIELAB measurement, thermoconductivity and air permeability 
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tests, temperature measurement under simulated solar irradiation, etc. The 

reported NIR refletive materials had high reflectance in the solar irradiation 

spectrum and could improve the heat reflective property of the coated fabrics. By 

reflecting solar thermal energy, prominent performance including temperature 

reduction and increased solar reflectance in the treated cotton samples was 

demonstrated. The reported NIR reflective materials would be useful in summer 

apparel, activewear, shading devices like parasols and tent covers, and shading 

fabrics for automotives, to provide a cooling effect. Some suggestions for future 

work are provided as follows. 

(1)  Only titanium dioxide was employed in this study, but some other highly 

reflective pigments are potentially effective and their NIR reflective 

properties are worthy of exploration, such as zinc oxide and iron oxide. 

(2)  Many researchers have attempted to predict the most appropriate size to 

reflect NIR radiation by optimisation, however most of them are focused 

upon architectural uses as coatings applied on roofs or walls. It is therefore 

recommended that subsequent researchers might conduct a mathematical 

optimisation of NIR reflective pigments on textile materials, with 

parameters such as particle diameter, coating thickness, lightness value of 

the substrate, pigment concentration, etc. 
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(3)  Cotton was the major fibre which was studied in this work due to its 

popularity in summer wear. It is suggested to further study the properties of 

the reported NIR reflective materials on other types of fibre, especially the 

synthetic ones such as polyester and nylon since they are commonly used in 

activewear. 

(4)  Other techniques to apply the NIR reflective materials may have advantages 

over the pad-dry-cure method used in this study: a faster and more 

cost-effective coating process using the spray coating method; and better 

durability achieved by the incorporation of NIR refletive materials in the 

spinning process of synthetic fibres. These methods can be considered to be 

potential means by which to apply the coating in the future work. 

 

Some other recommendations for each chapter in this work are given as 

follows. 

 

6.3.1 A room-temperature synthesis of nanocrystalline anatase TiO2 and its 

solar-reflective effect on cotton 

(1) Due to time limitations, the TiO2 sol gel was only applied on the amber and 

blue coloured cotton. It is recommended to apply the coating on the red and 
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black coloured cotton as well, and perform the UV-visible-NIR reflectance 

measurement, solar reflectance calculation and temperature measurement 

irradiated with the simulated solar light. 

(2) Physical properties of the TiO2-sol padded cotton fabrics were not assessed. 

It is therefore suggested that future researchers might perform the durability 

test, air permeability test and the thermal conductivity test. 

 

6.3.2 Application of rutile and anatase onto cotton fabric and their effect 

on the NIR reflection/surface temperature of the fabric 

(1)  The scattering of the calcined TiO2 particles might be more complex than 

the conventional spherical TiO2 particles due to their irregular-shape. 

Comparing the optical properties of the calcined, irregular-shaped TiO2 and 

the conventional spherical TiO2 in future studies may be beneficial to other 

researchers since calcination is a common process used in the fields of 

material science and applied physics. 

(2)  Due to time limitations, the chitosan-TiO2-chitosan approach which 

exhibited the best wash fastness was only applied on amber and blue 

coloured cotton. It is recommended to use this approach to apply the coating 

on red and black coloured cotton as well, and perform the UV-visible-NIR 
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reflectance analysis, solar reflectance calculation and the temperature 

measurement irradiated with simulated solar light.  

(3)  Only the wash fastness test was performed using the chitosan-TiO2-chitosan 

padded cotton. It is suggested to evaluate other properties such as the air 

permeability and thermal conductivity. 

 

6.3.3 Preparation of the silica-titania core-shell particle and its application 

on cotton fabric 

(1)  As demonstrated in the study, the scattering properties of the titania-coated 

particles were different from the conventional TiO2 pigemnts, even if their 

particle diameters were the similar. For a more comprehensive study, it is 

recommended to synthesise the silica cores with more different diameters to 

achieve a more complete, wider size range of core-shells. The scattering 

behavior of the core-shell, and the relationship between the size of 

core-shell particles with the light scattering effect can be studied for further 

elaboration upon optical properties of the core-shell. 

(2)  The effect of the titania coating thickness could be investigated if thicker 

shells could be prepared by varying the experimental conditions, such as the 

SiO2/TiO2 mixing ratio. 
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(3)  The core-shell was proven to provide higher solar reflective and temperature 

reducing properties to textile materials. It is suggested to prepare 

suspensions with higher concentrations of core-shell particles for padding 

on cotton fabric, and investigate the relationship between the cooling ability 

and the amount of core-shell applied. 

(4)  It is worthwhile to study the effect of calcinations on SiO2-TiO2 core-shell. 

In addition to the higher crystallinity of titania shell which could be 

achieved, it was reported that a smooth titania shell could be acheived by 

means of calcination [214]. The scattering ability would conceivably be 

better in this case because the scattering will be less diffuse compared to 

that on the rough-surfaced core-shells.  

(5)  Due to time limitations, the SiO2-TiO2 core-shell was only applied on the 

amber and blue coloured cotton. It is recommended to apply the coating on 

the cotton substrate with other colours as well, and perform the analysis 

such as the UV-visible-NIR reflectance measurement, solar reflectance 

calculation, temperature measurement irradiated with the simulated solar 

light. 

(6)  Physical properties of the cotton fabrics padded with SiO2-TiO2 core-shell 

were not assessed. It is therefore suggested that future researchers might 
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perform a series of durability, air permeability and the thermal conductivity 

tests. 
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