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PREFACE 

 

 

           The Sun blessed the Universe by showering it’s bright sunlight for a meaningful 

life on the Earth. As the sunlight passes through the atmosphere, it is partly absorbed by 

gases. However the solar light continuously releases it’s energy to the Earth’s surface in 

the forms of Ultraviolet radiation (below 400 nm, 5%), Visible (400-700 nm, 43%) and 

Near-Infrared Radiations (700-2500 nm, 52%). Among these solar radiations, the IR 

energy is termed as, ‘heat carriers’ and when an object is directly impinged by the solar 

radiations on the Earth; the IR energy is either absorbed or reflected depends upon its’ 

emissivity character. In high absorbing surfaces a temperature gradient builds-up 

naturally across the object. It obviously needs a kind of IR shielding top-coats to prevent 

the heating which is otherwise demands external cooling mechanism such as use of air-

conditioning equipments. Unfortunately, the energy demand for the climate control air-

conditioning equipment is excessively high that has to be controlled for meeting energy 

requirements in the future.   

 

           It is proved that by means of IR reflective coatings a substrate can surely prevent 

the heat build-up. Learned from the Nature, scientists have discovered and developed 

innovative advanced functional materials and created protective surface coatings to 

effectively shield the harmful UV and IR energies. As one of the most versatile II-VI 

semiconductors, Zinc oxide (ZnO) is a promising candidate for solar reflectance. It is 

nontoxic and chemically stable towards air and moisture and is less expensive. In this 

background, this thesis is devoted to investigate the ZnO based UV/IR shielding surface 

coatings, mainly on glass substrates and textiles. Today, IR shielding coatings are popular 

and mostly it is achieved by TiO2/ZnO inorganic pigments.  

 

The main objectives of the thesis are; 

 

 Design and development of doped and surface modified ZnO and its hybrid 

nanomaterials. 

 Study the role of particle size/particle morphology on the Near- IR energy 

reflectance properties. 
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 Develop nano ZnO embedded PMMA polymer coatings and study the UV 

shielding, transparency and IR reflectance qualities. 

 Synthesize nano ZnO/PMMA hybrid coatings via in situ sol-gel technique. 

 Application of reflective nano ZnO/PMMA composites coatings on glass and 

textile surfaces. 

 

The present thesis is embodied in five chapters.  

          The first chapter encompasses an introduction about functional nanomaterials, 

composite architectures, and inorganic-organic nanocomposte coatings for UV/IR 

shielding surface coatings. The scope, statement of the research problem and objectives 

of the thesis is also presented in the first chapter.  

 

          Second chapter of the thesis describes the effect of morphology on the IR 

reflectance properties of nano ZnO. In this chapter synthesis of nano ZnO with varied 

morphologies, fabrication of nano ZnO embedded in poly(methyl methacrylate) [PMMA] 

and polyurethane (PU) polymer matrix composite films and their UV shielding/NIR 

reflectance efficiency are documented. The effective morphology is identified to enhance 

the IR reflectance property of PMMA and PU top coats [Solar Energy Materials and 

Solar Cells, 125, 2014, 102-112].  

 

           The third working chapter of the thesis deals with the effect of doping strategy 

to achieve optically transparent top coats on glass substrates. In this chapter aluminium 

doped nano ZnO (AZO) is synthesized and dispersed in PMMA precursor sol. 

Subsequently Layer-by-Layer coatings are developed on glass substrates and studied for 

the UV/Near-infrared (NIR) radiation shielding efficiency, ice/fog formation resistance 

and optical transparency to be used in green- building constructions. Functional 

properties such as UV absorption, NIR shielding, self-cleaning, surface hardness and 

scratch resistance were assessed for AZO/PMMA coatings. Finally it is concluded that 

the AZO/PMMA coatings can be an inexpensive interface/interphase layers for 

multifunctional glass-windows [Solar Energy Materials and Solar Cells, 143, 2015, 335-

346].  
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            The fourth chapter emphasizes the effect of Sn and Ag doped ZnO quantum dots 

(ZQDs) on IR reflectance and UV shielding properties. The ZQDs were synthesized via 

microwave-reflux assisted sol-gel synthesis. An in situ polymerization reaction was 

conducted with ZQDs dispersed acrylic monomer to obtain ZQDs/PMMA transparent 

coatings. A facile ZQDs/PMMA hybrid coating was developed for multifunctional 

applications such as UV shielding, NIR reflective, photochromic top coats on glass 

substrates [Manuscript Communicated, 2017]. 

 

            In the fifth chapter, an investigation is made on the multifunctional coatings 

prepared using silane capped nano ZnO hybrids. The silane modified ZnO is directly 

blended with PMMA medium and ZnO/PMMA colloidal suspension was obtained. It was 

further applied over a dark color cotton textile. This surface engineered black cotton was 

subjected to phase analysis, chemical interaction, morphological features, NIR 

reflectance, UV shielding efficiency and antifungal properties. The textile surfaces 

engineered with infrared/ultraviolet energy shielding coatings is an emerging technology 

in the processing of solar heat protective cool-textiles [New Journal of Chemistry, 40, 

2016, 7210].  

  

           Finally, in the conclusion, salient features of the various research components and 

the notable outcome made in the each working chapter are clearly summarized. The 

present investigation engaged in this thesis drawn a conclusion that the morphologically 

tuned nano ZnO doped with suitable dopants and chemically modified with appropriate 

silane molecules can result in optically transparent, IR reflective and UV shielding 

multifunctional coatings on glass/textile surfaces that can further act as UV/IR shielding 

solar thermal control interface layers for any polymer composites, window glass panels 

and even on textile surfaces.       
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1.1. NANOMATERIALS  

    Nanoscale materials are defined as a set of substances where at least one dimension 

is less than approximately 100 nm [Figure 1.1]. Nanomaterials have received significant 

attention because at this scale unique optical, magnetic, electrical, and thermo-chemical 

properties emerge. Moreover, nanoparticles possess high surface areas making them 

useful for a variety of functional coatings.  

 

 

 

Figure 1.1: Schematic representation of micro to nano size particles 

 

            At the beginning of this introductory chapter, the overwhelming opportunities of 

nanomaterials (limited to inorganic/semiconducting nanoscale materials) as polymer 

matrix functional coatings are described. The later part of the chapter focused more on IR 

reflective nanocoatings for solar thermal control surfaces which are the main theme of 

this thesis work.  

 

1.2.  Nanomaterials: Opportunities for Functional Nanocomposites and Coatings  

      Dispersion of nanoscale inorganic particles into polymer coatings offered 

improved mechanical as well as thermal properties of industrial polymer coatings. Many 

nanoparticle dispersed polymer matrix nanocomposites have been reported over the past 

few decades. For example, design of nanocomposite functional coatings out of  

ZnO/PMMA [Hayashida et al., 2016], ZnO/poly(hydroxyethyl methacrylate) [Hung et 

al., 2005], CeO2/PMMA [Parlak et al., 2011], TiO2/poly(vinyl alcohol) [Nussbaumer et 

al., 2003], CdS/PS [Du et al., 2002], CdS/PMMA [Khanna et al., 2007], ZrO2/PMMA 

[Fangqiang et al., 2013], ZnO/PDMS [Chakradhar et al., 2011] are seen in the literature. 

(a) 10  cm (b) 1 mm (c) 1 µm (d) 1-100 nm
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Such inorganically treated polymer nanocomposites are recommended to develop 

coatings for functional applications like  UV protection, NIR shielding, anti-icing, 

photocatalytic, self-cleaning, photochromic surface coatings, etc. [Wu et al., 2015; Demir 

et al., 2006].The dispersion of inorganic semiconducting nanoscale materials into 

polymeric coatings was found to offer properties like antireflection, fluorescence, 

luminescence, high refractive index, enhanced mechanical (stiffness and toughness), 

thermal insulation, EMI shielding, antiglare and also scratch resistant [Wu et al., 2015] 

top coats. The following section presents brief account on nanomaterials incorporated 

polymer matrix nanocomposites and functional coatings. The technical limitation in such 

polymer nanocomposite coatings are also mentioned at the end.    

 

1.2.1. Ultraviolet Radiation Shielding Coatings: Inorganic/polymer nanocomposite 

coatings and films play a critical role in controlling the effects of UV on polymeric 

surface coatings processed over glass and other soft materials like textiles/papers. 

Nanoscale TiO2 and CeO2 are the most common candidate materials for UV shielding 

coatings. Researchers have earlier reported UV absorbing ZnO/polymer nanocomposite 

coatings [Mu et al., 2011; Eita et al., 2012b]. For example PMMA/ZnO nanocomposite 

[Zhang et al., 2012; Li et al., 2007], Polystyrene/ZnO thin films [Tu et al., 2010], and 

poly(butyl methacrylate) (PBMA)/ZnO [Liu et al., 2012a], and ZnO/ 

polydimethylsiloxane (PDMS) thin films [Eita et al., 2012a], etc., have been reported in 

this category. ZnO quantum dots are also employed to produce highly transparent UV 

shielding coatings. Due to its quantum size effect, it retains the excellent UV absorption 

capability and making them suitable UV absorbers. 

 

1.2.2. Infrared Shielding Coatings: Controlling the effects of IR waves is another 

highly preferred characteristic of inorganic/polymer nanocomposite coatings in 

applications such as thermally insulative window glasses. IR control surface coatings are 

also reported for camouflaging the military vehicles. IR shielding films are also seen in 

display technologies. Due to low cost and easy in situ application to glass /polycarbonate 

polymer substrates, NIR-shielding organic/inorganic nanocomposite coatings are 

developed via embedding of NIR shielding functional inorganic nanoparticles into the 

polymer/hybrid matrix systems. ITO nanoparticle is often used as the functional 

nanofiller to make transparent NIR-shielding nanocomposite coatings. Zhao et al. 
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reported mechanically blended ITO nanoparticles into polyethylene glycol terephthalate 

prepare IR blocking films [Zhao et al., 2009]. One of the other typical IR absorbing 

fillers is LaB6. Highly conducting metals and black inorganic compounds like silver, 

gold, ruthenium dioxides, rhenium trioxides, and lanthanum hexaborides (LaB6) [Stefan 

et al., 2003] are also reported as fillers for IR control films and coatings. 

 

1.2.3.  Photoluminescent Coatings: If semiconducting nano particles like ZnO, CeO2 

are dispersed into monomers with an appropriate initiator, the polymerization 

subsequently produced bulk nanocomposite materials that show photoluminescent 

property. Hung and Whang [Hung et al., 2005] modified ZnO with 3-(trimethoxysilyl) 

propyl methacrylate (TPM) and then polymerized hydroxyethyl methacrylate (HEMA) 

monomers. The resulting TPM modified ZnO/PHEMA nanocomposites had better 

dispersibility and controllable luminescence. They have demonstrated that the PHEMA 

containing unmodified ZnO nanoparticles showed weaker red-shifted luminescence while 

the TPM modified ZnO/PHEMA composites exhibited stronger luminescence [Figure 

1.2].    

 

 

 

Figure 1.2: Photographs of transparent, luminescent ZnO/PHEMA nanocomposites. (a) 

under daylight and (b)-(d) under a UV lamp. These luminescent nanocomposites were 

fabricated with ZnO particles with an average diameter of (b) 3.2 nm, (c) 2.2 nm and (d) 

6.1 nm, respectively [Hung et al., 2005]. 
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           Li et al. [Li et al., 2007] hydrolyzed zinc acetate with monoethanolamine in 

ethanol and then added MMA monomer for polymerization. The products were bulk 

transparent PMMA/ZnO hybrid materials (PZHM). In this study, the authors have 

achieved in situ growth of ZnO quantum dots [QDs]. When the nanoscale ZnO is reduced 

into the sub nanometer size ZnO QDs, even a very small amount of ZnO QD could make 

the bulk materials to exhibit strong blue fluorescence, while the pure PMMA had no 

fluorescence [Figure 1.3].  

 

 

 

Figure 1.3: Photographs of the ZnO dispersed PZHMs under visible light. (b) PZHMs 

containing various concentrations of ZnO QDs under a low intensity UV light (362 nm) 

show significant blue emission from the ZnO QDs in the PMMA matrix [Li et al., 2007]. 

 

1.2.4. Photochromic Coatings: Photochromism is the reversible photocoloration of a 

single chemical species between two states having distinguishably different absorption 

spectra, which results from the effects of electromagnetic radiation in at least one 

particular direction [Minkin, 2004; Abdel, 2006]. Consequently, a photochromic material 

is one which undergoes a reversible color change in response to light [Ohko et al., 2003]. 

There are many different types of chromogenic materials, with the most extensively 

studied being photochromic glass and polymers [Granqvist, 1990]. Thin films based on 

TiO2 [Naoi et al., 2004] and WO3 [Avendaño et al., 2003] have been studied for 

photochromic properties. Each of these transition metal oxides mentioned above have 

been recently discovered as having multicolour photochromic properties. Andersson and 

co-workers reported the synthesis of photochromic pigments that can be added to various 

matrices including polymers like PMMA, and also in hybrid organic–inorganic 
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composites like Ormosils and surfactant templated mesostructured materials [Andersson 

et al., 2005]. The photochromic nanomaterials are usually incorporated into a matrix in 

two ways, either by covalent bonding or by doping [Pardo et al., 2011; Mennig et al., 

1999]. 

 

1.2.5. Scratch Resistant Nanocomposite Coatings: Nanoparticles such as SiO2, ZrO2, 

Al2O3 and TiO2 have been embedded in the polymer matrix, to have improved scratch 

and abrasion resistance of the polymer coatings. Such mechanically reliable 

nanocomposite coatings find vast applications as automotive top-coats, floor wear layers, 

acrylic eye-glass lenses, and scratch resistant polycarbonate sheets [Sangermano et al., 

2010]. Sol-gel derived inorganic/organic hybrid coatings for scratch resistance 

improvements often employ a combination of UV and thermal cure. Linking the 

inorganic nano-phase with the organic matrix through covalent bonds is important in 

achieving improved scratch resistance [Amerio et al., 2008]. Protection coatings against 

scratch are critical for transparent plastics such as PC and PMMA [Hwang et al., 2003; 

Chakraborty et al., 2014]. 

 

1.2.6.  Photocatalytic, Self-Cleaning Coatings: Photocatalytic activity of ZnO and TiO2 

nanomaterials is well exploited in polymer nanocomposite coatings to make them self-

cleaning functional coatings [Mauro et al., 2017; Textor et al., 2007]. Pure as well as 

doped TiO2 embedded polymer surfaces can catalyze the degradation of organic 

compounds in the presence of UV radiation and even in Sunlight. The recent introduction 

of self-cleaning technology is even found an application on metal panels where the 

photoactive nano ZnO is dispersed in the polymer which is further sprayed as coatings 

over metal panels [Stieberova et al., 2017]. 

 

1.2.7. Antifogging Coatings: Antifogging surfaces are needed to maintain visibility 

through transparent surfaces in high-humidity environments. Antifogging coatings impact 

diverse applications such as automobile windshields, optical devices, windows, 

eyeglasses, or any other transparent glass or plastic surface. Recently, a new antifogging 

coating has been developed for plastic substrates; the surface consists of a 

hydrophilic/hydrophobic bilayer structure [Chang et al., 2012]. 
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1.2.8. Anti-icing Coatings: Ice formation on material surfaces has significantly impacted 

on safety and energy consumption. The superhydrophobic inorganic/polymer composite 

coatings such as SiO2/PDMS, TiO2/PDMS, Al2O3/PDMS, ZnO/PMMA (polymethyl 

methacrylate) and CaCO3/PS (polystyrene) were explored to develop icephobic/anti-icing 

coatings in engineering materials, such as aircraft’s and power lines [Yang et al., 2016]. 

 

1.2.9. Antibacterial Coatings: The antibacterial activity of ZnO is well known. 

Antibacterial Polymer/ZnO nanocomposites find wide applications in building interior 

surface mainly in health care coatings in toilets and hospitals. Applications into textiles 

are also attempted to develop bio-safe textile. Droval et al., reported ZnO nanoparticles 

incorporated into polyamide 6 and low-density polyethylene nanocomposites which show 

great antimicrobial activity with low content of ZnO, which increases with increasing the 

concentration of ZnO [Droval et al., 2008]. 

                

Technical limitation: Control over particle size and the uniform dispersion of the 

nanometer scale inorganic phases within the organic polymer matrix is a critical issue 

often realized in inorganic/polymer nanocomposite functional coatings. Growth of 

nanoparticles insitu at low temperatures during the curing reaction of polymer coatings is 

another scientific challenge noticed in inorganic/polymer nanocomposite coatings. 

Another technical limitation realized in nano-dispersed polymer coatings is the optical 

transparency of the coatings. Usually nano-dispersoids enhance the optical transparency. 

However, it is critical to have un-agglomerated nanoparticles.  

 

For this reason, the dispersion is homogenously achieved via suitable surface treatment. 

Many times the surface of the nanoparticles is capped (modified) with some organic 

functional moiety. Capped nanoparticles are always preferred owing to the excellent 

interfacial interaction between the surface of the nanoparticles and polymers [Kango et 

al., 2013]. Capped nanoparticles that have been embedded into polymer matrices result 

from superior hybrid nanocomposites, which possess light weight and high strength. The 

capped nanoparticles enhance the mechanical, rheological, optical, electrical, thermal, 

and flame retardant properties of the polymer matrices [Briener et al., 1998; Rong et al., 

2001]. 
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1.3.  IR Reflective Nanomaterials and Solar Heat Control Coatings  

 The solar radiation that reaches the Earth’s surface encompasses the wavelengths 

from 280 to 2500 nm. The spectral energy distribution of solar radiations at Sea level is 

presented in Figure 1.4. This range is divided into three different regions, namely: 

Ultraviolet (UV) region (280-400 nm), Visible (Vis) region (400-700 nm) and Near-

Infrared (NIR) region (ca. 700 nm-2500 nm) [Brady et al., 1992; Levinson et al., 

2005a; Bendiganavale et al., 2008; Xing et al., 2015].  

 

 

Figure 1.4: Spectral solar energy distribution [Levinson et al., 2005a] 

 

Ultraviolet Region (280-400 nm): UV radiation accounts for about 5% of the solar 

energy; has the wavelength ranging from 280 to 400 nm [Figure 1.4]. The spectral UV-

range is divided into three components: UV-A (λ = 315-400 nm), UV-B (λ = 280-315 

nm) and UV-C (λ < 280 nm) [Levinson et al., 2005a]. During the past decades, the 

dosage of both UV-B and UV-A radiation has increased profoundly due to the adverse 

climate and continuous ozone depletion. Therefore, for the protection against UV 

radiation, to develop a material which can block UV rays is truly important.  

 

Visible Region (400-700 nm): Around 43% of the solar energy occurs in the visible 

region of the electromagnetic spectrum. Different colors are detected by the human 

optical system in the wavelength range from 400 to 700 mm. Colored materials 

Solar Energy Distribution

5% Ultraviolet (280-400 nm)

43% Visible (400-700 nm)

52% Near infrared (700-2500 nm)
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selectively absorb the visible light and reflect the remaining. Thus the visible region 

consists of wavelengths that give us the perception of color [Bendiganavale et al., 2008].  

Infrared Region (>700 nm): The near-infrared (Near-IR or NIR) radiation lies within a 

wavelength ranging from ~700 to 2500 nm. IR irradiation accounts for 52% of the solar 

irradiance energy reaching the earth, most of which is transferred to thermal energy. The 

heat producing region of the infrared radiation ranges from 700 to 1100 nm. The infrared 

(IR) waves at this wavelength region have harmful effects. Absorption of infrared 

radiations is primarily responsible for heating the objects [Omer, 2008]. Buildings, 

metallic roofs, glass windows/panels and synthetic polymer composite building materials 

which are exposed to Sun energy absorb the IR radiation, and as a result these objects are 

developing heat and radiate the same as per their thermal and emissivity characteristics. 

The significant amount of heat is absorbed into the building materials using conduction 

[Bendiganavale et al., 2008; Levinson et al., 2005a; Rezaei et al., 2017]. In the present 

context, this issue needs scientific intervention because heat build-up over the building 

structures, especially in industrial buildings and large size civil buildings must be 

controlled to save the electrical energy. It is a fact that about 60% electric power is 

consumed for either cooling or heating to maintain the indoor climate comfortable. 

Research is strongly motivated to develop affordable inorganic materials and coatings 

that can shield both UV and IR energy and protect the objects from the heat build-up 

effect. This is the main theme of this thesis.    

 

1.3.1. Mechanism of Solar Heat Control Coatings 

Solar thermal control is a term describing the property of regulating the amount 

of solar heat energy which is allowed to pass through a material/object. When Sunlight 

strikes the surface of the material, the light beam is refracted, reflected and scattered, 

leading to the diffuse reflection of near infrared light. Energy conservation yields, at each 

wavelength, that A(λ) + R(λ) + T(λ) = 1  where A, R, and T denote absorbance, 

reflectance, and transmittance, respectively. The ratio of the radiant energy reflected by a 

body to that incident upon it is defined as the ‘reflectance’ and may vary from 0 to 100% 

[Figure 1.5]. 
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Figure 1.5: Schematic representation of Sun radiation when it hits on a glass surface 

being transmitted, reflected and absorbed.  

 

           Mie theory and Kubelka-Munk (KM) theory describe the interactions of light with 

matter. Mie theory is useful for describing the interaction of light with spherical particles 

that are isolated and homogeneous. KM theory is widely accepted for explaining the 

optical properties of complex systems such as powders and inhomogeneous system. 

According to KM theory, when the particle size (d) decreases, the scattering coefficient 

increases (for d ≥ 1 µm) resulting in a reflectance increase. Otherwise, when the particle 

size increases, the depth of penetration increases and absorption increases, leading to a 

decrease in the reflectance [Brady et al., 1992; Fang et al., 2013]. Reflectance is again 

dependent on the optical properties of the material (powders, particles, films, and 

coatings) and is both specular and diffuse. Specular reflection is necessary for optically 

smooth surfaces and highly absorbing samples. Diffuse reflection takes place when the 

incident radiation penetrates into the powder and gets reflected by grain boundaries of the 

particles. Diffusion reflection is also highly influenced by the size of particles [Demir et 

al., 2012]. When the particle size of the particles decreases, the number of reflections at 

the grain boundaries also increases. Thus, the depth of penetration of incident light 

decreases leading to a decrease in absorption and increase in reflectance. The net effect 

will be a decrease in the absorbed portion of light and an increase in the reflected portion 

of light [Fang et al., 2013]. Reflecting the solar radiation minimizes the amount of energy 

absorbed by the objects [Figure 1.6]. Therefore, near infrared reflective functional 

SUN
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coatings are extremely important to ultimately control the solar energy and protect the 

objects from heating.  

 

 

 

Figure 1.6: Schematic mechanism of solar radiation when incident on (a) macro, (b) 

micro and (c) nanosized particles embedded in the polymer matrix.  

 

1.3. 2. Factors Affecting IR Reflectivity 

            The IR reflectivity depends on the relative refractive index of the particles and 

that of their surrounding medium, distribution of particles in the coating, loading of 

particles, matrix concentration and wavelength of the incident light. A significant 

physical data for inorganic materials consist of optical constants and geometric data such 

as mean particle size, particle size distribution, and particle shape. For the highest 

reflectivity, the particle size should be more than half the wavelength of the light to be 

reflected. Thus for reflecting infrared light of 800 to 1200 nm wavelength, particle size 

may be in the range 0.4 to 0.6 microns [Fang et al., 2013]. 

 

Effect of Nanoparticles: Nanosized materials possess interesting optical properties such 

as increased band gap and optical transparency. Metal oxide nanoparticles prepared in 

unique morphologies exhibit remarkably different optical properties compared to their 

macro size counterparts. Among the nanosized materials, metal oxide nanoparticles such 

as TiO2, ZnO, SiO2, Al2O3, MgO, and CeO2 find potential applications as functional 

(a) Macro (b) Micro (c ) Nano

Polymer 
matrix

IR reflective 
particles
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coatings. The controlled size and shape of these oxidic nanoparticles offer significant 

infrared radiation reflectance properties.   

 

Doping Effect: Doping with elements like Al, Li, and K is another method to improve 

the reflectance of metal oxide particles. It creates defects in the metal oxide crystal lattice 

and introduced traps for electrons and holes. Doping will prevent migration of electrons 

and holes towards the surface of the metal oxide. Kumar et al. have investigated the 

effect of Al doping on the reflective properties of TiO2 nanoparticles. The coating made 

with Al doped TiO2 nanoparticles on a plastic substrate with different coating thicknesses 

was found to yield diffuse reflectance of more than 98% for 0.25 mm thick coatings 

[Kumar et al., 2013]. Ranade et al. reported the enhancement of reflectance in the NIR 

range for Niobium (Nb)-doped TiO2 [Ranade et al., 2011]. 

 

Matrix Effect: Matrix weight ratio affects the final reflectance of the coating. With the 

increase in the matrix weight ratio, there is an increase in the diffuse reflectance of the 

coating. With higher matrix weight ratio, there is a strong capillary action between the 

matrix particles, causing them to fuse together and bind reflective particles into a 

continuous film. It has been found that coating materials, with less than certain weight 

ratios are unable to form a stable coating layer and are easily detached from the plastic 

sheet. However, coatings with more than a certain weight ratio develop cracks which 

might be from the large surface tension of the coating [Fang et al., 2013]. 

 

Effect of Refractive Indices of Particles and Matrix: The scattering of visible and 

infrared radiation by a particle is a function of the difference between the refractive 

indices of the particle and the binder in which it is dispersed. The refractive index of the 

commercial particle varies between 1.4 and 2.8 [Brady et al., 1992]. Substantial changes 

in scattering power cannot be achieved by choice of binder, for conventional binders in 

coatings do not show a significant variation in refractive index. Standard organic binders 

have refractive indices between 1.45 and 1.50. 

 

Coating Thickness: Thickness of the coating is another factor which affects IR 

reflectance. Higher layer thickness leads to better reflectance because of the larger 

number of reflective materials particles on the substrate for reflecting [Fang et al., 2013].        
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1.3.3.  Materials Scenario for IR Reflective Functional Coatings  

       IR reflective materials are divided into four categories: transition metals, inorganic 

or organic compounds, and natural substances. The transitional metals such as gold, 

silver, copper, aluminum, titanium, and rhodium are the most NIR reflective materials 

[Mohelnikova, 2009]. Silver claims the highest reflectivity and aluminum reflects a broad 

range from UV to NIR. Aluminum and silver are also used as IR reflective material in the 

form of thin films or flakes in NIR reflective coating. Although gold possesses high 

reflectivity and is anti-oxidizing, it is not utilized due to the cost [Bendiganavale et al., 

2008]. NIR reflective organic materials are rare. Chlorophyll is the only known NIR 

reflective natural material to date.   

      Developments in solar control glass windows have led to coatings where a large 

part of visible light is transmitted while near-IR radiation is reflected or absorbed. These 

surfaces are made up of multiple layers, where the active component in the coating 

usually is silver [Gorgolis et al., 2016]. These sheets are soft and must be protected by 

using a laminated glazing. Solar control glass was initially made by adding a metal oxide 

such as iron, cobalt or selenium oxide to the glass melt. These metal oxides created a 

tinted glass, which would be set as the outside pane in a window, where it would absorb 

more radiation than normal glass. More of the absorbed radiation is re-emitted and 

transported by convection to the outside of the window. 

         The NIR reflective inorganic materials are mainly metal oxides and sulfides. In 

recent years, developers have mostly used as pigments in NIR reflective coating for 

residential and commercial buildings. Semiconducting metal oxides preferably SnO2, 

indium tin oxide (ITO), antimony tin oxide (ATO), aluminum oxide (Al2O3), zinc oxide 

(ZnO), titanium dioxide (TiO2), cerium dioxide (CeO2), and or a mixture thereof is earlier 

reported in the literature for obtaining IR reflecting materials [Hwang et al., 2013; Mastai 

et al., 2001; Park et al., 2010]. Jeevanandam et al. studied the NIR reflectance of metal 

oxides nanoparticles (CeO2, TiO2, MgO, Al2O3, and ZnO) in the wavelength region 750 - 

2500 nm [Jeevanandam et al., 2007]. It was found that the nanosized metal oxides 

possess ~15-20% higher NIR reflectance. The increase in reflectance is due to smaller 

crystallite sizes coupled with smaller mean aggregate sizes. It is believed that the band 

gap of these materials is large (approximately 3 eV) enough to make them transparent to 

visible light. Such nanosized metal oxides also intrinsically possess high refractive index 

(n = 2.2 to 2.7) and contribute light-scattering at all wavelengths. They have a unique 
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property of high solar reflectance in the near-infrared region and solar energy absorbance 

in ultraviolet region which makes them ideal for multifunctional, optically transparent 

surface coatings.  

 

1.3.4. Review of IR Reflective Materials  

 

Table 1.1:  % IR reflectance (R%) of recently reported ceramic colors  

 

              The reported colored inorganic materials and its NIR reflectance were tabulated 

in Table 1.1.  Many of the colored inorganic particles (chromium green, cobalt blue, 

cadmium yellow, nickel titanate yellow and lead chromate) encompass toxic metal ions, 

and hence their consumption is being restricted [Sangeetha et al., 2012; Smith et al., 

2003]. Recently reported colored, NIR reflecting inorganic materials are less hazardous 

Materials Color R (%) References 

 

(LiLaZn)1/3MoO4−BiVO4 

NiTiO3 and NiTiO3/TiO2 

Nano YIn0.9Mn0.1O3-ZnO 

Rare earth double  

molybdate  

BiVO4 

Terbium-doped yttrium 

cerate 

 

Brilliant yellow 

Dark yellow 

Intense blue 

Brilliant yellow 

 

 

Intense red 

color 

 

95% 

89.7% 

79% 

90% 

 

 

80% 

 

[Tara et al., 2017] 

[Tong et al., 2016] 

[Jose et al., 2016] 

[Sameera et al., 

2015] 

 

[Raj et al., 2015] 

Y2BaCuO5 Brilliant green 61% [Jose et al., 2014] 

Cr2O3-3TiO2 

Lanthanum–strontium 

copper silicates 

Orange 

Blue 

53% 

67% 

 

[Li et al., 2014] 

[Jose et al., 2013] 

La- and Pr- doped 

chromium (III) oxide 

Green 

 

85% 

 

[Sangeetha et al., 

2012] 

Si-doped yttrium molybdate, 

Pr-doped yttrium molybdate 

Dark yellow, 

Dark brown 

98%, 

92% 

[George et al., 2011] 
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to health and environment. Figure 1.7 represents the images of similar published colored 

inorganic materials.  

 

Figure 1.7: Reported colored IR reflective materials [References are shown in Table 1.1 

from top to bottom]. 

Table 1.2: Recently published white inorganic materials for IR reflectance performance           

 

Materials Reflectance Performance References 

Nano Gd2Ti2O7 

 

Rutile and Anatase 

 

NIR reflective and cool 

material 

Anatase:Rutile coated  on 

cotton fabrics  (35:65% 

reflectance) 

[Balamurugan et al., 

2016] 

[Wong  et al., 2015] 

Nano ZnO UV absorption and NIR 

reflectance 

[Kiomarsipourn et al., 

2014] 

Zn-MCM-41 

 

Thermal control coatings 

for spacecraft 

[Kiomarsipourn et al., 

2013a] 

Macro ZnO 

 

NIR reflectance with 

morphology 

[Kiomarsipourn et al., 

2013b] 

Nano and micro TiO2 

 

Nano SnO2 

 

Co doped TiO2 

NIR reflectance of 

Cotton/Nylon fabrics 

Tuning the shape with NIR 

reflectance 

Effect of Co doping for 

optical properties 

[Mehrizi et al., 2012] 

 

[Liu et al., 2010] 

 

[Subramanian et al., 2008] 

Nano and micro CeO2, 

TiO2, MgO, Al2O3, 

ZnO 

Nano metal oxide shows 

15-20% higher reflectance 

than micro 

[Jeevanandam et al., 

2007] 

Micro ZnO Spacecraft thermal control 

coatings 

[Johnson et al., 2003] 
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            In the category of white color materials, inorganic semiconducting metal oxides 

such as TiO2 and ZnO are the two most dominated IR reflective materials. These two 

semiconducting materials show > 90% NIR reflectance. A few millimeter thick spraying 

of acrylic and polyurethane paints containing TiO2 and ZnO white pigments are widely 

recommended as NIR shielding roof coatings. Replication of such coatings on glass 

surfaces would result in cool-windows, provided a high optical transparency to the level 

of at least 95% is retained. Table 1.2 presents the list of some of the IR reflective white 

color nanomaterials.  

 

1.3.5.  Multifunctional Nature and Applications of IR Reflective Materials 

           The IR reflective nanomaterials have impressive multifunctional properties. Apart 

from the high IR reflectance and UV shielding, they offer antimicrobial, antifungal and 

self-cleaning properties. Table 1.3 shows the versatile multifunctional properties of some 

of the IR reflective nanomaterials.  

 

Table 1.3: IR reflective nanoparticles and their functional properties [Bendiganavale, 

2008; Mauro et al., 2017; Fang et al., 2013] 

Nanomaterials Coating property 

 

CuO, TiO2, ZnO 

 

Anti microbial 

TiO2, ZnO, BaSO4, CeO2 UV stability 

ZnO, ITO, ATO, TiO2, In2O3 IR absorption/reflection 

TiO2, ZnO Photocatalysis, self-cleaning 

Al2O3, SiO2, ZrO2 Mechanical, scratch resistance 

Nanoclays, boehmite Corrosion  

Nanoclays Fire retardant  

Fe2O3 Magnetic 

 

           Since near-infrared radiation in the wavelength region 810 to 1100 nm is said to be 

the prime reason for the heat build-up, NIR reflecting inorganic materials have become 

necessary for designing thermal control surface coatings.  NIR control surface coatings 

can curtail solar heat transfer through the glass and building surfaces [Libbra et al., 
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2011]. Coatings made with nanoparticles offer high optical transparency combined with 

light reflectance quality. Brady and Wake [Brady et al., 1992] first formulated the 

approaches for achieving solar heat reflecting coatings. Patent documents cover most of 

the literature on IR reflective materials because of ample scope for business [Hwang et 

al., 2013; Viasnoff et al., 2012; Condo et al., 2010; Huang et al., 2012]. IR reflective 

materials find primary use in the construction fields, plastics, paint and ink industries and 

functional paints [Coser et al., 2015]. IR reflective materials have been widely used in 

roof coatings (like the concrete terrace, ceramic tiles, metal roofing structures, red clay 

tiles, wood and asbestos sheets), vinyl window and sliding, cement bonded pavement 

blocks. [Levinson et al., 2005a; Levinson et al., 2005b; Shiao et al., 2005; Bendiganavale 

et al., 2008]. Their applications are expanded to other fields such as spacecraft thermal 

control coatings [Johnson et al., 2003], military camouflage [Gupta et al., 2001], and 

cool-textiles [Wong et al., 2015]. Viasnoff et al. [Viasnoff et al., 2012] proposed ZnO 

based thin films for the high near infrared reflecting building windows. Huang et al. 

[Huang et al., 2012] demonstrated infrared reflective coating composition composed of 

polymeric materials with inorganic materials. IR reflective screens are also proposed for 

‘greenhouses’ [Verscharen et al., 1996].   

 

1.4.  Research Problem and Outline of the Thesis 

           Global energy consumption has been increasing, and this creates a substantial 

demand for energy saving materials to be developed. According to the report of "World 

Energy Outlook 2016" by the U.S Energy Information Administration (EIA), world 

energy demand could grow 30% by 2040. Earth’s 2016 surface temperatures were the 

warmest since modern record-keeping began in the year 1880, according to independent 

analyses by NASA and the National Oceanic and Atmospheric Administration (NOAA). 

In countries like India, due to the El Nino effect and greenhouse gas emission, the overall 

atmospheric temperature is dangerously high, and in fact, the temperature is rising as 

high as 40 °C in most of India. These greenhouse gases are also typically taken into 

account for the carbon footprint. A way in which this can be reduced is to use thin film 

coatings by which one can limit the amount of solar radiation entering a building. Large 

buildings situated in hot regions of the Globe need to be agreeable to their residents. Air 

conditioning is extensively used to make these buildings comfortable, with consequent 

energy consumption. Absorption of solar visible and infrared radiations is responsible for 



Chapter 1 

 

19 
 

heating the objects on the surface of the Earth, including houses and buildings [Omer, 

2008]. It is possible to use coatings formulated with energy saving materials, which are 

capable of reflecting the radiation in the infrared spectrum, to avoid excessive energy 

consumption [Rezaei et al., 2017]. The exposure to infrared (IR) radiation is the primary 

source of heat radiation. Transparent near-IR shielding coatings are strongly required for 

solar control windows in architectural and automotive applications to provide interior 

comfort as well as to reduce energy consumption. Optically transparent NIR-shielding 

coatings are indeed very much important for solar thermal control coatings. This thesis 

lies in this aspect and research problem is selected based on nano ZnO based IR reflective 

functional coatings and films. In the early part of this chapter, the use of ZnO as UV as 

well as IR shielding coatings was briefly described. Two important issues are very 

critical.  

Issue 1: For any practical applications, and to develop effective solar thermal control 

surfaces and coatings, the IR reflective multifunctional nano ZnO need to be embedded in 

a polymer based matrix material. In general, the refractive indices of polymers and 

inorganic particles are different. Inorganic pigment particles have a refractive index (RI) 

in between 2.0 to 3.5; on the other hand, the RI of polymers lies in the range of 1.5-2.0 

[Parlak et al., 2011]. Unfortunately, most of the industrial polymers have very weak IR 

reflectance. They also destroy the IR reflectance of nano ZnO if they are incorporated 

into the polymer without proper doping and surface modification. The present thesis 

addresses this issue first. The first research aspect was based on the question, How to 

have IR reflective polymer based coatings and films with nano ZnO? For this, the 

research elements such as the role of ZnO morphology, the effect of doping and role of 

layer thickness or number of polymer layers are investigated.  

Issue 2: Apart from the coatings on glass surfaces, the research was also devoted to 

making IR reflective textiles, mainly the dark color textiles. Usually, the light shade 

textiles offer about 40% IR reflectance. However, the dark ones mainly brown and black 

cotton textiles offer much less IR reflectance. Hence an attempt was made to enhance the 

IR reflective quality of dark color cotton textiles using ZnO embedded polymer coatings. 

The effects of coatings on IR reflectance, UV absorbance, flexibility as well as on the 

natural porosity of the cotton textile were investigated. PMMA polymer is used as a 

coating material and ZnO is exploited as IR reflective active component. The following 
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sections briefly describe the different fundamental properties of ZnO and PMMA 

polymer.  

1.5.   Zinc Oxide: A Multifunctional IR Reflective Material 

           ZnO reflect more than 90% incident near-infrared radiation while transmitting 

high-level solar light in the visible spectra. Compared to TiO2, the white pigment ZnO 

has slightly better advantages. First of all, the nanoscale ZnO can be synthesized using 

inexpensive chemical methods. Nanocrystalline ZnO synthesis is very much possible at 

relatively low synthesis temperatures. Well, crystalline phase pure ZnO is accomplished 

even at less than 100 oC. Most importantly the ZnO can be grown at various nano-

morphologies. Direct fabrication of individual structures with controlled crystalline 

morphology can provide unique electronic and optical properties due to size confinement 

and dimensionality. ZnO is the second most significant white pigment shielding both 

UV/IR regions. Therefore nano ZnO was selected in this study for developing UV/IR 

shielding functional coatings. Effect of nano ZnO particles due to its optical transparency 

and UV/IR shielding property in the different polymer based coatings materials received 

significant interest worldwide for developing mechano-chemically reliable solar thermal 

control surface coatings.  

 

1.5.1. A Brief Account on Nano ZnO           

           As one of the most versatile II-VI semiconductors, ‘zinc white’ is a promising 

candidate for solar reflectance. It is nontoxic and chemically stable towards air and 

moisture and is less expensive. Zinc oxide (ZnO) possess wide band gap of 3.37 eV and 

high excitation binding energy (60 meV) which gained the interest of scientific 

community since 1935 [Özgür et al., 2005; Janotti et al., 2009]. The native doping of 

ZnO due to oxygen vacancies or zinc interstitials is n-type [Özgür et al., 2005]. ZnO has 

high refractive index [Takahashi et al., 2007], high thermal conductivity [Wu et al., 

2016], antibacterial/antifungal [Kumar et al., 2014; Lakshmeesha et al., 2014] and 

UV/NIR protection properties [Kiomarsipourn et al., 2014]. Compared to macro sized 

ZnO, nanosized ZnO shows excellent optical transparency in coatings. Nano ZnO is one 

of the most promising materials for energy-saving or heat-protecting windows and a wide 

range of technological applications due to its optical transparency. 

 

https://en.wikipedia.org/wiki/Doping_(semiconductor)
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Figure 1.8: Wurtzite crystal structure of ZnO. Zinc atoms are shown in gray and oxygen 

atoms are shown in yellow [http://en.wikipedia.org/wiki/Zinc_oxide]. 

 

          ZnO has hexagonal wurtzite crystal structure [Figure 1.8] which is a 

thermodynamically stable phase under ambient conditions. ZnO wurtzite crystal with 

lattice parameters a, b = 3.25 Å and c = 5.12 Å, their ratio c/a ~ 1.60 is close to the ideal 

value for a hexagonal cell. The density of ZnO is 5.605 g·cm-3 [Lide, 1992]. In the 

wurtzite structure, each Zn2+ is surrounded tetrahedrally by four O2- and vice versa. This 

tetrahedral coordination characterizes covalent bonds with sp3 hybridization. The 

tetrahedral coordination gives a polar symmetry along the c-axis. This polarity is 

responsible for its anisotropic crystal growth habit, etching behavior, and defect 

generation. The wurtzite structure of ZnO has 13 different growth facets directions. 

Therefore, together with a pair of polar surfaces and its highly ionic character, ZnO can 

produce a rich family of various nanostructures [Shahroosvand et al., 2013]. Table 1.4 

summarizes the basic crystallographic parameters, thermal, optical and electrical 

properties of ZnO.  

 

 

 

 

 

O

Zn

c

a
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Table 1.4: Bulk ZnO physical properties [Takahashi et al., 2007] 

Property Parameter 

Molecular formula ZnO 

Molecular weight 81.37 

Stable phases at 300 K Wurtzite 

Energy band gap 3.37 eV (direct) 

Exciton binding energy 60 meV 

Lattice parameters at 300 K: 

a 

c 

c/a 

 

u 

 

0.32495 nm 

0.52069 nm 

1.602 (1.633 for ideal hexagonal 

structure) 

0.345 

Refractive index 2.029, 2.008 

Density 5.606 g/cm3 

Thermal conductivity  0.6, 1-1.2 

Melting point 1975 °C 

Linear expansion coefficient, α (/°C) αa: 6.5 x 10-6, αc: 3.0 x 10-6 

Static dielectric constant 8.656 

Intrinsic carrier concentration <106 /cm3 

Electron effective mass 0.24 

Hole effective mass 0.59 

Electron Hall mobility at 300 K for low n-type 

conductivity 

200 cm2/V•s 

Hole Hall mobility at 300 K for low p-type 

conductivity 

5-50 m2/V•s 

 

1.5.2. ZnO Nanostructures: Synthesis Strategies  

           The French and American process is used most commonly for the commercial 

synthesis of bulk ZnO [Moezzi et al., 2012]. Several synthetic methods have been 

proposed for ZnO nanoparticles and their surface functionalization. A variety of 

precursors such as zinc hydroxide, chloride, nitrate, carbonate or acetate can be converted 
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into ZnO in a wide range of temperatures, pressures and a selection of solvents or 

atmospheres. ZnO forms variety of zero (0D), one (1D), two (2D), and three-dimensional 

(3D) nanostructures with unique physicochemical properties. ZnO Quantum Dots (QDs) 

represent a class of zero-dimensional nanostructures. 1D nanostructures of ZnO have the 

richest variety of structures, which include wires, combs, needles, ribbons, rings, tubes, 

rods, belts, etc. The 2D nanostructures of ZnO include nanosheet and nanoplate. 

Examples of ZnO 3D nanostructures include flowers, snowflakes, dandelion, coniferous 

urchin-like, etc. [Radzimska et al., 2014; Wang, 2004; Sirelkhatim et al., 2015; Yoffe, 

2001; Xu et al., 2011; Ahmad et al., 2011; Djurisic et al., 2012].  

           Various physical and chemical synthesis methods such as spray pyrolysis, thermal 

decomposition, combustion synthesis, microwave thermal evaporation deposition, 

chemical vapor deposition, evaporation techniques, sonochemical, hydrothermal method, 

etc. [Sirelkhatim et al., 2015] are attempted and reported in the literature to make these 

differently shaped nano ZnO. Table 1.5 illustrates the different ZnO morphology 

obtained from various synthesis methods.  

 

Table 1.5: Nano ZnO: Chemical synthesis and resultant morphologies [Sirelkhatim et al., 

2015; Radzimska et al., 2014] 

Synthetic Approaches ZnO Morphology 

Microwave Decomposition  Sphere  

Simple Wet Chemical route  Nano and micro flowers, dumbbell shaped, 

rice flakes, and rings  

Simple Precipitation Method Nano-flakes 

Hydrothermal Synthesis Hexagonal prismatic rods 

Solvothermal Method  

Microwave Hydrothermal Method 

Hydrothermal Technique 

Nano-flowers, nanorods, nanospheres 

Mulberry-like  

Nanorods 

 

1.5.3. Nano ZnO: Proposed Growth Mechanism for Diverse Morphologies 

           The growth of a ZnO nanostructure is due to two processes namely Ostwald 

ripening and oriented attachment. According to Ostwald ripening, the increase in the 

particle size is due to the merging of the smaller particles into larger ones [Spanhel et al., 
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1991; Meulenkamp, 1998] and is a result of the potential energy difference between small 

and large particles and can occur through solid-state diffusion. Oriented attachment 

mechanism comprises of the direct self-organization of two particles into a single crystal 

by sharing a common crystallographic orientation. This process is dominant at the 

nanometer level. It is reported that the capping agents, as they directly modify the 

nanoparticle surface can largely influence the oriented attachment procedures [Wu et al., 

2007]. Exploiting these mechanisms using suitable capping agents is an exciting and 

challenging aspect of the synthesis of ZnO nanostructure.  

 

1.5.4. Influence of Capping Agents  

           The effect of capping agents on the growth of ZnO nanocrystals has been 

extensively examined [Kango et al., 2013; Wu et al., 2007].  The capping agent plays a 

critical role in controlling the physical size of the nanoparticle as well as its morphology.  

It also prevents aggregation of the nanoparticles. A sort of repulsive force among the 

particles is generated due to capping agent. The repulsive force can in principle be due to 

electrostatic repulsion, steric exclusion or a hydration layer on the surface. Depending on 

the particle system, i.e. the core material, and the solvent in which the particles are 

dispersed, the choice of the right capping agent might yield to stable particles. First, the 

capping agent has to be bound to the particle surface by some attractive interaction, either 

chemisorption, electrostatic attraction or hydrophobic interaction, most commonly 

provided by a head group of the capping agent. To control the growth of the 

nanoparticles, most of the researchers used organic stabilizers (or polymers) during the 

wet-chemical synthesis [Guo et al., 2000; Xiong, 2010; Costenaro et al., 2013]. 

Commonly used capping agents are polyethylene glycol (PEG), polyvinyl pyrrolidone 

(PVP), polyvinyl butyral (PVB), cetyl trimethylammonium bromide (CTAB) and 3-

aminopropyl trimethoxy silane (APS). Cao et al. developed surface modified ZnO using 

silica and trimethyl siloxane (TMS) [Cao et al., 2009]. Modification of the surface of 

ZnO particles using 3-methacryloxy propyl trimethoxy silane was also performed by 

Kotecha et al. [Kotecha et al., 2006]. The introduction of silane into the ZnO structure 

caused a decrease in the particle size (40–100 nm) and an increase in the diameters of the 

aggregates, even to the order of micrometers. Organosilanes are highly attractive 

candidates for surface modification and stabilization of ZnO nanocrystals to inhibit 

decomposition in aqueous media. To the ability of silane molecules to form covalent 
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siloxane bonds with the metal oxide surface, these molecules are found to create a 

shielding barrier of cross-linked silanes (polysiloxanes) that protect the nanocrystal at the 

core. ZnO quantum dots were modified with 3-aminopropyltrimethoxysilane, where the 

amine groups at the periphery contribute to the stability of these quantum dots [Shi et al. 

2011]. In turn, Kang and Park [Kang et al., 1999] modified ZnO using silver ions and 

obtained a ZnO-Ag composite with particles size measuring approximately 120–250 nm. 

Shim et al. carried out modification of ZnO using poly(methyl methacrylate) (PMMA) 

via in situ polymerization [Shim et al., 2002]. The schematic presentation in Figure 1.9 

summarizes the ways of surface modification of ZnO [Radzimska et al., 2014]. Surface 

modification or functionalization is indeed very essential to tune the optical properties of 

ZnO nanostructures.   

 

 

Figure 1.9: Classification of modifiers, types of modifying agent and its modification 

effect of ZnO. 

1.6.  PMMA as a Polymer Matrix 

           In the current study, PMMA is selected as a supporting matrix for 

inorganic/polymer composites because it has superior intrinsic physio-chemical 

properties, such as, optical clarity, higher tensile strength, biocompatibility, and 

dimensional stability. In this context, PMMA has been a favorite choice for the 

preparation of inorganic/polymer nanocomposites. However, low level of thermal 
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stability coupled with an inability to block UV rays limits high-temperature application of 

PMMA. Some researchers have studied the strategies to develop UV absorbing 

TiO2/PMMA or ZnO/PMMA nanocomposites [Meng et al., 2011; Li et al., 2007; Zhang 

et al., 2013]. 

           PMMA is a thermoplastic, optically transparent amorphous versatile glassy 

polymer material. It is widely used as a substitute for inorganic glass because it shows 

higher impact strength and undergoes ductile rather than brittle fracture. PMMA polymer 

has an RI of 1.49 at 633 nm, high mechanical stability and very low thermal conductivity 

(~0.19 W.m-1.K-1) [Demir et al., 2006]. It also has poor UV and NIR shielding capability. 

PMMA is also widely used as a housing material or surface coating material of 

machinery because of its excellent weather resistance. It is widely utilized to make 

windows, eye contact lenses, camera lenses for mobile phones, and other optical devices 

because it has good transparency [Wang et al., 2010b; Zhang et al., 2013]. Moreover, 

inorganic or organically modified inorganic particles embedding PMMA has been cast 

into films to yield enhanced functional properties such as electrical conductivity, 

photoconductivity, photo-induced charge-transfer, nonlinear optical properties, 

photoluminescence, mechanical and magnetic properties [Gibelli et al., 2013]. The best 

known UV-blocking nanocomposite is that consisting of PMMA for its high transparency 

and ZnO nanoparticles for their UV absorption efficiency. The combination of ZnO and 

PMMA leads to a full absorption of the UV radiation in the range of 290-340 nm, PMMA 

absorbs the radiation in the range of 200-280 nm, but the whole composite shows a 

reasonable transparency in the visible region.  

     

            In this thesis, incorporation of UV/IR shielding nano ZnO in PMMA polymer 

matrix produces functional nanocomposites which can be a better way to make efficient 

solar thermal control interface structures. ZnO/PMMA exhibits an ensemble of properties 

of its constituents, and ultimately offer thermo-mechanically stable, UV/IR shielding 

multifunctional hybrid materials. Such UV/IR shielding nanocomposite films and layers 

find applications in fabricating plastics, sandwich glass panels, and textiles. In this thesis 

focused on the UV/IR shielding application of ZnO embedded PMMA nanocomposite 

coatings and films for solar thermal control surfaces such as plastics, glass, and textiles. 
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DEFINITION OF THE PRESENT RESEARCH PROBLEM 

     

             IR-reflective functional nanomaterials are in high demand for the development of 

solar thermal control surface coatings [usually termed as ‘cool coatings’] on surfaces 

such as roof, textiles, and windows. IR reflective solar control coatings can save energy 

by reflecting the sun’s heat. Similarly UV protecting coatings are also essential for 

outdoor applications and over the years TiO2/Silver based UV protective functional 

coatings are developed. UV/IR shielding nanocoatings primarily protect the objects from 

the damage of IR/UV rays coming from the Natural Sun Energy.  

A possible research questions that arises when functional nanoparticles are employed to 

fabricate UV/IR control functional coatings is: What is the effect of the particle 

morphology? How to enhance the IR reflectance and UV shielding? Is there a need to 

introduce any dopant ions to maximize the IR/UV shielding qualities? Apart from the 

UV/IR shielding properties, can the nanoparticles offer any additional functionality such 

as anti icing, anti bacterial and also photochromic property? In this thesis, attempt is 

made to answer some of these research questions.   

 ZnO has multifunctional properties including transparency, wide band gap, and strong 

room-temperature luminescence. Nano ZnO has better IR reflectance compared to macro 

ZnO. Therefore, ZnO is a versatile material for energy saving solar heat-protecting 

functional coatings. If nano ZnO is embedded in polymer matrix, to what extend the 

polymer attains benefits with respect to IR reflectance and UV shielding properties. This 

is the research aspect studied and reported in this thesis.  

Objectives: 

Investigate the UV/IR reflectance of nano ZnO embedded PMMA coatings and films is 

the prime objective of this thesis. Design and Fabrication of nano ZnO embedded PMMA 

coatings and films are focused to obtain UV shielding and IR reflective functional 

coatings that can be applied on polymer, glass, and textile surfaces. 

The various research elements and research components carried out in this thesis are: 
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 Synthesis of morphologically varied nano ZnO via microwave and reflux 

techniques and investigate the effect of morphology on the IR reflectance quality. 

Fabricate the PMMA and PMMA/PU matrix nanocomposite thick films by 

incorporating the nano ZnO as ‘functional dispersoids’, and study the 

morphologies  to obtain effective IR reflectance and UV shielding properties for 

any practical use.  

 

 Investigate the effect of Al doping on nano ZnO and study the IR reflectance and 

UV shielding properties of doped nano ZnO. Incorporate the doped ZnO in 

PMMA polymer matrix and fabricate nanocomposite coatings on glass substrates. 

Record the IR reflectance with respect of numbers of coating layers. Study the 

ZnO embedded multilayer PMMA coatings for anti-icing, as well as a few 

selected mechanical properties.  

 

 Synthesis of Sn and Ag doped ZnO quantum dots (ZQDs) via microwave-reflux 

assisted sol-gel techniques. Study the effect of ZnO QDs on IR reflectance an UV 

shielding properties when they are incorporated into the polymer matrix.  What 

kinds of photochromic and photoluminescence properties are possible in such 

ZnO QDs modified PMMA top coats if any organic chromophore is introduced?  

 

 Design of silane modified ZnO nanohybrids (APZO NHs) and studying the effect 

of such hybrid nanomaterial in PMMA matrix to have IR reflective coatings. 

Fabricate the IR reflective  APZO NHs/PMMA coatings, on cotton fabrics mainly 

on dark color fabrics and study the IR reflectance,  UV-shielding, and antifungal 

properties of textiles finally to obtain cool textiles.  

 

With these objectives, research was conducted systematically and the results are 

summarized in the Ph.D report. The outcome of this research is well documented 

in the form of international scientific publications. About 3 international 

publications were produced and one is submitted for possible publication. 
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Effect of Morphologically Varied Nano ZnO for UV and 
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PREAMBLE  

 

             IR reflectance is an optical property that largely varies with respect to the 

physical dimension of the nano crystalline particle. In earlier works, research attempts 

were made to understand the particle size effect as well as to determine the appropriate 

physical size of the particle required to reflect the maximum amount of IR energy. 

However, the aspect of morphology is often not considered and hence not well covered in 

the earlier research. This chapter devotes to study the effect of morphology on the IR 

reflectance property of nano ZnO and its composite coatings. The IR reflectance quality 

of morphologically varied nano ZnO is studied in PMMA as well as PU polymer 

matrices.  
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2.1. INTRODUCTION 

 

            Nanodimensional TiO2, SiO2, Al2O3, ZrO2, CNT, graphene, etc., embedded in 

industrial polymer matrices has been steadily increasing for developing functional 

composites and interface structures [Cano et al., 2013; Pandey et al., 2010; Chen et al., 

2010]. Such nanocomposites offer attractive properties like resistance against UV 

radiation, thermal insulation, EMI shielding, antiglare,, and also scratch resistant. Energy 

saving, eco-friendly building design, and constructions demand these kinds of advanced 

functional materials to cut the cost towards maintenance and electricity usages. Optically 

transparent, inter-phase films that can control the heat and light are particularly important 

in recent years because of the drastic rise in overall atmospheric air temperature due to 

CO2 emissions [Fang et al., 2012]. Near IR rays in solar radiation are generally termed as 

‘heat rays’ because they carry heat energy to generates radiant heat in buildings when it is 

transferred through conventional glass windows and transparent polymer roofing 

structures. Polyurethane, polypropylene and polycarbonate polymer sheets are used as 

roofs and partition walls in buildings. Unfortunately, normal glass and most of these 

polymers have very poor NIR reflectance quality. Against this backdrop, development of 

an interface capable of superior NIR shielding for heat control is highly demanding 

[Shiao et al., 2005]. Semiconducting metal oxides preferably antimony tin oxide, tin 

oxide, indium tin oxide, aluminium oxide, zinc oxide, titanium dioxide, or a mixture 

thereof is earlier reported in literature for obtaining NIR reflecting transparent coatings 

[Hwang et al., 2013; Mastai et al., 2001; Park et al., 2010]. Such nanosized metal oxides 

have regular structure whose equal intermolecular spaces block a large portion of light in 

the infrared region due to the presence of metal bonds. Composite structures made out of 

a material with high solar reflectance (ability to reflect sunlight) and high thermal 

emittance (ability to radiate heat) stay cool in the sun, which in turn reduces the demand 

for usage of air-conditioners and thereby lower the emission of CO2 and use of electrical 

energy.   

Nano ZnO has been well known for its multifunctional properties like solar 

reflectance, UV absorbance, antibacterial/antifungal, and hydrophobic functional 

properties [Raghupathi et al., 2011]. Incorporation of NIR shielding nano ZnO in PMMA 

polymer matrix produces functional nanocomposites which can be a better way to make 

effective solar thermal control interface structures. ZnO/PMMA exhibits an ensemble of 
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properties of its constituents, and ultimately offer thermo-mechanically stable, UV/NIR 

shielding multifunctional hybrid materials. Such UV/NIR shielding nanocomposite films 

and layers find applications in fabricating sandwich glass panels, glazed roofs, and active 

functional fillers in high-performance paints as described in the previous Chapter.   

In this chapter, bulk nano ZnO was synthesized first by reflux and microwave 

methods using polyethylene glycol 300 (PEG 300), polyvinylpyrrolidone (PVP), N-cetyl-

N,N,N-trimethylammonium bromide (CTAB) as capping agents. The end products were 

characterized for phase purity, particle size, morphology and UV/NIR optical properties. 

Morphologically varied nano ZnO was subsequently employed for fabricating 

ZnO/PMMA and ZnO/PMMA/polyurethane (PU) nanocomposite films. The NIR 

reflectance properties of these films were studied and correlated with ZnO morphological 

features.   

 

2.2.  EXPERIMENTAL SECTION 

 

2.2.1. Materials 

            Zinc acetate dihydrate (Zn(CH3COO)2.2H2O, Merck, India, 99%) and sodium 

hydroxide (NaOH, Merck, India, 99%) were used as chemicals. Polyvinylpyrrolidone 

(PVP, SD fine chem.), polyethylene glycol 300 (PEG 300, Merck), N-cetyl-N,N,N-

trimethylammonium bromide (CTAB, Analytical Rasayan) were selected as capping 

agents. Poly(methyl methacrylate) (PMMA, Sigma- Aldrich, India) and polyurethane 

(PU, commercial paint Sleek) were employed as polymers. Dichloromethane (DCM, 

Analytical Rasayan) and ethanol were utilized as solvents. All chemicals were used 

without any further purification. Double distilled water was used as the medium for 

particle synthesis. 

 

2.2.2. Synthesis of ZnO Nanoparticles 

Zinc oxide nanostructures were synthesized by two different methods; reflux and 

microwave-assisted nucleation and growth process. The typical procedures followed in 

these are described below: 
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2.2.2.1.  ZnO Nanoparticles via Conventional Reflux Method 

          In reflux method, 0.1 M zinc acetate dihydrate [Zn(CH3COO)2.2H2O] solution was 

prepared in 200 mL distilled water. To this solution, 15 mL of PEG 300 was added 

dropwise under constant stirring. The reactant mixture was stirred well until it became 

chemically homogeneous solution. It was then refluxed at 80 °C for 2 h. After 2 h the 

reaction flask was cooled to ice cold temperature. 1 M NaOH solution was then added 

dropwise under vigorous stirring until a milky white precipitate was formed (pH~10). 

The molar ratio of Zn(CH3COO)2.2H2O to NaOH was fixed as 1:10. The final white 

product was separated by centrifugation, subsequently washed several times with distilled 

water and finally with ethanol, and then dried at 60 °C in the electrical oven for 24 h. By 

changing PEG 300 with PVP and CTAB, the nano ZnO was prepared under the same 

experimental conditions. In PVP and CTAB capping, 20 mL and 2 g were added 

respectively to the 0.1 M Zn2+ precursor solutions.  

2.2.2.2.  ZnO Nanoparticles via Microwave Method  

           The preparative conditions were maintained similar to reflux technique. Instead of 

reflux, in microwave method 0.1 M zinc acetate dihydrate [Zn(CH3COO)2.2H2O] 

solution containing 15 mL PEG was subjected to microwave energy at a power level of 

300 W for 30 min.  Once the microwave irradiation was complete, the Zn(OH)2 

precipitate was  cooled to ice cold temperature in an ice bath. The white product thus 

obtained was separated by centrifugation, washed with distilled water and ethanol, finally 

dried at 60 °C in an oven to collect ZnO nanoparticles. The experiment was repeated with 

20 mL PVP and 2 g CTAB to obtain ZnO particles with different morphologies. 

 

2.2.3. Mechanism of Nano ZnO Synthesis 

            The possible chemical reactions involved in the nucleation and growth of nano 

ZnO particles in reflux and microwave heating is represented as follows:        

       

Zn(OAc)2+ 2NaOH = Zn(OH)2 + 2NaOAc 

Zn(OH)2 + 2OH-  Zn(OH)4
2-  (Intermediate step) 

Zn(OH)2  ZnO + H2O (Reflux or  Microwave)                                                          (2.1)  
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The ZnO prepared under microwave and reflux techniques using PEG, PVP and CTAB 

capping agents were designated as MW_Uncapped, MW_PVP, MW_PEG and 

MW_CTAB and Ref_Uncapped, Ref_PVP, Ref_PEG and Ref_CTAB respectively.  

 

2.2.4. Fabrication of ZnO/PMMA Nanocomposite Films  

      Nano ZnO/PMMA composite films were prepared by solution casting technique 

[Eita et al., 2012b]. 10% PMMA solution was prepared in dichloromethane solvent. 0.1 

wt% nano ZnO was also separately dispersed in dichloromethane. Both solutions were 

mixed mechanically at room temperature until a viscous and homogeneous ZnO/PMMA 

solution was formed. The solution was transferred to glass mould and allowed to dry at 

normal room temperature. After a particular period of time, a free-standing ZnO/PMMA 

sheets were formed. Finally, they were removed from the glass mould and used for 

further characterizations. Using polyurethane, one set of ZnO/PMMA/PU films was also 

prepared for any comparison.  

 

2.2.5. Characterizations 

             In this Chapter, ZnO nanoparticles were characterized by X-Ray Diffraction, 

Dynamic Light Scattering, Fourier Transform Infrared, Scanning Electron Microscopy, 

Transmission Electron Microscopy, and UV/Vis absorption analysis was carried out. The 

optical properties of ZnO/PMMA films were characterized by UV/Vis absorption and 

UV/Vis/NIR spectroscopic analysis. The brief procedures were explained given below: 

            The crystalline nature and phase purity of the as-prepared nano ZnO particles and 

films were structurally characterized by X-ray diffractometer using X’Pert Pro, Philips X-

ray diffractometer equipped with CuKα radiation ( λ= 1.5406 A° ) in the 2θ range 10° to 

80° with 0.02 scan increment. Surface functional groups in ZnO nanoparticles were 

performed by IR Prestige-21, Shimadzu FTIR spectrophotometer in the scanning range of 

4000-400 cm-1 using standard KBr (Sigma-Aldrich, 99%) pellet as the reference. The 

particle size distribution was measured using Dynamic Light Scattering (DLS) technique, 

a Zetasizer 3000H (Malvern Instruments, Worcestershire, UK) using a 60 mW He-Ne 

laser. For these measurements, ZnO nanoparticle (0.01 wt%) dispersion was prepared 

ultrasonically in the suitable solvent and subsequently de-agglomerated using Ultrasonic 

Processor P2 (Vibronics Pvt. Ltd., Bombay, India) and then size analysis was carried out.   
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         The microstructure and morphological features of ZnO nanoparticles were 

examined using ZEISS EVO 18 Special Edition scanning electron microscope (SEM) 

operated at 20 kV.  Nano morphology, chemical composition, and microstructure of the 

ZnO nanoparticle were further ascertained by Transmission Electron Microscopy (TEM) 

and selected area electron diffraction (SAED) analysis using the instrument FEI Tecnai 

30G2S-TWIN transmission electron microscope operated at an accelerating voltage of 

300 kV. A drop of colloidal nanoparticles was dispersed ultrasonically in acetone 

medium. It was carefully deposited by drop-casting on the TEM grid. After evaporation 

of the solvent, the surface was examined using TEM analysis. 

             UV/Vis absorption analysis of the ZnO nanoparticle dispersion and ZnO/PMMA 

nanocomposite films were monitored by Shimadzu UV/Vis Spectrophotometer (UV 240 

IPC) in the wavelength region 200 to 800 nm.  The near-infrared reflectance of the ZnO 

reinforced PMMA and also PMMA/PU/ZnO nanocomposite films were measured by a 

UV/Vis/NIR spectrophotometer (Shimadzu, UV-3600 with an integrating sphere 

attachment) using poly(tetraflouroethylene) (PTFE) as the reference. The typical 

experimental procedure as described in reference [Vishnu et al., 2011] was followed for 

the diffuse reflectance measurements in UV/Vis/NIR regions. Firstly, a set of powder 

sample holders filled with PTFE was mounted on both the sample and reference sides of 

the exits port of the integrating sphere to set the baseline measurements. Secondly, the 

sample holder was filled with nano ZnO prepared in this work and the optical 

measurements were performed in the 700 nm to 2500 nm range for determining the 

reflectance property.   

 

2.3. RESULTS AND DISCUSSION 

 

2.3.1. Characterizations of Synthesized ZnO Nanoparticles 

2.3.1.1. XRD Analysis of ZnO Nanoparticles 

In Figure 2.1, the powder X-ray diffraction results for different nano ZnO are 

given. In both reflux and microwave heating techniques, the ZnO samples show excellent 

crystallinity. All the diffraction peaks are very sharp indicating the high degree of 

crystallinity. The diffraction lines are consistent with the standard values reported for the 

polycrystalline ZnO [JCPDS card No: 36-1451] providing clear evidence of the presence 
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of hexagonal wurtzite-type ZnO with space group of P63mc [Espi et al., 2007]. The X-ray 

diffraction pattern shows all the standard ZnO peaks correspond to (100), (002), (101), 

(102), (110) and (103) crystal planes. No diffraction peaks for any un-reactive 

ZnAc2.2H2O, Zn(OH)2 and any other products were noticed, providing an idea of the 

purity of the ZnO products.  

 

Figure 2.1: XRD patterns of ZnO nanocrystals at different synthesis conditions (a) MW_ 

PEG, (b) MW_ PVP, (c) MW_CTAB, (d) MW_Uncapped, (e) Ref_PEG, (f) Ref_PVP, 

(g) Ref_CTAB, and (h) Ref_Uncapped. 

           The average crystallite size of the as-prepared ZnO was determined using Debye-

Scherrer’s formula (Equation 2.2) [Wu et al., 2011]. To determine the crystallite size, 

highly intense and sharp diffraction peak at 2θ = 36.3° corresponds to (101) diffraction of 

the ZnO hexagonal wurtzite phase was considered. 

Crystalline  size  <D>  =  0.89λ/βCosθ                                                                        (2.2)                                                                               

where <D>  is the average crystallite size, 0.89 is the Debye-Scherrer constant, λ is the 

CuKα radiation wavelength (1.5406 A° ), β is the full-width at half maximum in radians 

and θ is the scattering angle in degree. From the XRD data, the crystallite size was 

calculated as 21.3, 24.4, 28.4, 20.0, 34.2, 20.9, 23.2 and 35.9 nm for the ZnO samples 
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Ref_Uncap, Ref_PEG, Ref_PVP, Ref_CTAB, MW_Uncap, MW_PEG, MW_PVP and 

MW_CTAB, respectively.  

 

2.3.1.2.  Particle Size Analysis 

            The particle size distribution of the ZnO prepared via microwave and reflux 

methods are shown in Figure 2.2. The microwave technique resulted in a very wide size 

distribution for various capping agents compared to its counterpart, reflux method. The 

cluster size varied between 50 and 400 nm. The peak maximum represents the mean 

particle diameter of nano ZnO. The capping effect was distinctly noticed in microwave 

synthesis. ZnO prepared without capping produced particles with an average size 250 nm, 

whereas the particles obtained with PVP and PEG capping agents had shown size less 

than 180 nm. Although the PEG capping showed size controlled ZnO particles, the size 

distribution was not very narrow. However, in these cases, better control over crystal 

growth was seen compared to CTAB. In conventional heating, heat transport by 

conduction was the driving force that controls the mass transfer and deciding the ZnO 

crystal growth. In microwave, the bulk dielectric heating caused by the reversible dipole 

movements that happen at molecular level act as driving force [Cho et al., 2008]. Water 

is a highly polar medium and microwaves readily interact with water molecules. As a 

result of kinetically strong reversible dipole interactions, the molecular heating takes 

place. The rate of thermal gradient in the reaction vessel depends on the microwave 

power. The thermal gradients occurred due to dipolar interactions vary with dielectric 

nature of the capping molecules. It strongly influenced the particle growth and the extent 

of ZnO clustering, finally resulting in wide size variations. In microwave synthesis, the 

samples MW_PVP and MW_PEG showed less particle size because of their stable 

complexation with Zn-precursor, and differential rate of nucleation [Anumol et al., 

2011]. In the reflux method, a narrow size distribution was successfully obtained. In this 

case, only a mild reflux temperature condition was employed. However, the reflux time 

given for the complete conversion of Zn-precursor to ZnO was longer. Unlike microwave 

heating, the mild heating highly controls the abnormal ZnO growth. However, as a result 

of prolonged time, the crystals had grown excessively to the size between 200-250 nm for 

various capping agents.   
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Figure 2.2: Particle size distribution analyses of (A) microwave synthesis: (a) MW_PVP, 

(b) MW_PEG, (c) MW_CTAB, and (d) MW_Uncapped; (B) reflux synthesis: (a) 

Ref_PVP, (b) Ref_PEG, (c) Ref_CTAB, and (d) Ref_Uncapped; (C) photographic image 

of capped ZnO NPs shows Tyndall effect; (D) schematic representation of surface capped 

ZnO NPs (where Dh is the hydrodynamic diameter). 

 

2.3.1.3.  Functional Group Analysis 

               The uncapped and capped ZnO nanoparticles synthesized using microwave and 

reflux methods were validated by the vibrational spectroscopy for understanding the 

nature of the chemical bonding in the metal oxide. The FTIR spectra of the PEG 300, 

PVP and CTAB capped nano ZnO and uncapped counterpart is shown in Figure 2.3 for 

the microwave and reflux methods.   
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Figure 2.3: FTIR spectra of microwave and reflux techniques of as-prepared 

Ref_Uncapped, Ref_PEG, Ref_PVP, Ref_CTAB, MW_PEG, MW_PVP, and 

MW_CTAB samples dried at 60 °C/24 h.    

In FTIR, the broad vibrational bands in the range 3342 to 3389 cm-1 represent the 

O-H stretching which was expected because of aqueous synthesis and mild drying 

conditions. In PVP and PEG capped samples, the O-H stretching was more prominent 

because of their more hydrophilic nature. The peaks at ~1400-1600 cm-1 indicate the C=O 

and O-H stretching vibrations of the capping molecules adsorbed on the ZnO surface. In 

the case of pure PVP [Kang et al., 2009], the strong peak at 1654 cm-1 is assigned to the 

stretching vibration of carbonyl group and the peak at 1292 cm-1 is attributed to –C-N 

vibrations. But in PVP capped ZnO, the C=O stretching is shifted to ~1675 cm-1 

confirming the capping effect. The alkyl C-H stretching vibration of PVP is seen at 2914-

2919 cm-1 whereas the pyrrolidone ring related bands exist at ~1426 cm-1. The 

characteristic stretching mode of Zn-O vibration bands normally seen at low absorption 

peaks in the range 415 to 448 cm-1 [Yang et al., 2011]. In this study, the IR vibrational 

bands show significant differences in the peak values with respect to the given processing 

conditions of capping, microwave and reflux synthesis. The characteristic stretching bands 

of ZnO appear at 415, 437, 472, and 479 cm-1 depending upon the synthesis and capping 

agents. It provided further insight that even though a highly crystalline ZnO was formed at 

all the given synthesis conditions; they may have crystallographically different growth 

patterns and orientations leading to morphologically tuned ZnO particles with various 
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surface features [Raula et al., 2010]. Figure 2.4 shows the chemical bindings of different 

capping agents on ZnO surface.  

 

Figure 2.4: Chemical bindings of capping agents on ZnO (a) PEG-ZnO, (b) PVP-ZnO, 

and (c) CTAB-ZnO bindings.    

2.3.1.4.  Morphological Analysis of Capped ZnO Nanoparticles 

 

 

Figure 2.5: SEM images of ZnO nanoparticles by MW method: (a) Uncapped, (b) PEG 

300, (c) PVP, and (d) CTAB (Scale bar: (a) 1 µm, (b) 200 nm, (c) 200 nm, (d) 200 nm). 
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Figure 2.6: SEM images of ZnO nanoparticles by reflux method: (a) Uncapped, (b) PEG 

300, (c) PVP, and (d) CTAB (Scale bar: (a) 1 µm, (b) 200 nm, (c) 200 nm, (d) 200 nm).       

 This had been further verified with SEM microstructures. The SEM morphologies 

correspond to various ZnO products are shown in Figure 2.5 and Figure 2.6. The 

morphology changed entirely with reflux and microwave techniques for the same capping 

agents. In general, the different crystal growth can be attributed to the change in the 

surface tension of the reactants solution, length of the molecular chains in the polymeric 

capping agents, and the strong nature of the complex formation. The uncapped ZnO 

nanoparticles in reflux method have weakly agglomerated ZnO whiskers morphology and 

the same in microwave method were spherical clusters. The capping agents completely 

altered the directional growth of the ZnO crystals and their orientations. Capping with 

PVP observed semi-spherical shaped ZnO nanoparticles in reflux method and nanoflake 

structures in microwave technique. The capping agent PEG 300 resulted in rice shaped 

ZnO in reflux method and the same attained nano-sheet like structure in microwave. ZnO 

morphology was quite different when CTAB was used. In this case, ZnO nanoneedles and 

nanoplatelets were obtained in reflux and microwave methods respectively. The effect of 

capping agents on the growth of ZnO nanocrystals has been examined by numerous 

researchers [Biswas et al., 2008; Viswanatha et al., 2006]. The dispersed Zn2+ ions in 

(b)

(c) (d)

(a)
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water quickly reacted with the OH- ions to form the insoluble Zn(OH)2, which tends to be 

a cloudy milky solution. It reacted with capping molecules to form respective primary 

parent oxy-hydroxide [ZnO-Zn(OH)2] complex species. The size and shape of the 

complex moiety determine the crystal growth directions and orientations and hence the 

final shapes formed. With PVP addition, the viscosity of water in the solution increased 

and in result caused a slow diffusion of ions and hence the rate of reaction of Zn2+ ion 

with the hydroxide ion decreased [de Dood et al., 2003], which resulted in the suppressed 

growth of the ZnO nuclei resulting in semi-spherical and flaky particles.  

 

2.3.1.5. TEM Analysis of ZnO Nanoparticles 

           The TEM analysis further revealed clearly the extent of the crystallinity, actual 

size, shape, and growth patterns of the ZnO particles at nano-regime with high degree of 

accuracy.  Figure 2.7 shows respective TEM images of the uncapped, PEG 300, PVP, and 

CTAB capped ZnO particles obtained through microwave and reflux methods. In 

microwave technique; spherical, sheet, flake and platelets shaped morphologies were 

confirmed, whereas in reflux technique; whiskers, rice-like grains, semi-spherica,l and 

nanoneedles morphologies obtained. The TEM images confirm structurally uniform, 

nano dimensional ZnO particles having size ranges 50-100 nm. The SAED patterns of the 

representative ZnO samples revealed the single crystalline nature.   
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Figure 2.7: TEM images of (a) Ref_PVP, (b) MW_PVP, (c) Ref_PEG (inset 100 nm 

scale bar), (d) MW_PEG, (e) Ref_CTAB, (g) MW_CTAB, and (i) Ref_Uncapped. SAED 

patterns of (f) Ref_CTAB, (h) MW_CTAB, and (j) Ref_Uncapped. 
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Figure 2.8: Schematic representation of growth mechanism of ZnO nanoparticles using 

different capping agents and synthetic methods. 

 

            Figure 2.8 shows the schematic representation of growth mechanism of ZnO 

nanoparticles using different capping agents and synthetic methods. The role of PEG in 

controlling the shape and size of nano ZnO was also studied and reported earlier [Shi et 

al., 2009]. Water soluble PEG 300 with molecular structure HO-(CH2-CH2-O-)n-H is 

mostly preferred for capping. The -OH group is at the chain ends, and the chain is formed 

by the repetition of the ethylene oxide group. Such type of capping molecules will bind to 

the growth units of ZnO nuclei. In presence of PEG 300, the Zn2+ ion is easily adsorbed on 

the oxygen site of the C-O-C chain. When Zn2+ interacts with PEG 300 polymer matrix, 

the polymer chains containing Zn2+ neutralize with hydroxide ions to produce the PEG-

Zn(OH)2 complex [Feng et al., 2010]. Upon microwave irradiation and reflux heating, the 

PEG-Zn(OH)2 complex dehydrates to form ZnO nuclei and the C-O-C chains decide the 

growth directions. Although both PEG 300 and PVP are non-ionic capping agents, they 

would be partially-charged. Especially oxygen in PVP is more partially charged than 

oxygen in PEG because of positively-charged nitrogen in PVP [Panigrahy et al., 2009]. 

Therefore PVP would electrostatically adhere to the surface of ZnO nuclei stronger than 
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PEG 300 resulting in different shapes. Using CTAB as cationic capping agent, nanoneedle 

and nanoplatelets shaped ZnO were obtained in reflux and microwave methods. Since 

CTAB is a kind of strong-acid-weak-base salt, it can accelerate the ionization of 

[Zn(OH)4]
2- [Zhang et al., 2004]. The [Zn(OH)4]

2- anion and cationic CTAB form CTA+-

[Zn(OH)4]
2-  ion pairs. Due to the coulomb force action, [Zn(OH)4]

2- anions and CTA+ 

cations electrostatically interact to form CTA+-[Zn(OH)4]
2- complexing agents which get 

adsorbed on the environs of the ZnO nuclei. As a result of this, the surface tension of the 

reactants as well as the surface energy of ZnO nuclei is decreased. At these favorable 

conditions, ZnO nuclei transform to ZnO crystals at lower saturation temperatures 

resulting in the formation of long and uniform ZnO nanoneedles and nanoplatelets [Sun et 

al., 2002].   

 

2.3.1.6. UV/Vis Absorption  Analysis 

            The UV/Vis absorption properties of all the nano ZnO products prepared via 

microwave and reflux techniques with different capping agents are shown in Figure 2.9. 

 

Figure 2.9: UV/Vis spectra of ZnO nanoparticles (inset shows the optical absorption 

spectra for photon energy in terms of eV) synthesized under reflux and microwave route 

using uncapped and different capping agents PEG 300, PVP and CTAB. 

 

The as-prepared nanoparticles were ultrasonically dispersed in water medium and 

the colloids were examined for the UV-absorption using water as the reference. The 

absorption was corrected for the solvent distribution. The excitonic absorption spectrum 
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of ZnO nanoparticles showed well-defined excitation band between 334-364 nm 

depending upon the size and shape of ZnO crystals formed with various capping agents in 

both microwave and reflux methods. This absorption curves showed blue-shift by the 

quantum confinement effect compared to the bulk ZnO excitation absorption at 380 nm 

(band gap energy Eg = 3.26 eV). In both cases, the UV absorption was very sharp, which 

indicated the monodispersed nature of the ZnO nanoparticles [Pueyo et al., 2008]. This 

is, in fact, supportive to the TEM images where a high degree of monodispersity of 

nanoparticle distribution was seen. The size of the ZnO nanoparticle and its concentration 

in the solution were also calculated from the absorption studies. L.E. Brus proposed the 

relationship between the band gap of nanoparticle E and particle radius r which is given 

by: 

E    Ebulk +  ħ2π2/2er2(1/memo+1/mhmo)-1.8e/4πεε0r                                          (2.3)                                              

where Ebulk is bulk band gap, ħ is Planck’s constant divided by 2π, e is elementary electric 

charge, me is the electron effective mass, mh is hole effective mass, m0 is electron mass, ε 

is relative permittivity, and ε0 is the permittivity of vacuum. The following equation was 

used to calculate the particle size (radius) [Brus, 1968; Hu et al., 2003]. 

r (nm) = -0.3049+√(-26.23012+10240.72/λp)/(-6.3829+2483.2/λp)                              (2.4)                                                                                                                             

The above equation is derived using the effective mass model which described the particle 

size (r, radius) as a function of peak absorbance wavelength (λp) in nm for ZnO 

nanoparticles. The data extracted from the UV/Vis absorbance spectra was used to 

calculate the average size (D) of ZnO nanoparticles according to the expression proposed 

by Meulenkamp [Meulenkamp, 1998] as follows: 

1240/λ1/2= 3.301 + 294.07/D2 + 1.09/D                                                                        (2.5) 

 where λ1/2 (nm) is the wavelength corresponding to the absorption profile at the half-

height of the intensity and D is the particle diameter (nm) [Huang et al., 2010]. The inset 

of the Figure 2.9 showed its photon energy in terms of electron volt which was used to 

find out the band gap energy with respect to absorption measurement. The wurtzite ZnO 

structure possessed a direct band gap and the absorption edge for a direct interband 

transition is given by Serpone et al. [Serpone et al., 1995]. 

(αhν)2 = ED (hν –Eg)                                                                                                        (2.6)                                                                                       
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where α is the optical absorption coefficient, h is the Planck’s constant, ν is the frequency 

of incident photon, ED is a constant and Eg is the direct band gap energy. In this study, the 

absorption coefficient (α) could be evaluated by the following equation [Zhao et al., 

1991]  

α =  A/d ׳
s                                                                                                                         (2.7) 

where A is the measured absorbance and d ׳
s  is the thickness of the sample in UV/Vis cell 

(0.4 cm).  

             The plot of (αhν)2
 versus photon energy (hν) for the morphologically varied ZnO 

nanoparticles was obtained in both microwave and reflux syntheses. The linear 

dependence of (αhν)2 on hν at higher photon energies indicated that the capped ZnO 

nanoparticles are essentially a direct transition type semiconductor. The linear portion of 

the curve when extrapolated to zero gave the value of the direct band gap (Eg) 

corresponding to the morphologically varied  ZnO nanoparticles depending upon the 

capping molecules. According to the results from this figure, the Eg values of the 

uncapped ZnO nanoparticles are about 3.22 and 3.40 eV for microwave and reflux 

methods respectively. The Eg values of the MW_PEG, MW_PVP and MW_CTAB 

obtained are 3.71, 3.32 and 3.45 eV respectively.  Similarly, the Eg value of the 

Ref_PEG, Ref_PVP and Ref_CTAB resulted as 3.46, 3.41 and 3.48 eV respectively. The 

blueshift behaviour or broadening in the band gap is mainly due to the Moss-Burstein 

band filling effect [Shan et al., 2004]. Based on the Moss-Burstein theory, for the 

samples MW_PEG, MW_PVP, the donor electrons occupied states at the bottom of the 

conduction band. The average crystalline size of nano-sized ZnO powders can be figured 

out by using the following equation [He et al., 2008]: 

SBET = 6000/ρdBET                                                                                          (2.8)                                                                     

where SBET is the BET specific surface area (in m2/g), ρ is the density of nanosized ZnO 

powder (in g/cm3) and dBET is the crystalline size (in nm). In this study, SBET was obtained 

by using the 5.605 g/cm3 power density. The agglomeration coefficient can be calculated 

using the following formula: 

CF  =  dBET/<D>                                                                                                              (2.9)   
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Here, CF is agglomeration coefficient and <D> is the crystallite size from the XRD 

Scherrer formula. From the aforementioned mathematical equations, the particle diameter 

(2r), agglomeration coefficient (CF), and surface area (SBET) were determined for the 

different ZnO samples and summarized in Table 2.1. 

 

Table 2.1: Morphologies, dimensional size and band gap of nano ZnO obtained for 

different capping agents. 

 

 

2.3.2.  Fabrication of ZnO/PMMA Nanocomposite Films  

     Nano ZnO/PMMA composite films were characterized by XRD analysis, UV/Vis 

absorption spectra and near-IR reflectance spectra. 

 

2.3.2.1. Phase Analysis of ZnO/PMMA Nanocomposite Films 

          Figure 2.10 shows XRD patterns of the ZnO/PMMA nanocomposite films. A broad 

peak in the range of 15–25° confirms the amorphous nature of the PMMA matrix [Kos et 
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MW_CTAB Nano 
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al., 2013]. In the case of the nanocomposite films, the trends are almost the same 

regarding the PMMA peaks, while subsequent peaks of the ZnO NPs also appear at their 

respective locations. The intensity of the ZnO NPs peaks is quite less in PMMA matrix, 

as the concentration of the nanoparticles is very low (0.1 wt%) in the PMMA films.  

 

Figure 2.10: XRD patterns for ZnO/PMMA nanocomposite films using (a) microwave 

and (b) reflux methods. 

 

2.3.2.2. UV/Vis Spectra Analysis of ZnO/PMMA Nanocomposites   

The UV absorption properties of nano ZnO cover both UVB and UVA ranges. 

For this reason, the prepared PMMA/ZnO nanocomposites were also tested for the UV-

shielding efficiency. Figure 2.11 shows the effect of ZnO addition in PMMA polymer 

film on the UV absorbance. The absorption range of pure PMMA was seen at the 

wavelength of 300 nm which was close to the window glass and also commercially 

available and purchased bulk ZnO (Sigma-Aldrich, India), denoted as Ald_ZnO; 

dispersed in PMMA at 380 nm. When as-prepared, using microwave method, ZnO 

nanoparticles were dispersed well and the absorption shifts to wavelengths in ranges 350, 

375 and 379 nm for the PEG 300, PVP and CTAB as capping agents, respectively. The 

absorption ranges 350 to 380 nm indicate the UV shielding efficiency of microwave and 

reflux derived ZnO in both UVA and UVB ranges [Liu et al., 2012a]. In PMMA nano 

composite fabricated with PEG capped ZnO nanoparticle, a slight blue-shifting was seen 

in the absorption that was due to relatively small size of the ZnO particles. In this work, 

fabrication of thin film PMMA sheets with thickness 0.04 mm is engineered with capped 
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nano ZnO and polyurethane additive for normal solar light transmittance but capability to 

shield NIR and UV radiations.    

 

Figure 2.11: UV/Vis absorbance spectra of ZnO nanoparticles embedded in PMMA 

matrix. 

 

2.3.2.3. Near-Infrared (NIR) Reflectance Analysis of ZnO/PMMA Nanocomposites  

            

 

 

Figure 2.12: NIR reflectance of neat PMMA, PU/PMMA and ZnO/PMMA/PU films. 
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               A comparison of the NIR reflectance properties between PMMA and 

PMMA/PU nanocomposite sheets dispersed with ZnO nanoparticles prepared with 

various capping agents is given in Figure 2.12 and Figure 2.13. In general, 100% Incident 

Light = Total Reflectance (%) + Absorbance (%) + Total Transmittance (%),  where 

Total Reflectance (%) = Diffuse Reflectance (%) + Specular Reflectance (%), and Total 

Transmittance (%) = Diffuse Transmittance (%) + Specular Transmittance (%). 

 

               The diffuse reflectance data, without including the specular reflectance, given 

by the instrument SHIMADZU UV/Vis/NIR spectrophotometer [UV-3600] in the 

wavelength region 800 to 2500 nm is directly plotted for the PMMA films which were 

prepared with only 0.1 wt% ZnO particles. Figure 2.12 depicts NIR reflectance of neat 

PMMA and PMMA having Polyurethane additive. In both these cases, the NIR 

reflectance is very poor, and only <10% is observed. Upon 0.1 wt% dispersion of ZnO 

[sample prepared with CTAB surfactant under microwave], the PMMA/PU films attain 

NIR reflectivity above 40%.  

 

 

Figure 2.13: NIR reflectance of (a) microwave method synthesis of ZnO/PMMA films 

with and without different capping agent and (b) reflux method synthesis of ZnO/PMMA 

films with and without different capping agent. 

 

           Figure 2.13(a) and Figure 2.13(b) is only the comparison of PMMA films 
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microwave derived ZnO shows better NIR reflectivity than the reflux counter parts.  In 

the NIR reflectance spectra, low reflectance means high absorption in that wavelength 

region. In general we have noticed very strong absorptions in the wavelength regions 

1300-2500 nm. These strong absorptions arise from the combination and overtones of 

fundamental processes that occur in the mid-IR region (λ > 2500 nm) [Du et al., 1999]. 

The composites prepared with microwave derived ZnO showed better NIR reflectance 

compared to its reflux counterpart at NIR wavelengths 810 and 1100 nm. PMMA film 

prepared without any ZnO was optically transparent but it showed only 2% reflectivity in 

the entire NIR region indicating the highest absorption of NIR by the PMMA matrix. 

Similarly in case of PU/PMMA polymer composites, the control sample prepared without 

any ZnO, provided only below 10% NIR reflectance. When the PMMA and PMMA/PU 

films were prepared with only 0.1 wt% nano ZnO, a high degree of NIR reflectivity was 

observed. The PMMA/ZnO nanocomposites showed the bulk NIR reflectivity in the 

range 40 to 60% depending upon the ZnO size and shape. The same was increased to 

45% in PU/PMMA/ZnO nanocomposites. The % NIR reflectance was taken directly at 

the wavelengths 810 and 1100 nm on the 0.04 mm thick PMMA films and is summarized 

in Table 2.2 for various ZnO. The physical appearance of ZnO/PMMA and 

ZnO/PU/PMMA was also given for showing the optical transparency [Figure 2.14]. 

 

 

Figure 2.14: Photographic images of (a) ZnO/PMMA and (b) ZnO/PU/PMMA films.  

 

 

 

(a) 0.1 wt% ZnO/PMMA film (b) 0.1 wt% ZnO/PMMA/PU film
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Table 2.2: The (%) NIR reflectance of ZnO/Polymer sheets @ 810 and 1100 nm NIR 

wavelengths.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The extent of NIR reflectivity strongly varied with the given processing and 

capping conditions. For example, the PMMA nanocomposite films have highest 

reflectivity to NIR when it was reinforced with PEG 300 capped ZnO. In microwave 

technique, it is determined as 55%. It is known that the NIR reflectance property highly 

depends upon the color of the inorganic fillers, their refractive index and crystalline 

qualities [Keefe, 2008]. TiO2 and ZnO are the most preferred NIR reflecting pigments 

due to their attractive bright white and the wide optical refractive index values. The 

refractive index values for TiO2 and ZnO were reported in the range 2.02 to 2.6. 

Depending upon the refractive index values, the light beam is refracted, reflected and 

scattered leading to diffuse reflection of NIR light. For an effective reflection of NIR-

radiation, particle size was reported as essential parameter. For highest reflectivity, the 

particle size should be more than half the wavelength of the light to be reflected. Thus for 

reflecting infrared light of 700-1100 nm wavelength, particle size should be at least 0.35 

to 0.55 microns [Bendiganavale et al., 2008]. In this study, we obtained ZnO particles 

with varying physical dimensions and crystalline morphologies ranging from spherical to 
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flake and sheet. The overall physical size of the ZnO particles was found to be within 150 

to 400 nm and 200 to 250 nm for microwave and reflux techniques respectively. Figure 

2.13(a) shows the % NIR reflectance of PMMA/ZnO nanocomposites with respect to the 

ZnO particle size. The NIR reflectance at the wavelength 810 nm was taken for the 

comparison. From the figure, it is clear that the NIR reflectance increased with 

decreasing particle size. The ZnO samples prepared with PEG and PVP capping have 

mean size of 177 and 153 nm respectively in microwaves. These samples have shown 

high reflectance compared to other ZnO particles where the particle size was above 200 

nm.   

             We have seen that such particle size range, say 150 to 170 nm, and were 

favorable for effectively reflecting the NIR rays. However, it appeared that, in addition to 

the particle size, a fine control of morphology is also important to shift the reflectance to 

a maximum value with minimum amounts of ZnO dispersion. The plot in Figure 2.15(a) 

confirms that among the obtained ZnO morphologies, nano sheets and flakes have better 

IR reflectance. The NIR reflectance @ 810 nm and 1100 nm were plotted against the 

ZnO morphologies and shown in Figure 2.15(b). All the morphologies showed high NIR 

reflectivity at 810 nm compared to the wavelength of 1100 nm.  The ZnO nanosheets 

obtained for MW_PEG show 55% reflectance at 810 nm and about 53% at 1100 nm. 

Similarly, the nanoflake structure derived for the sample MW_PVP shows 48% 

reflectivity at 810 nm and 46% at 1100 nm. The NIR reflectivity was comparatively high 

for the nano ZnO having relatively large surface features. In sheet, flake and platelets, the 

surface area was high compared to its thickness which was only a few nanometers. The 

active surface available for the IR to interact with other ZnO morphologies such as 

semispherical, rice grain and whisker was comparatively less and therefore they exhibit 

poor reflectivity. Nanosheets showed the highest NIR reflectance followed by nanoflakes, 

nanoplatelets, spherical, rice grains, whiskers and nanoneedles. Moreover, these kinds of 

particle morphologies also vary in their degree of agglomeration. It also significantly 

influences the NIR reflectivity. In this work, the (%) NIR reflectance at the wavelengths 

810 nm and 1100 nm was also plotted against the agglomeration coefficient of the 

various ZnO and is shown in Figure 2.15(c). Since the morphologies nano sheets and 

flakes had less tendency for agglomeration and clustering, these samples had higher NIR 

reflectance at both 810 nm and 1100 nm wavelengths. As evident from the SEM, the 



Chapter 2 

 

59 
 

other ZnO morphologies like nanoneedles and semispherical particles have higher 

agglomeration and exhibit poor NIR reflectance.  

 

Figure 2.15: (a) NIR reflectance @ 810 nm vs. Particle size with respect to the ZnO 

morphology, (b) NIR reflectance @ 810 & 1100 nm vs. ZnO nano morphology, and (c) 

NIR reflectance vs. Agglomeration coefficient @ 810 & 1100 nm.  
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2.4.  CONCLUSIONS 

           In summary, we report the NIR reflectance property of ZnO dispersed PMMA 

polymer nanocomposite films. The UV/NIR shielding property of PMMA polymer was 

correlated with various ZnO morphologies that differ in the average physical size and 

surface features. Highly crystalline, hexagonal wurtzite ZnO particles were successfully 

prepared via microwave and reflux techniques with various capping agents. These 

techniques produced ZnO with mean particle size in the range 150-400 nm. 

Morphologically varied nano ZnO having physical shapes such as spherical clusters, rice 

grains, needle and whiskers as well as one dimensional nano needles and sheets were 

obtained. This study revealed that in addition to the particle size of ZnO, the morphology 

and the crystalline quality also played equally an important role in obtaining better 

NIR/UV shielding quality. The microwave technique resulted in nano-thick one-

dimensional sheet shape ZnO morphologies. Such nano thick sheet like particles had high 

surface sites that help to reflect the NIR effectively. The PMMA film without any ZnO 

had only 2% NIR reflectivity whereas the same was increased to 55% where 0.1 wt% 

ZnO was dispersed in the PMMA matrix. The high particle size of ZnO affected the 

optical transmittance strongly and resulted in highly opaque PMMA/ZnO nanocomposite 

films. The additions of small amount of polyurethane produced visibly clear 

PMMA/PU/ZnO sheets compared to PMMA/ZnO film. The NIR reflectance followed the 

order nanosheet > nanoflake > nanoplatelets > spherical > rice grain > whiskers > 

nanoneedles morphologies. The PEG 300 capped ZnO reinforced PMMA polymer film 

showed comparatively higher reflectance to NIR wavelength than the other capping 

agents. On comparing the results, the PMMA/ZnO and PU/PMMA/ZnO nanocomposites 

showed better UV/NIR shielding properties that can be explored as interface layers/films 

and membranes in glass and polymer type sandwich panels for the effective solar thermal 

controlled indoors of buildings.  

 

The investigations of this Chapter have been published. 

Soumya, S.; Mohamed, A. P.; Paul, L.; Mohan, K.; Ananthakumar, S., Near IR 

reflectance characteristics of PMMA/ZnO nanocomposites for solar thermal control 

interface films, Solar Energy Materials & Solar Cells, 125, 2014, 102-112.  
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PREAMBLE  

 

             This chapter deals with the doping strategy to achieve optically transparent IR 

reflective top-coats on glass substrates. Aluminium doped nano ZnO (AZO) was 

synthesized and dispersed in PMMA precursor sol. Subsequently Layer-by-Layer 

coatings were developed on glass substrates. Functional properties such as UV 

absorption, and NIR shielding efficiency of the AZO/PMMA coatings were monitored 

with respect to number of layers. In addition to that the heat build-up control under 

infrared radiation was also recorded. The AZO/PMMA coating was also validated for the 

ice/fog formation resistance, self-cleaning, surface hardness and scratch resistance 

properties.    
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3.1. INTRODUCTION   

     

NIR control surface coatings can curtail solar heat transfer through the glass and 

building surfaces [Viasnoff, 2014; Levinson et al., 2007; Levinson et al., 2010; Levinson 

et al., 2005a; Viasnoff et al., 2012]. Infrared radiation in the wavelength region 810 to 

1100 nm is said to be the prime reason for the heat build-up, hence NIR reflecting white 

pigments are necessary for designing thermal control surface coatings and functional 

paints [Viasnoff, 2014; Zou et al., 2014; Levinson et al., 2005b; Guo et al., 2011; Jiang et 

al., 2013]. A few millimeter thick spraying of acrylic and polyurethane paints containing 

TiO2 and ZnO white pigments shows NIR shielding which is in the form of coatings on 

concrete roofs found effective in decreasing the overall temperatures. Replication of such 

coatings on glass surfaces would result in cool-windows, provided a high optical 

transparency to the level of at least 95% is retained. Coatings made with nanoparticles 

offer high optical transparency combined with light reflectance quality [Viasnoff, 2014; 

Viasnoff, et al., 2012; Mahlitig et al., 2005].  

Nanoscale inorganic white pigments such as rutile TiO2, ZnO, CeO2, and SnO2, 

intrinsically have the high refractive index (n = 2.2 to 2.7) and contribute light-scattering 

at all wavelengths. They have a unique property of high solar reflectance in the NIR 

region and solar energy absorbance in UV region, which makes them ideal for 

multifunctional, optically transparent surface coatings. Among many metal oxides, 

nanostructured ZnO coatings offer multifunctional properties; they reflect more than 90% 

incident light near-infrared radiation while transmitting high-level solar light in the 

visible spectra. However, it is critical to have nanoparticles in size range ~350 nm for 

effective NIR shielding [Hwang et al., 2013] where transparency is considerably 

decreased. ZnO is a well known semiconductor having a band gap of 3.37 eV, which 

makes it as a photoactive in the UV region for any self-cleaning functions [Fateh et al., 

2014; Minhao et al., 2009; Kumar et al., 2014; Giusti et al., 2014; Qiu et al., 2011]. ZnO 

coatings are also characterized for hydrophobic functionality [Gao et al., 2014]. Recently 

published reports strongly indicate ZnO nanostructures can be tailored to have anti-icing 

or anti-frosting, and anti-fogging surfaces [Wang et al., 2013b; Wen et al., 2014]. Above 

all, ZnO is non-toxic and can easily be processed in different nanostructures which draw 

more attention to develop transparent window-glass coatings using nano ZnO [Kittler et 

al., 2009].         
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In this context, we are investigating the role of particle size, particle morphology 

and dispersibility of ZnO nanoparticles to produce inorganic/polymer functional coatings 

that can offer high visible brightness and thermal control effect for green buildings [Jiang 

et al., 2013; Li et al., 2007]. In fact, low-emitting surfaces decrease radiative heat transfer 

by reflecting the incident infrared radiation which reduces the radiative heat emission in 

the near-infrared spectral region. In the previous Chapter, we reported the influence of 

nano ZnO morphologies upon near-IR reflectance in both ZnO nanoparticles as well as 

ZnO nanoparticles embedded PMMA polymer sheets. Here, we fabricated multilayered 

coatings of Al-doped ZnO nanoparticles embedded in a PMMA matrix on glass surfaces 

for multifunctional applications. 

            PMMA has high optical transparency throughout the visible range in addition to 

high mechanical stability. It has very low thermal conductivity [ = 0.2 W/m.K] that 

generates heat build-up upon exposure to solar radiations. It also has poor UV and NIR 

shielding capability [Viasnoff, 2014; Viasnoff et al., 2012; Sun et al., 2007; Kulyk et al., 

2010]. PMMA thin films are reported with ZnO to have UV stable, transparent coatings 

[Li et al., 2010; Eita et al., 2012b]. However, it is understood that the past research 

attempts dedicated to investigating the enhanced mechanical and UV shielding 

advantages of PMMA polymer with nano ZnO inclusions. NIR control characteristics as 

well as optical transparency for window coatings have not been studied and yet reported.  

            Compared to pure ZnO, nanocoatings made by Al-doped ZnO (AZO) are found 

very effective due to improved spectral selectivity, optical band gap tunability for 

transmitting almost complete solar radiation and low-emitting surface properties. AZO is 

already studied as anti-reflection coatings for solar cells [Kluth et al., 2003; Verma et al., 

2010]. Further, Al-doped ZnO shows metallic properties and hence reflect near-IR 

radiation. It is already demonstrated with bulk AZO/epoxy composites [Yuan et al., 

2011; Yong et al., 2009]. 

 

In this chapter, AZO/PMMA nanocomposite multilayered coatings were built via 

Layer-by-Layer technique [LbL]. UV absorption, NIR shielding efficiency, mechanical 

hardness, and surface roughness were analyzed and reported. Al-doped ZnO/PMMA 

coating was also tested for the anti-freezing property with liquid nitrogen.  
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3.2. EXPERIMENTAL SECTION 

 

3.2.1. Materials 

           Zinc acetate dihydrate (Zn(CH3COO)2.2H2O, Merck Ltd., India, purity; ˃99%), 

Sodium hydroxide (NaOH, Merck Ltd.), Aluminium nitrate nonahydrate 

(Al(NO3)3.9H2O, Merck Ltd., purity; 99%), Polyethylene glycol with an average Mw 300 

(PEG 300, Merck Ltd) and Poly(methyl methacrylate) (PMMA, Sigma-Aldrich Chemical 

Company, India) with an average Mw ~996,000 by GPC were used in as received 

condition.   

 

3.2.2. Synthesis of Al-Doped ZnO (AZO) Nanoparticles 

          Zinc acetate dihydrate precursor solution containing different mol% aluminium 

ion, viz, 0.25, 0.5, 1, 2, 3, 5, and 10 mol% was prepared by dissolving required quantity 

of aluminium nitrate nonahydrate (Al(NO3)3.9H2O) precursor in 200 mL distilled water. 

To this solution, 10 mL PEG 300 was added and continuously stirred for 4 h to form a 

homogeneous reactant mixture. The total number of moles of zinc acetate dihydrate and 

aluminium nitrate nonahydrate was 0.1 M. An aqueous solution of 1 M NaOH was added 

dropwise with continuous stirring till the pH value reached 10. A white precipitate was 

collected at the end and centrifuged several times at 3000 rpm using distilled water and 

final centrifugation was carried out with ethanol. The as-precipitated AZO nanoparticles 

were dried at 80 °C for 24 h and subsequently calcined at 500 °C for better crystallization. 

The obtained powder was ball milled for 24 h in toluene medium for de-agglomeration 

and subsequently dried to obtain AZO nanoparticles for fabricating coatings. The AZO 

nanoparticles were represented as 0.25, 0.5, 1, 2, 3, 5, and 10% AZO with respect to 

mol% of Al content. For comparison, nano ZnO without any Al-doping was also 

processed at identical conditions and was represented as 0% nano AZO. 

 

3.2.3. Fabrication of AZO/PMMA Nanocomposite Coatings via LbL Technique 

          Blue star® micro slides (PIC-1, Polar industrial corporation, Mumbai, India) with a 

size of 75 mm long × 25 mm in width and thickness of 1.35 mm were selected for 

coatings. The as-received glass slides were boiled in concentrated HNO3 and washed with 

soap solution, acetone and ethanol, finally cleaned glass surface was dried at 80 °C in a 

hot air oven. 
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           For the preparation of AZO/PMMA coating solution, 3.33 wt% of PMMA granule 

was dissolved in 60 mL toluene. The amount of 0.1, 0.3 and 0.7 wt% AZO nanoparticles 

was ultrasonically dispersed to form a stable AZO/PMMA viscous sol. The viscosity was 

measured using stress-controlled Anton Paar Viscometer (Rheolab MC-1) at varying 

shear rates and the sol stability was observed for 1 month without any disturbance.  

           The cleaned glass plates were immersed into the AZO/PMMA colloid using a 

computer program with an advancing and receding rate of 85.5 mm min-1. One minute 

residence time produced a thin coating on both sides and prior to any successive dip-

coatings, the coated glass substrate was cured. Likewise, different layers were built by 

Layer-by-Layer coating technique and samples were made with 1, 3, 7, 12, 20, and 50 

layers and represented as (AZO/PMMA)1, (AZO/PMMA)3, (AZO/PMMA)7, 

(AZO/PMMA)12, (AZO/PMMA)20 and (AZO/PMMA)50. The procedure was repeated 

with 2 and 10 mol% AZO nanoparticles to have PMMA layer coatings with different 

contents of AZO.  

 

3.2.4. Characterizations 

           In this Chapter, AZO nanoparticles were characterized by XRD, DLS, SEM, 

TEM, SAED, EDX, UV/Vis absorption and UV/Vis/NIR spectroscopic analysis were 

carried out. In coatings, the surface morphologies, mechanical and optical properties of 

AZO/PMMA coatings were characterized. 

            The crystalline nature and phase purity of the AZO nanoparticles were 

characterized by powder X-ray diffractometer using X’Pert Pro, Philips X-ray 

diffractometer equipped with Cu Kα radiation ( λ = 1.5406 A° ) in the 2θ range 10 to 80° 

with 0.02 scan increment. Particle size was measured using dynamic light scattering 

(DLS) technique [Zetasizer 3000H, Malvern Instruments, Worcestershire, UK]. Particle 

dispersion was prepared ultrasonically in the aqueous medium using Ultrasonic Processor 

P2 (Vibronics Pvt. Ltd., Bombay, India) and then size analysis was carried out. Particle 

morphology and thickness of AZO/PMMA films were examined using the scanning 

electron microscope (SEM) [Model: ZEISS EVO 18], operated at 20 kV. The chemical 

composition and mapping of samples were ascertained using energy-dispersive X-ray 

(EDX) analysis. 

 Nano morphology, chemical composition, and microstructure of the AZO 

particles were further ascertained by transmission electron microscopy (TEM) and 
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selected area electron diffraction (SAED) analysis using the instrument FEI Tecnai 

30G2S-TWIN transmission electron microscope operated at an accelerating voltage of 

300 kV. A drop of AZO colloid prepared ultrasonically in acetone medium was carefully 

deposited by drop-casting on the TEM grid. After evaporation of the solvent, the surface 

was examined for the morphology. The presence of elemental aluminium in AZO 

nanoparticles was further detected by energy-dispersive X-ray (EDX) spectroscopy. The 

glass coating surface was also scanned in tapping mode using atomic force microscope 

(AFM) [Nanovea] in area 84 × 84 µm for determining the surface profile. The viscosity 

was measured using stress-controlled Anton Paar Viscometer (Rheolab MC-1) at varying 

shear rates, and the sol stability was observed for 1 month without any disturbance. The 

rheology studies ZnO/PMMA sol samples were evaluated by shear stress and viscosity 

along the shear rate from 0 to 1000 s-1. 

            The coating was performed using a computer control dip-coater KSV Instruments, 

Netherlands [Figure 3.1].  

 

 

           Figure 3.1: Dip-coating set-up used for coating in this study 

            Programmable dip-coater is used to coat a substrate with any liquid or sol. There 

is a substrate holder at the bottom end of a moving rod can move up and down within a 

limited zone. The speed of substrate holder can be controlled using a program. The main 

advantage of using this instrument is that we can avoid discontinuity of the film due to 

jerking at the time of drawing the substrate and speed of drawing the substrate can be 

controlled perfectly.  

            The mechanical stability of AZO nanoparticles dispersed PMMA coatings was 

assessed by microhardness measurement at a load of 0.5 N using Shimadzu 
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microhardness tester. First of all, microhardness indentation mark was made on the bare 

glass substrate to check the deformation resistance. The development of unambiguous 

indentation impression mark at the given load was carefully examined for selecting the 

optimum loading condition. After seeing hardness and load effect on the glass substrate, 

the indentation was made on the coatings to know the bulk hardness. The change in 

indentation area with the number of coatings was checked and plotted. Hardness was 

measured in Vicker’s scale and indentation velocity was fixed at 10 s. Nanoscratch 

testing was done on coated surface using Nanovea scratch testing equipment using 

diamond sphero conical indenter within the loads ranges from 0.1 to 30 mN. The 

delamination during the scratch test and the respective penetration were measured and 

compared for the different number of layered coatings.  

            UV/Vis absorption analysis of the AZO nanoparticles and coatings were 

monitored by Shimadzu UV/Vis spectrophotometer (UV 240 IPC) in the wavelength 

region 200 to 800 nm. UV-absorption was also measured for AZO dispersion prepared 

ultrasonically in ethanol medium. For baseline correction, ethanol was used as the 

reference. 

            Near-infrared diffuse reflectance of the AZO nanoparticles and AZO/PMMA 

nanocomposite coatings on the glass substrate was measured using UV/Vis/NIR 

spectrophotometer (Shimadzu, UV-3600) with an integrating sphere attachment, ISR-

3100 using PTFE reference as reported in the previous Chapter [Vishnu et al., 2011; 

Soumya et al., 2014; Jose et al., 2014; Sangeetha et al., 2012]. The NIR reflectance 

measurements of the samples were performed in the wavelength 700 to 2500 nm range. 

 

 Solar Heat Control Efficiency 

 

(a)
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Figure 3.2: (A) Schematic of indigenously made IR temperature measurement set-up for 

AZO/PMMA coatings (a) IR lamp, (b) wooden box, (c) aluminium foil covered with the 

wooden box, (d) AZO/PMMA layer coated the substrate, and (e) digital thermocouple. 

(B) Photographic image of the corresponding set-up. 

 

             Solar heat control efficiency of AZO/PMMA NIR reflective multi-layer coatings 

were examined using indigenously designed experimental set-up. A schematic and its 

photographic image of the set-up were shown in Figure 3.2. It consists of a wooden box, 

digital thermocouple and a Nisco® Infrared lamp (National Industrial Corporation, Delhi, 

India). The inner side of the box was covered with aluminium foil on all the four sides to 

have maximum IR reflectivity and heat build-up through radiation. A rectangular hole 

with the dimension of length and width is 50 mm and 15 mm respectively, was made to 

place the AZO/PMMA coated glass. One side of the test specimen was exposed to IR 

radiation, and the other side was provided with the flat thermocouple to measure the heat 

transfer across the glass plate. The distance between the IR lamp and the coated glass 

plate can able to vary to obtained the different rate of heat radiation. The temperature 

build-up on the outer surface of coated glass was monitored with time.  

 

3.3.  RESULTS AND DISCUSSION 

 

3.3.1. Characterizations of AZO Nanoparticles  

3.3.1.1. Structural and Dimensional Analysis of AZO NPs 

 Figure 3.3 shows the powder X-ray diffraction patterns of AZO prepared 

nanoparticles. The X-ray diffraction peaks are consistent with the standard 

polycrystalline ZnO reported in the JCPDS card No: 36-1451, providing clear evidence 

on the formation of hexagonal wurtzite-type ZnO with space group of P63mc. The 

diffraction peaks show good agreement with the standard ZnO peaks correspond to (100), 

(002), (101), (102), (110), and (103) crystal planes. Even though the main peaks in AZO 

particles prepared with Al-doping are in accordance with the pure ZnO, the peaks slightly 

shift in its 2 values indicating the doping effect in the ZnO crystal structure. The 

samples prepared with high Al-doping of 5 and 10 mol% showed additional peaks at 2 

values = 23.5 and 39.2°. The intensity of these peaks also increased with the level of Al-

doping indicating the formation of reactive chemical species from the Al-dopant element. 



Chapter 3 

 

74 
 

The X’Pert Pro analysis of these peaks matches with the hydrated hydroxide moiety of 

zinc/aluminum precursors [ICDD data PDF No. 48-1021]. Since the peak intensity is 

considerably stronger, it is concluded that at a high % of Al-doping, co-precipitation 

resulted in nucleation of reactive double hydroxides that transform to mixed oxides upon 

calcination. 

 

Figure 3.3: XRD patterns of AZO nanoparticles calcined at 500 °C/3h (a) 0, (b) 0.25, (c) 

0.5, (d) 1, (e) 2, (f) 3, (g) 5, and (h) 10% AZO.  

           The average crystallite size of the AZO nanoparticles was determined using 

Debye-Scherrer’s formula (Equation 2.2) [Wu et al., 2014]. For the crystallite size 

analysis, highly intense and sharp diffraction peak at 2θ = 36.3° corresponds to the (101) 

plane of the ZnO hexagonal wurtzite phase was considered.  It gives the crystallite size in 

the range between 24-29 nm for 0, 0.25, 0.5, 1, 2, 3, 5 mol% Al and 19 nm for 10% Al-

doped AZO nanoparticles, respectively. A comparatively smaller crystallite size in 10% 

Al-doped AZO samples indirectly indicates the crystal growth is substantially inhibited 

by the co-existence of hydrated Al2O3. Unfortunately, small crystals have a strong 

tendency for aggregation. This results were also supported by Particle size analysis. 

Figure 3.4 gives the DLS size distribution curves correspond to AZO nanoparticles 

prepared with 2 and 10 mol% Al doping. For comparison, ZnO without any dopants was 

also displayed. It shows undoped nano ZnO has a mean particle size as 215 nm. It is 

slightly increased to 256 nm for 2 mol% Al doping, that decreases to 242 nm for 10 

mol% Al doping. Overall, AZO nanoparticles have an average particle size in the range 
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200-350 nm indicating they are agglomerated nanoclusters. The particle diameter (2r), 

and the agglomeration coefficient (CF) were calculated and summarized in Table 3.1.  

 

Figure 3.4: DLS particle size distribution by number of ZnO with different mol% of Al 

doping (a) 0, (b) 2, and (c) 10% AZO nanoparticles dispersed in aqueous medium. 

Table 3.1: Illustration of morphologies, dimensional size and agglomeration coefficient 

of AZO nanoparticles obtained with different mol% of aluminum doping. 

           

           From Table 3.1, the crystallite size <D> determined from Debye-Scherrer’s 

formula (Equation 2.2), DLS (2r) is the particle size distribution analysis, 2r calculated 
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from Equation 2.4, CF is the agglomeration coefficient obtained from Equation 2.9. It 

clearly shows that undoped ZnO has higher particle radius and size decreases with Al-

doping. The extent of decrease particle size is increasing with the amount of Al-doping. 

Accordingly, the agglomeration coefficient is also increased as a result of the higher 

surface area.  

 

3.3.1.2. Morphological Analysis of AZO Nanoparticles 

             The extent of inter-particle agglomeration is further clear from the SEM 

morphology. SEM images of AZO nanoparticles containing a different Al mol% were 

displayed in Figure 3.5. In undoped ZnO nanoparticles, finely grown nano-spherical 

particles were loosely bonded to each other is seen. In doped counterpart, strong 

agglomeration is evidenced. ZnO particles having 2 and 5 mol% Al-doping have the 

particles contain large size aggregates. In every agglomerate, assembly of many primary 

ZnO nanocrystallites is apparently seen. The morphology was completely changed when 

10 mol% Al doped ZnO was employed. In this category, SEM microstructure indicates 

the formation of highly reactive particles, possibly with coverage of partially dehydrated 

nano Al2O3. Effect of Al-doping on the morphological features of AZO nanoparticles is 

once again verified under TEM and also with SAED. Figure 3.6(a) to (c) show the TEM 

images of AZO nanoparticles correspond to 0, 5, and 10% Al-doping. Figure 3.6(d) to (f) 

represents corresponding SAED patterns. Undoped ZnO [Figure 3.6(a)] has highly 

crystalline, hexagonal nanocrystal morphology with an average size of 50 nm. The SAED 

pattern can be indexed to the reflection of the nanocrystalline wurtzite ZnO. The 

crystallite size and crystalline nature appear to decrease with Al-doping. At 10% Al-

doping, the TEM image confirms the growth of mixed oxide particles and its SAED 

pattern further ascertains amorphous nature, indicating the ZnO nanocrystals are covered 

with partially transformed hydrated Al2O3 species. The Al concentration in AZO 

nanoparticles was further detected by energy-dispersive X-ray (EDX) spectroscopy. The 

EDX spectrum of AZO nanoparticles without any Al-doping [Figure 3.6(g)] contains 

only phase pure ZnO. In 10% AZO nanoparticles [Figure 3.6(h)], the EDX analysis 

reveals the presence of elemental aluminium. In this sample, EDX confirms that presence 

of 10.0 at.% Al. TEM, SAED and EDX results clearly show that the 10 mol% AZO 

nanoparticles are composed of the mixture of elemental oxygen, aluminium, and zinc. 
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Figure 3.5: SEM morphologies of ZnO nanoparticles with different mol% of aluminium: 

(a) 0, (b) 5, and (c) 10% AZO nanoparticles (Scale bar: (a) 100 nm, (b) 100 nm, (c) 1 

µm). 

 

 

Figure 3.6: TEM images of (a) 0, (b) 5, and (c) 10% AZO nanoparticles and its selected 

area electron diffraction (SAED) pattern (d), (e), and (f) respectively. EDX patterns of (g) 

0% AZO and (h) 10% AZO nanoparticles. 
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3.3.1.3. UV/Vis Absorption of AZO Nanoparticles 

 Figure 3.7 depicts the UV/Vis absorption spectra of AZO nanoparticles in the 

wavelength 300-800 nm. The results clearly show that irrespective of Al-doping, the 

AZO nanoparticles have strong UV absorption below 400 nm (3.10 eV). In pure nano 

ZnO, the well-defined absorption band is obtained at 366 nm. The absorption efficiency 

was enhanced with the increase in mol% of Al doping. The UV absorption wavelength 

(λ) corresponds to 1, 2, 5, and 10 mol% Al doping varies between 355 to 358 nm. It is 

observed that by increasing the mol% of Al doping correspondingly decreases the UV 

absorption. It is also supported by powder X-ray analysis results where we find the 

evolution of hydrated Al2O3 mixed phases in the particles at a higher amount of Al 

doping. In all AZO nanoparticles two kinds of optical-effects are clear; a strong UV-

shielding effect in both UVA (400-315 nm) and UVB region (315-300 nm) and also UV 

photoactivity for any self-cleaning property.  

 

Figure 3.7: UV/Vis absorption spectra of (a) 0, (b) 1, (c) 2, (d) 5, and (e) 10% AZO 

nanoparticles were dispersed in ethanol medium.  

 

3.3.1.4. NIR Diffuse Reflectance of AZO Nanoparticles  

           Bulk ZnO particles are said to have high NIR reflection by virtue of its high 

refractive index [Kortum, 1969]. Upon doping with viz., Al, Sn and Mg elemental ions, 

the pigment has more chance to gain better optical reflectance. The diffuse reflectance 
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results obtained for all the AZO nanoparticles in the wavelength region 200-2500 nm is 

given in Figure 3.8(a). It indicates that all nanoparticles have appreciably high NIR 

reflectance in the near-IR region, i.e., 810 to 1100 nm. The curves also confirm more than 

90% reflectance in the visible wavelengths. In the case of Al-doped ZnO, a reflectance of 

about 80% was observed. From the NIR reflectance curves, the % decrease in NIR 

reflectance was determined and correlated with Al doping [Figure 3.8(b)]. The AZO 

nanoparticles attained better NIR reflectance with Al doping at both 810 and 1100 nm. 

These two wavelengths in NIR region are usually reported to determine the IR shielding 

efficiency of particles [Jeevanandam et al., 2007]. At 810 nm, NIR reflectance was found 

to be 93, 87, 94, and 93% for the AZO nanoparticles prepared with 0, 1, 2, and 10 mol% 

Al-doping, respectively. The reflectance results indicate that the NIR reflectance quality 

in ZnO particles is not much affected neither due to Al doping nor by the presence of 

Al2O3. Both Al2O3 and ZnO are optically white. The size distribution curve also exhibited 

wide particle sizes varies from few nm to few hundred nm. Optical reflectivity is 

predominantly a surface phenomenon. In inorganic nanoparticles, surface atoms, surface 

texture, preferably the roughness influences the light-matter interaction. A highly ordered 

atomic surface is said to trap light in multiple reflections. In this case, Al-doping causes 

varied surface roughness as evident from the SEM morphology in addition to the 

advantages of crystallite size and particle size control. Al doping was in fact found 

favorable to increase the brightness and thereby IR reflectance. The CIE 1976 L*a*b* 

colorimetric method as recommended by the Commission Internationale del’Eclairage 

(CIE) was used to know the brightness of AZO nanoparticles. The color coordinates 

obtained from analytical software (UVPC Color Analysis Personal Spectroscopy 

Software V3, Shimadzu) attached with UV-3600 spectrophotometer clearly show high 

brightness. L*, a*, and b* values of color coordinates correspond to AZO nanoparticles 

were found to be 100, -0.49, and 1.20. Almost all the AZO nanoparticles have L* value 

close to 100 indicating their good optical reflectivity. The analysis of high NIR solar 

reflectance (~90%) combined with better optical brightness at all the Al-doping levels; 

confirm AZO nanoparticles are interesting candidate for cool pigments.  
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Figure 3.8: (a) NIR reflectance with different mol% of AZO nanoparticles in the range 

700-2500 nm and (b) The plot of reflectance vs. mol% of Al doping at 810 and 1100 nm.  

 

3.3.2. Characterizations of AZO/PMMA Coatings 

3.3.2.1. Rheology of AZO/PMMA Colloid   

 

Figure 3.9: Viscosity measurement of 2% AZO/PMMA sol with respect to different wt% 

of AZO nanoparticles dispersed in toluene solution. Inset in the figure shows digital 

photographic images of corresponding AZO/PMMA stable colloidal sol with 0.1, 0.3, 

and 0.7 wt% AZO nanoparticles.  
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            Figure 3.9 gives the viscosity and colloidal stability of AZO nanoparticles. It is 

noticed that AZO nanoparticles are highly stable in PMMA dispersed toluene medium 

and this sol has shear dependent flow-behavior. At low shear, the viscosity of PMMA 

solution marginally increased with the addition of AZO particles. In all the cases, the 

viscosity was constant at high shear rates. High colloidal stability and faster rate of 

toluene evaporation at elevated temperature give highly uniform AZO/PMMA coatings.  

 

3.3.2.2. Structural Analysis of AZO/PMMA Coatings  

             Figure 3.10 depicts the X-ray diffraction analysis of fabricated neat PMMA, 

(ZnO/PMMA)50 and  (2% AZO/PMMA)50 coatings on the glass substrate. The neat 

PMMA coating shows amorphous nature. The nanocomposite coatings showed evidence 

of nano ZnO in the X-ray pattern. Highly intense and sharp diffraction peak corresponds 

to (101) plane of the ZnO hexagonal wurtzite phase is confirmed at 2θ = 36.3° for 

AZO/PMMA nanocomposite coatings.  

 

 

Figure 3.10: XRD patterns of (a) neat PMMA, (b) 0% (AZO/PMMA)50 coating, and (c) 

2% (AZO/PMMA)50 coating on glass substrate. 
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3.3.2.3. Morphological Analysis of AZO/PMMA Coatings 

           The surface texture of pure (ZnO/PMMA)1 and 2% (AZO/PMMA)1 coatings is 

also shown in Figure 3.11(a) & (b). The top surface of a single-layer shows relatively 

clear coat, indicating the colloidal nature and homogeneous dispersion of ZnO 

nanoparticles in PMMA matrix. The surface texture of 2% Al doped (AZO/PMMA)1 

nanocomposite coatings shows comparatively aggregated particles dispersoids in PMMA 

matrix [Figure 3.11(b)]. The cross-sectional view of 2% (AZO/PMMA)1 coatings [Figure 

3.11(c)] confirmed the film thickness as ~269 µm.   

 

Figure 3.11: SEM images of the pure AZO/PMMA and 2%  AZO/PMMA coatings on a 

glass substrate using dip-coating method: (a) top view of pure (ZnO/PMMA)1 coating 

(scale bar 300 nm), (b) top view of 2% (AZO/PMMA)1 coating (scale bar 100 nm), and 

(c) cross-section image of 2% (AZO/PMMA)1 coatings, the scale bar corresponds to 30 

µm and thickness 269.1 µm. 
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Figure 3.12: 3D AFM images of 2% (AZO/PMMA)1 coatings in area 84 × 84 µm. 

 

 

Figure 3.13: (A) 0% (AZO/PMMA)3 coatings: (a) EDX, (b) SEM, and (c, d) its mapping 

analysis of 0% (AZO/PMMA)3 coatings; (B) 2% (AZO/PMMA)3 coatings: (a) EDX, (b) 

SEM, and (c-e) its mapping analysis of 2% (AZO/PMMA)3 coatings. 
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            Figure 3.12 gives the 3D AFM image of 2% Al doped AZO/PMMA monolayers 

where structural homogeneity can be clearly seen. AFM image gives the maximum 

surface roughness approximately 100 nm.  

 

             EDX analyses in Figure 3.13A show that the surface of the 0% (AZO/PMMA)3 

coatings were composed of elements Zn and O and its nanostructure could be further 

distinguished by SEM and mapping analysis [Figure 3.13A(b-d)]. The presence of Al 

doping in 2% (AZO/PMMA)3 coatings on the glass surface is confirmed by EDX 

analyses and also the elements Zn, O and Al are distributed were analyzed by SEM and 

mapping [Figure 3.13B(b-e)].  

 

            The SEM/AFM images confirm that even though the single coat is transparent, by 

multilayer AZO/PMMA coatings on glass surface make it multifunctional as follows:   

 

3.3.3. Functional Properties of AZO/PMMA Coatings  

3.3.3.1. Mechanical Stability of AZO/PMMA Nanocomposite Coatings 
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Figure 3.14: Microhardness of 2% AZO/PMMA coatings (a) (AZO/PMMA)3, (b) 

(AZO/PMMA)7, (c) (AZO/PMMA)12, (d) (AZO/PMMA)20, and (e) Standard glass 

substrate. 

            Bulk microhardness and scratch resistance qualities of AZO/PMMA coatings are 

given in Figure 3.14 and 3.15 that shows the mechanical stability of these coatings. A 

clear indentation impression was obtained at a load of 0.5 N. At this loading, the bare 

glass surface exerted the bulk hardness of Hv= 600. In nanocomposite coatings, the load 

caused deformation as envisaged, and the extent of surface damage was understood from 

the enlargement of the indented area. For example, the coatings having 3 layers do not 

deform much indicating that the stress is absorbed by the glass surface due to very thin 

coatings. When the substrate coated with 7 and 12 layers, the deformation damage on the 

surface is more cleared. In these samples, images have clearly shown delaminated edges 

of the layers. When the number of layers is increased, the indentation mark is sharp, 

showing better structural stability due to nano-reinforcement. In AZO/PMMA coatings, 

the bulk hardness, Hv is noticed as 181, 133, and 117 for 7, 12, and 20 layers 

respectively. Earlier works reported the Vickers hardness of bulk PMMA with and 

without reinforcements. Bare PMMA without any second phase was reported to have 

surface hardness approximately Hv= 85 [Fu et al., 2009]. Interestingly, the bulk hardness 

is increased significantly with ZnO nanoparticles due to the high surface energy of the 

nano-dispersoids and its interaction with PMMA chains via physical bonding. 

 

Figure 3.15: Delamination of 2% AZO/PMMA coatings with respect to the applied force 

(a) (AZO/PMMA)3, (b) (AZO/PMMA)7, (c) (AZO/PMMA)12, and (d) (AZO/PMMA)20. 

(AZO/PMMA)3 (AZO/PMMA)7 (AZO/PMMA)12 (AZO/PMMA)20

(a) (b) (c) (d)
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            The nano effect was also confirmed via macro-scratch tests conducted on the 

coatings at different layers. The optical images of the scratch marks and their penetration 

depths at specifically applied force were given in Figure 3.15(a) to (d). The force required 

to start the delamination of the coating layer during scratching and the penetration depth 

caused by the indenter is indirectly giving the mechanical resistance against scratching 

failure. For 7 numbers of layers, the delamination starts at 3.14 mN that gives the 

penetration depth of 292 nm. This was increased to 3.79 mN in order to cause 

delamination when the coating is made to 20 numbers of layers. The progressive increase 

in the loading with an increase in the number of layers indicated the coating attained 

more resistance against scratch due to increased loading of the particles phase. 

3.3.3.2. UV-Shielding Efficiency 

 

Figure 3.16: UV/Vis absorption spectra with LbL assembly of (a) 0, (b) 2, and (c) 10% 

AZO/PMMA coatings; (d) absorbance vs. number of layers of 0, 2, & 10% AZO/PMMA 

coatings @ 369 nm. 
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            Characteristically, PMMA has UV absorption at the wavelength of 300 nm which 

is close to the bare glass substrate. Its refractive index is approximately 1.2 between the 

wavelength ranges 200 to 800 nm [Ogata et al., 2012]. Increase in its bulk refractive 

index by any reinforcements can offer better light scattering control. Unfortunately, 

incorporation of any second phase particles hampers the transparency. It is envisioned 

that nano size dispersoids retain the optical quality in addition to functionality [Jiang et 

al., 2013]. Figure 3.16(a) to (c) shows the UV/Vis absorption of ZnO/PMMA 

nanocomposite coatings. Invariably, all the ZnO/PMMA nanocomposite coatings have 

good UV radiation absorption at 369 nm. The absorption increases linearly with 

increasing number of coatings, indicating the coatings have steady pick-up of ZnO each 

time. UV absorption of the coatings at 369 nm was exactly matched with the absorption 

band seen in colloidal ZnO, further indicating the ZnO preserve their molecular state 

even after dispersed in PMMA matrix. The inset in Figure 3.16(a) presents the plot (αhν)2  

vs. hv for determining the composite effect on the band gap energy. From the UV 

absorption measurements, the coatings up to 20 layer exhibit band gap energy as 3.15 eV. 

In the case of Al-doping, when the amount of Al-doping is increased from 2 to 10 mol%, 

the coatings apparently show a reduction in UV absorbance with respect to increasing 

number of layers [Figure 3.16(d)]. It gives an indication that the desired level of UV 

shielding for any specific application, can adjust by the number of coatings. In any case, 

it was confirmed that these coatings effectively block the UV radiation in the 

wavelengths 320 to 369 nm.  
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Figure 3.17: Before and after UV irradiation of 2% (AZO/PMMA)7  treated with MB. 

Inset in the figure shows the enlarged portion of wavelength between 500 to 800 nm and 

the photographic images of before (left) and after 1 h (right) UV irradiated 2% 

(AZO/PMMA)7 sample. 

      

            UV absorption efficiency of AZO/PMMA layers is well understood from the 

decomposition of standard methylene blue (MB) dye under UV irradiation at room 

temperature. Dipping of representative AZO/PMMA nanocomposite coated glass 

substrate in ~3.33 mM concentration of MB dye was subjected to UV exposure and the 

decomposition was measured by UV/Vis spectrophotometer. Figure 3.17 gives the dye 

decomposition efficiency by AZO/PMMA coated glass substrate. Within 15 min. 

exposure to UV, the dye starts decolorizing and in 1h time the dye was completely 

decomposed which indicates that the UV-bleaching functionality of the AZO embedded 

PMMA coatings.  

  

3.3.3.3. NIR Reflectance and Solar Thermal Control Efficiency of AZO/PMMA   

Coatings  

            The NIR reflectance performance of AZO/PMMA coated glass substrate is 

compared with the bare glass substrate, glass coated with neat PMMA and ZnO/PMMA 

in the wavelength region of 700–2500 nm and the results are shown in Figure 3.18(a). 

When bare glass and PMMA coated substrates showed identical optical behavior, the 

AZO/PMMA pigmented composite coatings exhibit 46 and 33% NIR reflectance in the 

wavelengths 810 and 1100 nm respectively [Figure 3.18(b)]. The undoped ZnO/PMMA 

coatings have 34 and 18% NIR reflectance in the same wavelengths. The aforementioned 

results confirmed that the Al-doped ZnO nanoparticles are relatively better because they 

offered 12 and 15% enhancement in NIR reflectance even with 0.1 wt% nanoparticles 

loading.  

            The physical appearance of neat PMMA, (AZO/PMMA)3, (AZO/PMMA)7, 

(AZO/PMMA)12, (AZO/PMMA)20, and (AZO/PMMA)50  coated glass was also 

compared in Figure 3.19 to understand the change in optical transparency due to ZnO 

pick-up in the multilayered coatings. It shows the loss in optical transparency even 

though the pigment is in nano size. However, these coatings have shown benefits in 

curtailing the heat transfer across the glass matrix.  
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Figure 3.18: (a) Diffuse reflectance of the bare glass substrate, neat PMMA coating, pure 

(ZnO/PMMA)50 coatings, 2% (AZO/PMMA)50 coatings and (b) effect of Al-doping on 

NIR reflectance of nanocomposite coatings.         

 

Figure 3.19: Photograph of neat PMMA and 2% AZO/PMMA coatings with 3, 7, 12, 20, 

and 50 layers.  
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            The temperature cut-off result given by the glass substrate prepared with and 

without IR reflective AZO/PMMA nanocomposite coatings were shown in Figure 3.20(a) 

and (b). The distance between the IR lamp and the coated glass plate was positioned at 

different distances, such as 15, 30, and 45 cm to generate various temperature gradient 

profiles inside the chamber. When the IR source was placed close to the substrate, bare 

glass developed a surface temperature of ~52.6 oC [Figure 3.20(a)]. This heat built up is 

decreased when the IR source is kept away from the glass panel. At 30 and 45 cm, the 

surface temperature was estimated as ~38.09 and ~34.84 oC respectively. Under identical 

conditions, the glass substrate fabricated with 7 layers of AZO/PMMA nanocomposite 

coatings found to reduce the radiative heat transfer across the glass substrate to the 

temperature of 43.37 oC [Figure 3.20(b)]. Here, the nanoparticles loading in PMMA was 

only 0.7 wt%. Also, the ZnO nanoparticles contained 2 mol% of Al-doping. In fact, a 

consistent reduction in surface temperature was seen when the IR source was kept at 30 

and 45 cm distances. It strongly indicated the AZO nanoparticles embedded PMMA 

coatings effectively block NIR radiation due to its inherent reflectance and optical 

brightness of the particles phase. 

 

Figure 3.20: The plot of temperature vs. time obtained from IR lamp test positioned @ 

15, 30 and 45 cm distance: (a) bare glass substrate and (b) 2% (AZO/PMMA)7 coated 

glass substrate.  
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3.3.3.4. Anti-Freezing Quality of AZO/PMMA Coatings 

            Materials used to design the UV/IR reflective functional coating, PMMA and 

nano ZnO, are well known for the hydrophobic surface properties, which are also 

recommended for anti-icing surfaces. Since the AFM and SEM images confirmed the 

dispersion of Al-doped ZnO nanoparticles in the AZO/PMMA layer coatings and also 

they create the roughness on the surface, an anti-freezing property was tested using liquid 

nitrogen. The glass substrate coated with 7 numbers of AZO/PMMA layers were 

immersed in liquid nitrogen for 30 sec and then removed. The freezing of the surface was 

photographed and compared with uncoated glass substrates. A clear difference was 

noticed in AZO/PMMA coated glass substrates. Figure 3.21 shows the photographs of 

liquid nitrogen treated glass substrates. The AZO/PMMA coated surface became 

optically clear within few seconds without holding much water drops which formed due 

to condensation. Whereas, the uncoated glass surface not only took more time for drying 

but also exhibit affinity for retaining the droplets.     

 

Figure 3.21: Photographic images of liquid nitrogen treated (a) bare glass and (b) 2% 

(AZO/PMMA)7 layer coated glass substrates after 5 and 25 seconds.  

5 seconds after liq N2 dipping 25 seconds after liq N2 dipping

Glass substrate without any coating

Substrate with (AZO/PMMA)7 coating

5 seconds after liq N2 dipping 25 seconds after dipping

(a)

(b)
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3.4. CONCLUSIONS 

        Al-doped ZnO nanoparticles with an average particle size of  261 nm were prepared 

and dispersed in PMMA matrix for fabricating multifunctional nanocomposite coatings. 

A single layer of  AZO embedded PMMA coatings having 269 µm thickness was 

obtained. This coating architecture was found to display potential physico-chemical 

functionalities depending upon the number of coating layers. It was found that the 

coatings deliver excellent UV absorption in the most harmful region of UV radiation 

(290-360 nm) and enhanced NIR reflectance at wavelengths of 810 and 1100 nm 

respectively. Overall, the Al-doping was favored in enhancing the NIR reflectance. The 

UV active photo-degradation of MB dye confirmed the self-cleaning activity of the 

nanoparticles in coatings. The AZO/PMMA coatings were prepared with 0.7 wt% of 2% 

Al-doped ZnO nanoparticles found to reduce the IR radiative heat generation built-up on 

the glass surface. A reduction of surface temperature from 52.6 to 43.37 oC was observed. 

However, the multilayer above 20 coatings, lost its optical transparency. In addition to 

heat reduction benefit, AZO dispersoids are also contributing to enhancing the 

mechanical hardness as well as scratch resistant of PMMA films. The AZO/PMMA 

coating was also attempted for its anti-freezing property with liquid nitrogen and found to 

be promising.   
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ZnO Quantum Dots Dispersed PMMA Hybrid Coatings  
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PREAMBLE  

 

          This part of the work emphasizes the effect of Sn and Ag doped ZnO quantum dots 

(ZQDs) on IR reflectance and UV shielding properties of PMMA coatings. The ZQDs 

were synthesized via microwave-reflux assisted sol-gel synthesis. An in situ 

polymerization reaction was conducted with ZQDs dispersed acrylic monomer to obtain 

ZQDs/PMMA hybrid coatings. In addition to the UV shielding and NIR reflective 

properties, the influence of organic chromophore (spiropyran) was also studied to obtain 

photochromic top coats on glass substrates. 
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4.1. INTRODUCTION 

 

   The solar radiation control coatings designed with doped semiconductor materials, 

which are further revamped and offers desirable multiple functions like UV shielding, 

photoluminescence, visible light transmission and significant IR reflectance [Gorgolis et 

al., 2016; Fang et al., 2013]. The aforesaid nanoscale semiconducting metal oxides out of 

Sn, In and Zn are recommended to develop spectrally selective thin films on glass and 

polymer substrates [Granqvist 2007; Jeevanandam et al., 2007; Sriramulu et al., 2016; 

Gorgolis et al., 2016]. Earlier reports show that low emissivity coatings are possible with 

indium tin oxide, antimony tin oxide and lanthanum hexaboride [Smith, 2004; Gorgolis et 

al., 2016]. However, in these kinds of semiconducting nanostructured coatings, only a 

limited success is realized since the doping level could not be made as high as to provide 

large reflectance in the IR part of the solar spectrum. One of the widely accepted coating 

designs is fabricated by the sequential deposition of appropriate metal/dielectric/metal 

oxide multilayers on the substrate, where the thickness of the individual films is carefully 

controlled to have maximum IR reflective quality [Zhou et al., 2014].  

Studies of direct deposition of semiconducting metal oxides and high refractive 

index materials on the substrates were also reported earlier [Choi et al., 2014]. Sol-gel 

[Subramanian et al., 2008], sputtering [Kitano et al., 2006] and physical vapor deposition 

[Jung, 2008] techniques were widely employed for such thin film depositions. In fact, 

silver has been extensively considered as the best choice for the metal layer assembly 

because of its high infrared reflectivity and comparatively low absorption capability in 

the visible region [Glenn et al., 2013; Bartek et al., 1999; Fang et al., 2013; Gorgolis et 

al., 2016]. 

In recent days, application of active interface layers capable of shielding UV/IR 

waves effectively is preferred from polymer based low-temperature coatings. For the 

assembly of such active-interface layers, the polymer is modified with nanostructured 

metal oxides.  However, uniform dispersion of nanometric metal oxides in polymer 

hybrids that too with high refractive index is still very critical and technologically 

challenging. In situ sol-gel polymerization is a dominant approach for making metal 

oxide/polymer hybrid coatings [Matsuyama et al., 2012]. A high IR reflectance is within 

reach with polymer hybrid coatings when nanolevel, high refractive index materials such 

as TiO2, ZnO, CeO2 and ZrO2 are chemically reinforced [Smith et al., 2002; Soumya et 
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al., 2016; Acosta et al., 2015]. Poly(methyl)methacrylate [PMMA] is a model system 

widely reported for hybrid coatings [Soumya et al., 2016; Acosta et al., 2015; Li et al., 

2007]. In our earlier work, we have shown morphologically varied nano ZnO can 

improve the IR reflectance quality of PMMA [Soumya et al., 2014]. In this work, we 

proposed a hybrid coating with Sn and Ag doped ZnO quantum dots in in situ 

polymerized PMMA films. A rare earth phosphate and an organic dye molecule were also 

employed as co-activators to make the coating multifunctional. The characteristics such 

as UV shielding, NIR reflectance, photochromic and photoluminescence behaviors of the 

ZQDs/PMMA hybrid have been studied with respect to the dopants and co-activators.  

 

4.2. EXPERIMENTAL SECTION 

4.2.1. Materials and Reagents  

Tin (II) acetate [Sn (CH3COO)2, Sigma-Aldrich], Silver  nitrate GR [AgNO3, 

Extra pure-Merck Specialities Private Limited, Mumbai, India], Zinc acetate dihydrate, 

Zn(CH3COO)2.2H2O, [Extra pure-Merck Specialities Private Limited, Mumbai, India, 

assay 99%], 3-Aminopropyltrimethoxy silane [APS, H2N(CH2)3Si(OCH3)3, Sigma-

Aldrich, 97%], Methyl methacrylate [MMA, CH2=C(CH3)COOCH3, Merck], α, α’-

Azobisisobutyronitrile [AIBN, [(CH3)2C(CN)]2N2, Spectrochem. Pvt. Ltd. Mumbai, 

India], 2-Methoxyethanol AR [HOCH2CH2OCH3, SDFCL, 99.5%], Monoethanolamine 

(for synthesis) [CH3CH2ONH2, Merck, ≥99.0%], Zinc oxide nanoparticle [ZnO, <100 nm, 

Sigma-Aldrich], Spiropyran [SP, CSIR-NIIST, Trivandrum, India], and Lanthanum 

Phosphate [LaPO4, Indian Rare Earth Ltd., India] were used to fabricate inorganic-organic 

hybrids. Monoethanolamine and 2-methoxyethanol were used as a stabilizer and solvent, 

respectively. Blue stars® micro slides [PIC-1, Polar industrial corporation, Mumbai, India] 

was used as substrates. Toluene and double distilled water were also employed as solvents 

wherever necessary. 

 

4.2.2. Microwave-reflux Assisted Sol-gel Synthesis  

Doped and undoped ZnO quantum dots were processed by microwave-reflux 

assisted sol-gel synthesis. In a typical synthesis, zinc precursor of 2.7 g zinc acetate 

dihydrate and 30 mL of 2-methoxy ethanol (CH3OCH2CH2OH) were homogeneously 

mixed under constant stirring. To this solution the dopant precursor Sn(CH3COO)2 (2 

mol%) was then added followed by the addition of 0.25 mL 3-aminopropyltrimethoxy 
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silane (APS). A white colloidal dispersion was obtained at this stage. It became a 

transparent, clear sol upon the addition of monoethanolamine (MEA). The reaction 

mixture was maintained at pH 10. The prepared homogeneous, transparent sol was 

refluxed at 70 °C in a microwave reactor [Sineo Microwave Chemistry Technology 

(Shanghai) Co., Ltd., MAS-II Plus microwave synthesis/extraction reaction workstation] 

with the microwave power of 300 W. The reaction was continued for 30 min and then 

removed and aged for 24 h at room temperature. At the end, a pale yellow colored 

transparent Sn doped ZnO quantum dots sol was obtained. The same procedure was 

repeated for obtaining Ag doped ZnO quantum dots sol using AgNO3 (2 mol%) as dopant 

precursor. For a comparative study, the typical synthesis undoped ZnO quantum dots 

procedure was repeated without any dopants. 

The above three sols received from Sn doped, Ag doped and undoped ZnO 

quantum dots were stored at 4 °C in order to prevent any further particle growth and 

aggregation. The Sn doped, Ag doped and undoped ZnO quantum dots sols were 

represented by Sn@ZQDs, Ag@ZQDs and Un@ZQDs, respectively.  

 

4.2.3. Synthesis of ZQDs/PMMA Hybrids Sol for Coatings  

The doped and undoped sol was further treated with 1:1 ethanol-water mixture and 

to harvest the ZQDs by centrifugal filtration. The product was washed several times with 

ethanol and then used for making the hybrids.  

0.25 g of AIBN initiator was first ultrasonically dissolved in 20 mL of MMA 

monomer and 30 mL of 2-methoxyethanol was further added and stirred well. To this 

reaction mixture, 0.5 wt% of Sn doped ZQDs was added and sonicated for 15 min. A 

stable, translucent colloidal dispersion was finally obtained. It was in situ polymerized by 

the conventional refluxing technique for 4 h at 70 oC. The polymerization reaction 

produced metal doped ZQDs dispersed PMMA hybrid precursor. The precursor was 

further diluted with the adequate amount of toluene that resulted in the semi-transparent 

hybrid colloid. The procedure was repeated for obtaining the Ag doped ZQDs/PMMA 

hybrid colloids and the undoped hybrid colloid was obtained with the same procedure 

without the inclusion of any dopants. They were further used for fabricating hybrids 

coatings on glass substrates.  
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4.2.4. Fabrication of ZQDs/PMMA Hybrid Coatings  

           Blue stars® glass slides with a size of 75 mm long; 25 mm width, and thickness of 

1.35 mm was boiled in concentrated HNO3, cleaned and washed thoroughly with ethanol. 

The slides were dried at 80 °C in a vacuum oven and then used for making coatings. The 

coating was fabricated using a computer controlled dip-coater [KSV Instruments, 

Netherlands]. The cleaned glass substrate was dipped into the doped (Sn or Ag) and 

undoped ZQDs/PMMA hybrid colloids with an advancing and receding rate of 85.5 mm 

min-1. A neat thin coating on both sides of the glass slide was obtained by giving a 

residence time for about a minute. The glass substrate once coated was cured prior to any 

successive dip-coatings. The coating process was repeated for obtaining 3, 5, 7, 12 and 20 

layers of coatings. We have summarized the experimental steps schematically and shown 

in Figure 4.1.  

 

Figure 4.1: Schematic representation indicates (Step I) the synthesis of Sn and Ag doped 

ZQDs sol (Step II) via in situ polymerization process of metal ion doped ZQDs/PMMA 

hybrid coatings.  

 

4.2.5. LaPO4 Modified ZQDs/PMMA Hybrid Coatings 

           The doped ZQDs/PMMA colloid was ultrasonically blended with LaPO4/PMMA 

sol prepared separately. 1 wt% LaPO4 was used for obtaining the LaPO4/PMMA 

precursor sol. The ZQDs/PMMA hybrid coated glass (20 times coatings) was further 
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employed for a top-coat with LaPO4/PMMA sol in which the coating was developed for 3 

times.  

 

4.2.6. Preparation of Photochromic ZQDs/PMMA Hybrid Coatings 

           ZQDs dispersed PMMA precursor sol was treated with the organic dye molecule, 

spiropyran to obtain light sensitive hybrid coatings. 0.005 g of spiropyran (SP) was 

added to the doped ZQDs/PMMA hybrid colloid and stirred homogeneously for 30 min 

under dark condition. It was carefully coated on the glass substrate, in the absence of 

light, via a similar dip coating technique, under identical coating conditions.  

 

4.2.7.  Characterizations 

            In this Chapter, doped ZnO quantum dots were first confirmed by XRD, Raman, 

DLS, TEM, SAED, EDX, UV/Vis absorption and PL spectra. The surface analysis, 

coating thickness and optical properties of doped ZQDs/PMMA hybrid coatings were 

characterized using SEM, UV/Vis absorption, PL and UV/Vis/NIR spectroscopic 

analysis. 

             The crystalline nature and phase purity of the doped (Sn and Ag) and undoped 

ZQDs was first characterized by powder X-ray diffractometer using X’Pert Pro, Philips 

X-ray diffractometer equipped with Cu Kα radiation (λ = 1.5406 A°) in the 2θ range 10 to 

80° with 0.02 scan increment. In order to ensure the doping, the as prepared Sn and Ag 

doped ZnO quantum dots were first examined using Confocal Raman, UV/Vis and PL 

spectroscopic techniques in addition to the powder X-ray diffraction (XRD) and 

TEM/EDAX analysis. Raman spectra were measured using WI-Tec Raman microscope 

(Confocal Raman Microscope (alpha300R, WITec Inc. Germany) with a wavelength of 

633 nm laser excitation. Prior to every measurement, a calibration with a silicon standard 

(Raman peak centered at 520 cm-1) was performed. WI-Tec Project plus (v 4.1) software 

package was used for the data evaluation. The confocal micro-Raman spectra of undoped 

and doped ZQDs were recorded in the range of 200-1500 cm-1
. The spectra of Aldrich 

ZnO (bulk ZnO) was also obtained to compare the nature and the structural modifications 

in ZnO quantum dot with the bulk ZnO. Raman scattering is a powerful technique for 

studying the doping characteristics and lattice disorders about the host lattice. Further, it 

could also reveal the existence of secondary phases due to the substitution of dopants as 

these secondary phases could not be detected by XRD [Georgekutty et al., 2008].  



Chapter 4 

 

104 
 

              Shimadzu UV/Vis spectrophotometer (UV 240 IPC) was employed for recording 

the UV absorbance of doped and undoped ZQDs colloid in the wavelength region 200 to 

800 nm. The UV/Vis absorption measurements were corrected initially using 2-methoxy 

ethanol as the reference. The PL spectra of the doped and undoped ZQDs in 2-

methoxyethanol were taken at room temperature using a Cary Eclipse spectrofluorometer 

(Varian, Australia) with an excitation wavelength of 360 nm. The Dynamic Light 

Scattering (DLS) measurement was conducted to measure the particle size at 25 °C using 

the equipment Zetasizer 3000 HSA, Malvern Instruments, UK. The morphology and 

chemical composition of the doped and undoped ZQDs were further ascertained by 

Transmission Electron Microscopy (TEM) and Selected Area Electron Diffraction 

(SAED) analysis using the instrument FEI Tecnai 30G2S-TWIN transmission electron 

microscopy operated at an accelerating voltage of 300 kV. The presence of different 

elemental composition was further detected by Energy-Dispersive X-ray (EDX) 

spectroscopy. Surface functional groups of ZQDs were analyzed by IR Prestige-21, 

Shimadzu FTIR spectrophotometer in the scanning range 4000-400 cm-1 using the 

standard KBr (Sigma-Aldrich, 99%) pellet as the reference. The coating morphology and 

thickness were examined using Scanning Electron Microscope (SEM) [Model: ZEISS 

EVO 18]. The coating surface texture was scanned in tapping mode using Atomic Force 

Microscope (AFM) (Bruker Multimode, Germany) in the area 3 × 3 µm and 1 × 1 µm.  

            The Near-Infrared (NIR) diffuse reflectance (700-2500 nm) spectra of the doped 

and undoped ZQDs/PMMA hybrid coatings were analyzed by Shimadzu UV/Vis/NIR 

spectrophotometer (UV-3600) with an integrating sphere attachment (ISR-3100). The 

instrument was calibrated using poly(tetraflouroethylene) (PTFE) as reference. The NIR 

solar reflectance (R*) in the wavelength range from 700 to 2500 nm was calculated in 

accordance with the ASTM standard number E891-87 [Jose et al. 2014; Sangeetha et al., 

2012]. The NIR solar reflectance at wavelengths between 700 and 2500 nm that is 

reflected by a surface is the irradiance-weighted average of its spectral reflectance, r(λ) in  

Wm-2 , can be determined from the Equation 4.1: 

 

                                                                                                                             

                                                                                    (4.1)         

 

�∗ =
∫ �(�)�(�)�(�)
2500

700

∫ �(�)�(�)
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where r(λ) is obtained from the experiment and i(λ) is the solar spectral irradiance (Wm-2 

nm-1) obtained from ASTM standard E891-87. The optical studies were also conducted 

for the hybrid coatings using the aforementioned Shimadzu UV/Vis spectrophotometer 

(UV 240 IPC) and Cary Eclipse spectrofluorometer. 

 

4.3. RESULTS AND DISCUSSION 

 

4.3.1. Characterizations of Doped and Undoped ZnO Qunatum Dots 

4.3.1.1. XRD Analysis of Doped and Undoped ZQDs 

 

 

Figure 4.2: XRD patterns of (a) Un@ZQDs, (b) Sn@ZQDs and (c) Ag@ZQDs powder 

dried at 60 °C.  

 

           The powder X-ray crystallinity of ZQDs appearance of doped and undoped ZQDs 

was shown in Figure 4.2. The X-ray patterns in Figure 4.2(a) clearly reveal the evolution 

of single peak correspond to nucleation of ZnO crystallites in all three undoped, Sn doped 

and Ag doped ZQDs under the given mild reaction conditions of microwave-reflux 

synthesis. A slight shift in the 2θ value of ZnO peak from 35.56 to 34.86° in the doped 

ZQDs counterparts was observed indicating the influence of dopants in the crystal nature. 

Broadening of diffraction peaks is the evidence for the growth of sub-nano size ZQDs, 

which can be ascertained from the Debye-Scherrer formula: (D) = 0.9λ/B cos θ [Zhang et 
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al., 2010a]. The calculated crystallite sizes in the cases of Un@ZQDs, Sn@ZQDs and 

Ag@ZQDs were in the range of 5.41, 3.16 and 4.56 nm respectively. It is well 

documented that the microwaves interact with the matters depending upon the dielectric 

nature of reaction medium. In addition to the low reaction temperature of 70 oC employed 

for the microwave-refluxing, the highly polar organic medium readily interact with the 

microwaves and provide actual driving force for the nucleation and growth of sub-

nanometer sized Sn and Ag doped ZQDs crystallites within 30 min of reaction time. The 

dimensional control of the ZQDs is further taken care by the presence of capping agent, 

3-aminopropyl trimethoxy silane [Zhang et al., 2010b]. From the XRD results, it is 

understood that there are no separate crystalline phases formed out of the doping ions. 

The doped impurity ions created only a random strain in the unit cell that resulted in the 

shifting of diffraction peaks to lower 2θ values [Lupan et al., 2010]. 

 

4.3.1.2. DLS Particle Size Analysis and Colloidal Nature of ZQDs  

               The average particle size of undoped and doped ZQDs was measured by DLS 

method is shown in Figure 4.3. The values obtained from DLS measurement were 3.27, 

2.69, and 2.89 nm, for the monodispersed Un@ZQDs, Sn@ZQDs, and Ag@ZQDs 

respectively. In many studies, the exciton Bohr radius of ZnO has been reported as ~2.5 

nm [Senger et al., 2003; Sun et al., 2007]. In the present work, the dimension of the as-

grown ZnO crystallites is close to the reported Bohr radius value. Since the microwave-

refluxed sol-gel derived ZnO satisfy the Bohr radius dimensional limit, they can be 

defined as ZnO quantum dots. Moreover, the undoped and doped ZQDs crystallites were 

completely dispersed in 2-methoxy ethanol producing a transparent yellowish colloidal 

sol, which was stable over a period of 6 months under 4 °C. Figure 4.4 shows the 

colloidal nature of Tyndall effect observed in Un@ZQDs, Sn@ZQDs, and Ag@ZQDs, 

which is very typical to the nanometric dispersions. 
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Figure 4.3: DLS shows the particle size of Un@ZQDs, Sn@ZQDs and Ag@ZQDs sol in 

2-methoxy ethanol medium (inset photographic images of (a) Un@ZQDs and (b) 

Sn@ZQDs). 

             

 

Figure 4.4: Photographic image shows the Tyndall effect observed in (a) Un@ZQDs, (b) 

Sn@ZQDs and (c) Ag@ZQDs. 
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4.3.1.3. Raman Spectral Analysis of Doped and Undoped ZQDs  

          The presence of Sn and Ag doping ions within ZnO is confirmed via Raman 

analysis. The doping ion impurities preferentially occupy the positions in the crystal 

lattice according to their ionic radius. The Ag+ and Sn2+ possess larger ionic radii 

compared to Zn2+ [Zn2+ (0.074 nm), Sn2+ (0.118 nm) and Ag+ (0.126 nm)]. As a result, 

the doping impurities occupy the site in the vicinity of grain boundaries of ZnO [Lupan et 

al., 2010]. Hence more defects were created in the host lattice. Figure 4.5 shows the 

fingerprint of Raman for the samples undoped and doped ZQDs. In the Raman spectra of 

standard bulk ZnO [Figure 4.5(a)], a sharp peak was obtained at 437 cm-1. It can be 

assigned as the high frequency branch of E2 mode of ZnO, which is the strongest and 

characteristic mode of wurtzite structure usually associated with the crystalline quality of 

ZnO [Mahmood et al., 2013]. The Raman shift at 393 and 570 cm-1 correspond to oxygen 

deficiencies present in the host lattice which was confirmed in the spectra of undoped 

ZQDs obtained in this work [Figure 4.5(b)]. 

 

Figure 4.5: Raman spectral analysis of (a) Bulk ZnO, (b) Un@ZQDs, (c) Sn@ZQDs and 

(d) Ag@ZQDs. 
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           All prominent peaks belonging to ZnO Raman spectra are confirmed in Sn and Ag 

doped ZQDs also. But slight shift in the peak positions with an intensity change and 

broadening of peaks indicate the incorporation of impurity at the Zn2+ lattice site. These 

changes are occurred due to the influence doping by Sn2+/Ag+ and Zn2+. The increase in 

the emission intensities at 370, 438, 536, 1073-1108 cm-1 for Sn-doped ZnO compared 

with that of pure and undoped ZQDs could be attributed to doped Sn in the ZnO host 

matrix [Figure 4.5(c)] [Bai et al., 2011]. Raman shifts occurred at these frequencies 

strongly indicate the diffusion of impurity dopant ions within the host lattice and 

generated intrinsic defects in the crystal lattice. In the case of Ag@ZQDs, the high 

intensity Raman shifts at 428 and 533 cm-1 strongly suggest the Ag impurity phase at the 

defective sites of ZnO [Figure 4.5(d)]. The downward shifting of peaks in the doped 

structure may be due to the phonon confinement effect in the quantum dots [Kuriakose et 

al., 2014]. The strong mode at  342 cm-1 confirming about the quantum dot modification 

of Ag obtained with ZnO [Serrano et al., 2007]. From Raman and XRD data, it is 

confirmed that the microwave assisted sol-gel refluxing resulted in doped ZQDs with 

controlled dimensions. The optical property of ZQDs is further ensured by UV/Vis 

absorbance and Photoluminescence studies.  

 

4.3.1.4. UV/Vis Absorbance Spectra of Doped ZQDs  

 

Figure 4.6: (a) UV/Vis absorbance spectra of Un@ZQDs, Sn@ZQDs and Ag@ZQDs 

sol, (b) The plot of (αℎν)2 versus photon energy for corresponding ZQDs sol. 
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            The optical absorbance/luminescence is also an evidence for understanding the 

doping and its associated crystal defects. We have studied the band gap of undoped and 

doped ZQDs by UV/Vis absorption spectra. Figure 4.6(a) shows the representative 

UV/Vis absorption spectra of undoped and doped ZQDs prepared via sol-gel microwave-

reflux method. The results clearly indicate a strong UV absorption peak at 360 nm. This 

distinct max at this absorption range reveals the as prepared ZQDs show quantum 

confinement. The absorption edge of ZQDs is comparatively broader than the bulk ZnO. 

In the case of doped ZQDs, rather than a sharp absorption maximum at 360 nm, a slight 

broadening only seen. The absorption intensity was higher in the case of Ag doped ZQDs 

compared to Sn doped counterpart. It is known that when the crystallite size is smaller 

than the excitation radius, quantum confinement leads to size-dependent enlargement of 

the band gap, which in turn results in a blue shift in the absorbance onset. The Figure 

4.6(b) shows the photon energy of the synthesized ZQDs. From the plot between (αhν)2
 

vs photon energy (hν), the linear dependence of (αhν)2 on hν at higher photon energies 

indicate the direct band gap transition of the respective ZQDs. The extrapolation of the 

linear portion of the curve to zero gave the value of the direct band gap (Eg) 

corresponding to the ZQDs. The Eg values of the Un@ZQDs, Sn@ZQDs, and 

Ag@ZQDs were determined as 3.45, 3.64 and 3.63 eV respectively. The optical band gap 

increased in the case of doped ZQDs explains the quantum size of the particles thus 

enhanced the blue shift in the absorption spectra [Fu et al., 2007]. 

 

4.3.1.5. Photoluminescence Spectra of Doped and Undoped ZQDs  

 Photoluminescence results further confirm the ZQDs crystal quality and doping 

effect. In PL spectrum, UV emission is attributed to the direct exciton recombination and 

could be termed as band gap emission. The origin of visible broadband is usually related 

to structural defects and/or impurities. Photoluminescence spectra of doped ZQDs sol 

reveal information about the intrinsic and extrinsic defects exist in the ZQDs. The defects 

could affect the position of band edge emission as well as the shape of the luminescence 

spectrum [Asok et al., 2012]. Figure 4.7 shows the PL spectra of undoped, Sn and Ag 

doped ZQDs synthesized via microwave-reflux method.  
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Figure 4.7: PL spectra of synthesized ZQDs sol in 2-methoxy ethanol via microwave-

reflux method: (a) Un@ZQDs, (b) Sn@ZQDs, and (c) Ag@ZQDs.             

            Since nano dimensional semiconducting crystals have the large surface to volume 

ratio, the large number of surface defects is generated. It has a profound role in deciding 

the optical luminescence. In the present study, the appearance of blue luminescence at the 

wavelength region 430 to 450 nm is attributed to the dimensionally controlled small 

ZQDs particles. The PL intensity of Sn and Ag doped ZQDs sol shows excellent stability 

similar to the undoped ZQDs. In the PL spectra, the excitation at 360 nm emissions of 

Un@ZQDs, Sn@ZQDs and Ag@ZQDs sol are 434, 445, and 430 nm wavelengths 

respectively. In the spectra, it is obvious that the emissions of Sn@ZQDs sol are centered 

at 445 nm and the intensity of the maximum emission is enhanced remarkably in Sn 

doping, which may be attributed to the defective structure due to impurity [Xiong et al., 

2009]. The present study is well supported by the literature reported on the synthesis of 

lanthanum-doped ZnO quantum dots by a modified sol-gel method under atmospheric 

conditions, which greatly shows the enhanced photoluminescence [Sun et al., 2012]. In 

the case of Ag@ZQDs, the substituted Ag+ for Zn2+ ions in the crystal may induce 

hybridization and charge transfer from a donar-derived impurity band to unoccupied 3d 

states at the ZnO Fermi level. The dopants create more oxygen vacancies in the host 

lattice, while doping and this internal defective structure offer the effective luminescence. 

The intensity of this band gap emission in Ag@ZQDs is considerably reduced compared 
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preferably formed a shielding layer on the surface of the doped ZQDs which may lower 

further concentration of surface defects thus resulted from the reduction of fluorescence 

intensity. The doping of silver into zinc oxide does not lead to a new emission band in the 

room temperature PL spectra, similar to earlier observations [Hosseini et al., 2015]. The 

emission nature of ZQDs dispersed in the 2-methoxyethanol medium is also 

photographed and is shown in Figure 4.8 under visible light (a-c) as well as under UV 

lamp at 365 nm (d-f). 

 

Figure 4.8: The photographic images of corresponding samples under visible light (a-c) 

and UV lamp @ 365 nm (d-f) respectively.  

4.3.1.6. TEM analysis of ZQDs 

           Figure 4.9 depicts the TEM images of the doped and undoped ZQDs. In the 

microscopic images, the as-grown ZnO has actually appeared as nanoclusters in which 

the assembly of quantum size ZnO crystallites are seen [Figure 4.9A-C]. The size of a 

nanocluster is about 20 nm and contains ZnO quantum dots with the average size in the 

range of ~2-5 nm. The SAED analysis of synthesized ZQDs has shown the pattern of 

diffracted rings. The clarity of the SAED pattern diminished in the doped ZQDs. This 

indicates the doped ZQDs have weak crystalline nature; probably the impurity ions, as 

well as silane capping, prevented the excessive crystal growth. The TEM analysis further 

supports the particles are in quantum size range and the doping has also occurred 

effectively under the given mild synthesis conditions.  
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Figure 4.9: TEM, HRTEM images and its corresponding SAED patterns of microwave 

synthesized (A) (a) Un@ZQDs, (b, c) its higher magnifications and (d) its SAED pattern. 

(B) (a) Sn@ZQDs and (b) its SAED pattern. (C) (a) Ag@ZQDs and (b) its SAED 

pattern.  

 

4.3.1.7. FTIR Analysis of the ZQDs  

           Figure 4.10 describes the FTIR spectra of undoped and doped ZQDs, obtained 

under vacuum conditions. The IR analysis provides a supporting proof for the metal ion 

doping on ZQDs lattice to form amorphous Mn+/ZQDs species. The most important 

information in the IR spectrum is found in the region below 1000 cm-1, which illustrates 

the presence of internal metal–oxygen interactions. There stretching vibration for Zn-O 

nanoparticle was obtained between 420-550 cm-1 in the doped and undoped ZQDs having 

an absorption center at 548 cm-1 [Hosseini et al., 2015; Shah et al., 2013]. While doping 

with metal ions the bond deterioration takes place in Zn-O leading to a slight shift in the 

IR frequency. In the doped ZQDs a small band near at 764 and 718 cm-1 was observed 

due to the stretching of Sn-O and Ag-O respectively. The Zn-O-Si stretch was obtained at 

1005 cm-1 in the undoped ZQDs and in doping it is reduced to the lower frequency of 
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1067 and 1020 cm-1 respectively in Sn@ZQDs and Ag@ZQDs. The organic capping is 

responsible for the shifting of M-O band (Ag-O/Sn-O) to the lower frequency region.   

           The bands at 1214, 1199, 1191 cm-1 are attributed to the vibrational modes of Si–

O–Si groups in Sn@ZQDs, Ag@ZQDs and Un@ZQDs respectively. Zn–O–Si 

symmetrical stretching vibration at 889 cm-1 indicates the presence of silane capped 

ZQDs. As expected, the stretching frequency for C-H vibration was obtained in the range 

of 2885 – 2951 cm-1 in all cases which originate from the propyl chain of silane moiety 

attached on the ZnO surface. Meanwhile, the bending mode of H-C-H was reflected at 

1586 cm-1. The presence of aminopropyl fragment of APS is confirmed from a 

vibrational mode observed at 1338 cm-1 and ascribed to the wagging modes of methylene 

units. The above results confirm the successful formation of silane functionalized metal 

doped ZQDs hybrids.   

 

 

 

Figure 4.10: FTIR spectra of Undoped, Sn and Ag doped ZQDs dried powder at 60 °C. 
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4.3.2. Characterizations of ZQDs/PMMA Hybrids Coatings 

 

 

Figure 4.11: Photographic images of Sn@ZQDs/PMMA hybrid sol and its (a) 3, (b) 5, 

(c) 7, (d) 12, and (e) 20 coatings. 

           Multilayer assembly of ZQDs/PMMA coatings were characterized for studing the 

crystallinity and surface profile using SEM and AFM techniques. Figure 4.11 shows the 

photographic images of ZQDs/PMMA sol and the coatings developed on glass substrates. 

The coatings are transparent initially but as the number of coatings increases the 

transparency gradually decreases. The layer-by-layer hybrid coatings show appreciable 

transparency and homogeneity in the visible region up to 12 numbers of coatings. 

 

4.3.2.1.  Microstructure Analysis of ZQDs/PMMA Hybrid Coatings 

            In Figure 4.12 shows the SEM images of Ag and Sn doped ZQDs/PMMA hybrid 

coatings on the glass substrate. Figure 4.12A (a) and (b) depicts the top-surface view at 

different magnifications for the sample Ag@ZQDs/PMMA hybrids. This SEM image is 

observed on the 3 times coated layer assembly. The SEM shows ZQDs are well dispersed 

and forms a smooth topcoat. However, the coating has the distribution of pores with the 

average pore diameter of 4 µm. The pores nearly uniform and it is formed due to 

evaporation of solvent molecules. The cross-section image of the corresponding sample 

indicates the coating thickness is ~ 79 µm [Figure 4.12A(c)]. In Sn@ZQDs/PMMA 

hybrid coating, the formation of pores is visible. In this case, the 3-times coating layers 

produced thickness ~ 24 µm [Figure 4.12B(c)]. In this case, the clustering of ZQDs and 

its segregation is also noticed. In both cases, the SEM morphology confirms the 

Sn@ZQDs/PMMA  3-coatings

Sn@ZQDs/PMMA hybrid sol

Sn@ZQDs/PMMA hybrid coatings

(a) 3 coatings (b) 5 coatings (c) 7 coatings (d) 12 coatings (e) 20-coatings
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multilayer coatings obtained with ZQDs/PMMA hybrids are smooth, tightly bonded with 

the surface and wrinkle free. The coatings lost its transparency beyond 20 coatings.  

 

 

Figure 4.12: SEM images of doped ZQDs/PMMA nanohybrid coatings on the glass 

substrate (A) (Ag@ZQDs/PMMA)3 coatings (a) top surface of the coating, (b) its 

magnified image and (c) cross-section image of the coating (coating thickness ~79 µm). 

(B) (Sn@ZQDs/PMMA)3 coatings (a) its top surface view, (b) magnified image of the 

coating and (c) its cross-section with a coating thickness of 24 µm.  

4.3.2.2. AFM Analysis of Doped ZQDs/PMMA Hybrid Coatings  

   AFM images in Figure 4.13 revealed the surface roughness and nano 

morphology of the doped ZQDs/PMMA hybrid coatings. The surface topography 

explains the structural uniformity of the coating with a crack free surface and confirms 

the ZQDs are embedded in PMMA matrix.  

 

(A) Ag@ZQDs/PMMA hybrid coatings

(a) (b) (c)

4.12 µm

(B) Sn@ZQDs/PMMA hybrid coatings

(a) (b) (c)
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Figure 4.13: 2D and 3D AFM topography images of doped ZQDs/PMMA hybrid 

coatings: (a) & (b) (Sn@ZQDs/PMMA)1 coating and (c) & (d) (Ag@ZQDs/PMMA)1 

coating. The inset shows the height profile diagram of the quantum dot. 

 

4.3.2.3.  UV/Vis Absorbance and PL analysis of ZQDs/PMMA Hybrids Coatings 

           Figure 4.14(a) shows the UV/Vis absorbance spectra of 20 times coated doped and 

undoped ZQDs/PMMA multilayer hybrid coatings. The absorption due to PMMA is 300 

nm which is almost equivalent to amorphous glass [Soumya et al., 2015]. The absorption 

wavelength for Un@ZQDs/PMMA, Sn@ZQDs/PMMA, and Ag@ZQDs/PMMA are 

obtained at 343, 346 and 338 nm, respectively. The PMMA provides a hybrid binding to 

the quantum dots, due to this the absorption wavelength is greatly shifted to lower values 

in comparison with the absorption characteristics of the doped and undoped ZQDs. In 

Figure 4.14(b) depicts the photoluminescence emission spectrum of Sn@ZQDs/PMMA 

hybrid coatings with blue emission (inset in Figure 4.14(b) under UV lamp) exhibits a 

peak at 421 nm, which demonstrates the ZnO particles shows quantum size effect in 

PMMA matrix [Li et al., 2007]. 
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Figure 4.14: (a) UV/Vis absorbance spectra of Undoped, Sn and Ag doped 

ZQDs/PMMA hybrid 20-coatings on the glass substrate, (b) PL spectra of 

Sn@ZQDs/PMMA hybrid-12 coatings with excitation light of 330 nm (Inset shows the 

photographic image of its coatings under UV lamp @ 365 nm). 

 

4.3.2.4. IR Reflectance Characteristics of Sn and Ag Doped ZQDs/PMMA Hybrid 

Coatings 

           It is reported that the doping of TiO2 with elements like Al, Li, and K is one of the 

methods to improve the reflectance of TiO2 particles [Kumar et al., 2013]. It is also 

proposed that the presence of impurities creates defects in the TiO2 crystal lattice and 

introduces traps for electrons and holes. This will prevent the migration of electrons and 

holes towards the TiO2 surface. In our previous study, we have observed the NIR 

reflectance of ZnO embedded PMMA enhances when Al is employed as the impurity to 

the matrix [Soumya et al., 2015].  Liu et al. investigated the near infrared reflectance of 

SnO2 nanoparticles by tuning its shape via a sol–gel method [Liu et al., 2010]. In various 

reports, it is proved that the factors include mean particle size, particle size distribution, 

shape, porosity, packing density, surface texture, chemical composition, and refractive 

index are deciding the factors for the solar absorbance and optical reflection of a material 

in the NIR region [Fang et al., 2013]. The influence of doped quantum dots embedded 

PMMA hybrid coatings is seldom studied. The most appropriate particle size for 

reflecting the NIR waves in the wavelength region 800-1100 nm is reported as < 350 nm. 
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However, the quantum dots are much lower than the prescribed particle size range i.e. 

half the wavelength of the NIR waves. Interestingly quantum dots can result in highly 

transparent coatings and offer low thermal conductivity for good solar heat insulation. 

Moreover, in such hybrid quantum dots, the number of interparticle boundaries increases 

due to the reduction of physical dimension. It enables effective light reflection. The 

diffuse reflection usually takes place at the particle boundaries when a light irradiates 

onto the surfaces, and the intensity of the reflection depends on the number of particle 

boundaries. Apart from this, the coating thickness is another factor controls the NIR 

reflection. Higher coating thickness leads to a better reflectance of NIR waves because 

the number of reflective particles on the substrate is more.  

           In the present work, multiple layer coatings with doped quantum dots in PMMA is 

made up to 20 layers and the NIR reflectance is assessed. In the coatings, the undoped, 

and Sn and Ag doped ZQDs were well dispersed with a small degree of agglomeration.  

            The NIR reflectance and Total Solar Reflectance (R*) of Undoped, Sn and Ag 

doped ZQDs/PMMA hybrids coated 20 times on a glass substrate were presented in 

Figure 4.15 (a) & (b), respectively. The NIR diffuse reflectance of 14% was observed in 

the case of Un@ZQDs/PMMA. In the hottest NIR range of 700- 1100 nm, an enhanced 

reflectance of 23, and 30% was resulted with the Sn and Ag doped ZQDs/PMMA hybrids 

respectively. The reflectance was better when the impurity incorporated to the hybrid 

system of ZQDs/PMMA. The respective total solar reflectance values computed for the 

Un@ZQDs/PMMA, Sn@ZQDs/PMMA and Ag@ZQDs/PMMA coatings are 7, 19 and 

29%, respectively. Compared to the undoped ZQD/PMMA hybrids, the TSR value is 

enhanced two times in Ag doped hybrids.   
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Figure 4.15: (a) & (b) depicts NIR reflectance and NIR solar reflectance of Undoped, Sn, 

and Ag doped ZQDs/PMMA coatings, respectively.  

 

4.3.2.5.  Effect of LaPO4 Dispersoids in ZQDs/PMMA Hybrids 

 

 

 

Figure 4.16: NIR reflectance and NIR solar reflectance of Sn@ZQDs/PMMA-20 

coatings modified with LaPO4/PMMA coatings. 
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            In order to improve the NIR reflectance of Sn doped samples equal to that of 

Ag@ZQDs/PMMA hybrid, a novel top-coat was further incorporated using nano size 

LaPO4 dispersed PMMA sol. PMMA/LaPO4 sol was prepared by taking 3 wt% PMMA 

and 1 wt% LaPO4 and applied over the Sn@ZQDs/PMMA hybrid coatings. When the 

modified coating is subjected to NIR reflectance characterization, we have seen the top-

coat exhibits 36% of reflectance in the NIR range 700-1100 nm [Figure 4.16] and offered 

23% of total solar reflectance [inset of Figure 4.16]. We have selected nano LaPO4 for 

top-coat based on its IR reflectance, where we found the material covers more than 85% 

NIR reflectance in the entire IR region. It is observed that the additional coating provided 

with LaPO4 improved the reflective behavior of the material by enhancing the brightness 

of the layer. 

 

4.3.2.6. Photochromic Behaviour of Doped ZQDs/PMMA Hybrid Coatings 

            In addition to UV and IR shielding quality obtained in ZQDs/PMMA coatings, 

where a kind of solar heat control has arrived, a light sensitive organic dye is also 

introduced in the hybrid to make the coatings more functional. Thin films coatings made 

with TiO2, MoO3 and WO3 have been earlier studied for photochromic properties by 

incorporating organic dye molecules [Kanu et al., 2010; Kafizas et al., 2013]. In this 

work, spiropyran (SP) was introduced into ZQDs/PMMA sol and coatings were 

developed. The photochromic behavior of ZQDs/PMMA/SP coated glass substrate was 

tested under UV and visible light and the results are presented in Figure 4.17. 

            A red luminescence was obtained for the coating under UV light, which is due to 

the conversion of spiropyran into merocyanine. The colorless spiropyran changes into red 

colored merocyanine on UV irradiation, which was confirmed by the absorption band 

obtained at 560 nm in the visible range [Yoon et al., 2013]. Later the red luminescence 

coating was turned to violet outside the UV chamber because the merocyanine is violet in 

the visible light. In the absence of UV irradiation, the merocyaninine (violet) shifts back 

to colorless spiropyran in the room temperature [Photographic image of coatings shown 

in Figure 4.18]. The UV-vis absorbance of the hybrid during the gradual reduction of its 

colorful violet to colorless was recorded in every 2 min. It is noticed that the absorption 

intensity reduces gradually and no absorption has resulted after 10 min. After 15 min, 

complete decolourization was taken place for the hybrid. This indicates the merocyanine 

dye has changed its isomeric state to spiropyran in the dye added ZQDs/PMMA hybrid 
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coating. The results confirm the photochromic behavior of the spiropyran added 

Ag@ZQDs/PMMA hybrid coated on a glass substrate. 

 

 

Figure 4.17: Photochromic behavior of spiropyran coated glass substrate. (a) 

Photographic images of Ag@ZQDs/PMMA/SP coated glass substrate under visible light 

and at long wave UV light, (b) UV-vis absorbance spectra of Ag@ZQDs/PMMA/SP 

coated glass substrate (inset shows the enlarged portion of the wavelength region from 

500 to 650 nm). 

 

Figure 4.18: Photographic images show the photochromism of Ag@ZQDs/PMMA 

hybrid coatings. 
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4.4.  CONCLUSIONS 

In summary, we have successfully demonstrated a facile, low-temperature synthetic 

strategy for obtaining Sn and Ag doped ZQDs/PMMA hybrids and fabrication of 

multifunctional hybrid coatings. In situ sol-gel synthesis via microwave-reflux process is 

produced highly stable ZnO quantum dots with physical dimension close to the Bohr 

radius defined for the quantum dots. In this study, ZQDs size was noticed in the range 2.5 

to 3.5 nm.  The UV, PL, and Raman confirmed the photo-physical quality of ZnO 

quantum dots.  The Sn and Ag doped quantum dots in in situ polymerized PMMA hybrid 

coatings showed excellent transparent layers up to 12 coatings. The AFM and SEM 

morphologies confirmed the surface homogeneity and coating thickness below 100 

microns even after 3 coatings. The doped ZQDs/PMMA coatings offered better UV 

shielding, photoluminescence, and NIR reflectance properties. When the undoped 

ZQDs/PMMA coatings show only 7% total solar reflectance and the Sn and Ag doped 

hybrid coatings showed 19 and 29% TSR.  A unique dispersoid, LaPO4 is employed as 

top-coat for the enhanced NIR reflectance. The incorporation of a light sensitive organic 

photochromic dye makes the hybrids photochromic that shows excellent luminescence 

and reversible color changing property. The Sn and Ag doped, organically modified 

ZQDs/PMMA hybrid coating is a promising interface for obtaining solar light and solar 

heat control interface coatings. The present work is reported for the first time.   
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doped ZnO quantum dots with PMMA by in situ polymerization for UV/IR protective, 

photochromic multifunctional hybrid coatings. 
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CHAPTER 5 
 
 
 
 
 

Silanated Nano ZnO Hybrids Embedded PMMA 

Polymer Coatings on Cotton Fabrics for Near-IR 

Reflective, Antifungal Cool-Textiles 
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PREAMBLE  

 

            An investigation is made on the multifunctional coatings prepared using silane 

capped nano ZnO hybrids. The silane modified ZnO is directly blended with PMMA 

matrix to obtained ZnO/PMMA colloidal suspension. It was further applied over a dark 

color cotton textile. This surface engineered black cotton was subjected to phase analysis, 

chemical interaction, morphological features, NIR reflectance, UV shielding efficiency 

and antifungal properties. The textile surfaces engineered with infrared/ultraviolet energy 

shielding coatings is an emerging technology in the processing of solar heat protective 

cool-textiles. 
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5.1. INTRODUCTION 

 

Textiles engineered with functional surface coatings using inorganic as well as 

metalized nanostructures successfully offer shielding effects of electromagnetic and 

infrared radiation energy. These kinds of engineered textiles find applications in military 

as well as strategic fields [Wong et al., 2015; Wendel, 2015; Jang, 2014; Miao et al., 

2015]. In continuation of this research, attempts are being made to develop functional 

textiles that possess the UV protection capability, sunlight active photocatalytic self-

cleaning property, solar heat absorption as well as solar-heat reflection qualities [Abidi et 

al., 2009; Yu et al., 2013; Wang et al., 2010a; Li et al., 2015; Wang et al., 2005; Mehrizi 

et al., 2012; Duan et al., 2011]. Recently, textile industries have also shown great interest 

in surface engineering of textile products that can efficiently repel oil substance, organic 

dirt and even mosquitoes. Research is further extended to develop textiles with 

biomimetic camouflage coatings; as well as smart coatings with water and detergent free 

cleaning technology [Wendel, 2015; Manna et al., 2015; Liu et al., 2015; Xiong et al., 

2012]. 

Near-IR reflective coatings to minimize the solar heat penetration are an essential 

requirement for human beings. Textiles with such coatings can protect a large number of 

casual workers engaged in building constructions and exposed to sunlight in countries 

like India and Gulf regions. Surface functional coatings processed using inorganic metal 

oxides such as TiO2, ZnO, and CeO2 that are well recognized white pigments, have been 

largely studied on ceramic tiles and metal roofing sheets to prove their cool-functional 

properties [Johnson et al., 2003; Li et al., 2014; Balanand et al., 2016; Levinson et al., 

2007; Levinson et al., 2010]. Recently, they have also been tested over the textile and 

leather surfaces to incorporate antibacterial/ antifungal, and anti-wrinkle properties 

[Manna et al., 2015; Petkova et al., 2014; Perelshtein et al., 2009]. Since conventional 

white pigments reflect >80% of the incident sunlight radiation, they are recognized as 

ideal active-pigment components for developing cool-coatings on textiles. 

As described in previous Chapters, ZnO is a known pigment, which has been 

extensively patented for cool-paint products for building articles, mainly the 

metal/polymer roofing surfaces [Shiao et al., 2013; Viasnoff et al., 2012; Viasnoff, 2014; 

Hwang et al., 2013]. ZnO is a non-corrosive, non-toxic, ingestion and inhalation material. 

It is also known for its UV absorption, hydrophobic qualities and high near-infrared 
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reflectivity [Miao et al., 2015; Shi et al., 2012; Gao et al., 2014; Wu et al., 2013; Wang et 

al., 2013a; Soumya et al., 2015; Soumya et al., 2014; Kiomarsipour et al., 2013b]. 

Chemically cross-linked nanohybrids offering near-infrared radiation reflectance in the 

critical wavelength region 700-2500 nm in the solar spectrum is the best way to imbibe 

cool-coatings on textiles. In situ growth of nano ZnO on the cotton fabric is a previously 

reported strategy [Perelshtein et al., 2009]. However, poor mechanical adhesion is 

realized in such coatings. One of the most interesting ways to overcome this issue is 

perhaps the concept of using functional hybrid coatings processed from chemically 

capped hybrid nano dispersoids embedded within any polymer matrix. Organic capping 

molecules can chemically react with cellulosic units and promote better chemical 

bonding with textile surfaces. 

            PMMA is a bio-inert polymer with high optical transparency throughout the 

visible range in addition to high mechanical stability. Bulk PMMA/ZnO nanocomposites 

have previously been explored to understand the beneficial properties like UV blocking, 

optical transparency, tunable refractive index, wear resistance, and thermal stability 

[Zhang et al., 2012; Matsuyama et al., 2012; Li et al., 2007; Eita, 2012b; Soumya et al., 

2015; Soumya et al., 2014]. Results strongly indicate PMMA polymer is a probable 

matrix for fabricating UV/NIR shielding transparent coatings. There are no reports on the 

application of silane modified ZnO nanohybrids/PMMA coatings on textiles that provide 

NIR control cooling effect. 

In this work, assembly of silane treated nano ZnO hybrids encapsulated PMMA 

coatings onto the surface of the black cotton fabrics has been attempted to impart NIR 

reflectance quality. The colloidal sol prepared out of silane treated ZnO hybrid 

particulates in PMMA medium create nanometer thin multilayer coatings on the non-

planar textile fabric surfaces via physico-chemical and electrostatic interactions. In the 

case of coatings designed with such silane/ZnO/polymer multiphase architectures, ample 

opportunity exists to incorporate any active functional molecules like proteins. Recently 

reported research articles clearly showed multilayered/multiphase topcoats could produce 

surface properties including UV protection, durability, hydrophobicity/hydrophilicity and 

antimicrobial activity [Jiang et al., 2013; Chen et al., 2015; Carosio et al., 2015; Busila et 

al., 2015]. Here, we demonstrate NIR reflective silane ZnO coatings on textiles for 

developing cool-clothes. NIR shielding properties of silane treated nano ZnO embedded 

PMMA polymer coatings on black cotton fabrics were systematically evaluated and 

http://pubs.acs.org/action/doSearch?ContribStored=Shi%2C+J
http://pubs.rsc.org/en/results?searchtext=Author%3AMariana%20Bu%C5%9Fil%C4%83
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reported. In situ silane cross-linked nano ZnO hybrid particles were first synthesized via 

chemical precipitation. The mol% of silane was varied as 0, 1, 2, 5, and 20%. A stable 

silane modified ZnO/PMMA colloid was then prepared, and thin films of hybrid coatings 

on cotton fabrics were developed by simple dip-coating, via Layer-by-Layer (LbL) 

technique. The effect of silane on the nano ZnO particle size, surface charge 

characteristics, crystallinity and chemical bonding were studied. Bulk NIR reflectance 

and total solar reflectance (TSR=R*) in the wavelength range of 700-1600 nm was 

evaluated. The results are correlated with silane concentrations and coating layers. The 

coated fabric was also briefly examined for the antifungal properties. 

 

5.2. EXPERIMENTAL SECTION 

 

5.2.1. Materials and Reagents 

            Black as well as white colored cotton cloth pieces with size 6 cm × 6 cm were 

first cleaned ultrasonically and then with ethanol and distilled water before use. Zinc 

acetate dihydrate (Zn(OAc)2.2H2O, Merck Specialities Pvt. Ltd., India, purity ≥98%), 

Sodium hydroxide (NaOH, Merck, India, 97%), (3-aminopropyl)trimethoxysilane (APS, 

Sigma-Aldrich, India, purity ˃99%), Poly(methyl methacrylate) (PMMA, Sigma-Aldrich) 

with an average Mw 996,000 were used as supplied. The fungal pathogens used for the 

antifungal study were Aspergillus niger MTCC 2756 and A. flavus MTCC 183. The 

fungal strains were procured from Microbial Type Culture Collection (MTCC) and Gene 

Bank, Institute of Microbial Technology, Chandigarh, India. The fungal strains were 

maintained on PDA agar slants at 4 °C. Toluene, ethanol, and acetone were selected as 

solvents. Double distilled water was utilized for all the preparation. 

 

5.2.2. Synthesis of (3-aminopropyl)trimethoxysilane Modified Nano ZnO Hybrids 

            Silane modified ZnO colloidal particulates were synthesized by co-precipitation 

technique as reported earlier [Costenaro et al., 2013]. 0.1 M zinc acetate dihydrate 

aqueous homogeneous solution was first prepared. To this solution, different amounts of 

3-aminopropyl-trimethoxy silane were added in order to reach Si/Zn molar ratios of 0, 1, 

2, 5, and 20%, respectively. The solution of 1 M NaOH, prepared in distilled water at 

room temperature, was added drop wise with constant stirring to maintain the pH 10. At 

this pH condition, white precipitated gel was obtained and stirred mechanically for 4 h. 
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Later, the gel mass was centrifugally washed using distilled water at 3000 rpm and then 

washed once with ethanol to remove any excess organosilane and a large part of un-

reacted residual acetates. The gel mass was finally dried at 60 °C for overnight in an 

electrically heated oven. The obtained (3-aminopropyl)trimethoxysilane modified nano 

ZnO hybrids was designated as x% APZO NHs, where x indicates the Si/Zn molar ratio 

used. The untreated phase pure ZnO nanoparticle (0% APZO NHs) was also prepared for 

studying the comparative performance and the effect of silane. 

 

5.2.3. Fabrication of APZO NHs Embedded PMMA Nanocoatings on Cotton fabrics 

             APZO NHs embedded PMMA (APZO NHs/PMMA) coating solution was 

prepared by dispersing 0.1 wt% silane modified ZnO nanohybrids in 60 mL toluene. 

Similarly, 10 wt% PMMA was also dissolved separately in toluene medium. Both 

solutions were mixed, sonicated for 30 min, and further stirred magnetically overnight to 

ensure homogeneous mixing. A stable silane modified ZnO/PMMA colloidal sol was 

successfully obtained and further applied to the white and black colored cotton fabrics via 

dipping-withdrawing coating technique. The cotton fabric pieces of 6 × 6 cm were 

immersed in the coating solution. The fabric was soaked in the coating precursor sol for 2 

min. to ensure the better pick-up of nano ZnO layers. After coating, the cloth was dried 

by hanging at room temperature and cured to obtain APZO NHs/PMMA functional 

coatings. The dip-coating treatments were repeated for 1 to 7 times and finally 20 times 

to obtain 20 layer coatings. Simultaneously, neat PMMA coatings and ZnO/PMMA 

coatings without any silane were also made for reference. For convenience, specific 

codes were given to the coated cotton fabric samples as follows: Bare white cotton (Bare 

WC), bare black cotton (Bare BC) and after neat PMMA coating treatments, 

PMMA/WC, PMMA/BC, the same with silane treated nano ZnO; APZO 

NHs/PMMA/WC and APZO NHs/PMMA/BC.  

              The samples with varying mol% APS concentration were represented as 0, 1, 2, 

5, and 20% APZO NHs. Figure 5.1  schematically described the chemical interaction 

involved between the reactants; silane molecule, nano ZnO and PMMA polymer matrix 

on the cotton fabrics. 
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Figure 5.1: Procedure and chemical interaction involved between the reactants; silane 

capping molecule, nano ZnO and PMMA polymer matrix on the cotton fabrics. 

5.2.4. Characterizations 

          In this Chapter, silane modified ZnO nanohybrids were characterized by XRD, 

FTIR, DLS, Zeta potential, TG, SEM, TEM, SAED, EDX, UV/Vis absorption, PL and 

UV/Vis/NIR spectroscopic analysis. The structural analysis of APZO NHs/PMMA 

coatings on cotton fabrics were carried out using XRD analysis. Functional group 

analysis of APZO NHs/PMMA coated cotton fabrics were obtained from ATR-FTIR 

spectroscopy. Surface morphology, EDX and mapping APZO NHs/PMMA coatings on 

cotton fabrics were measured from SEM-EDX. The surface roughness of APZO 

NHs/PMMA coated cotton fabrics was carried out by AFM. The optical properties of 

APZO NHs/PMMA LbL coatings on cotton fabrics were characterized by UV/Vis 

absorption and UV/Vis/NIR spectroscopic analysis. Anti-fungal activity of coated cotton 

fabrics was also evaluated.  

           The crystalline nature and phase purity of the nano APZO NHs were characterized 

by powder X-ray diffraction using X’Pert Pro, Philips X-ray diffractometer equipped 

with Cu Kα radiation (λ = 1.5406 A°) in the 2θ range 10 to 70° with 0.02 scan increment. 

The dynamic light scattering (DLS) particle size distribution and zeta potential were 
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measured using Malvern Zetasizer Nano ZS (Worcestershire, UK). For these 

measurements, APZO NHs particulate colloids were prepared in aqueous media by 

dispersing 0.01 wt% APZO NHs and subsequently de-agglomerated through 

ultrasonication for 15 min. in an ultrasonicator (Ultrasonic Processor P2, Vibronics Pvt. 

Ltd., Bombay, India).  

             Surface functional groups in APZO nanohybrids were performed by IR Prestige-

21, Shimadzu FTIR spectrophotometer from the scanning range of 4000-400 cm-1 using 

standard KBr (Sigma-Aldrich, 99%) pellet as the reference. In APZO NHs/PMMA 

treated cotton fabrics, the chemical interaction was recorded on a Bruker alpha ATR-

FTIR spectrometer instrument used attenuated total reflectance (ATR) mode with a 

resolution of 4 cm-1 accumulating 24 scans. Thermogravimetric analysis (TGA) of the 

APZO NHs was conducted using TG 50 Shimadzu TGA in the air. A Mettler Toledo pH 

meter (Model µ-8603) was used for the pH measurements. The microstructure and 

morphological features of APZO NHs and APZO NHs/PMMA treated cotton fabrics 

were examined using ZEISS EVO 18 Special Edition scanning electron microscope 

operated at 20 kV. The chemical composition was ascertained using energy-dispersive X-

ray (EDX) mapping. The TEM image analysis and selected area electron diffraction 

(SAED) of the APZO NHs were performed on FEI Tecnai 30G2S-TWIN transmission 

electron microscope operated at an accelerating voltage of 300 kV. The surface 

roughness behavior of bare and APZO NHs/PMMA coated cotton fabrics were obtained 

by AFM analysis (Bruker Multimode, Germany) in the tapping mode and was performed 

out at a scan size of 20 × 20 μm.  

          The optical properties of the APZO NHs and APZO NHs/ PMMA/cotton fabrics 

were monitored using Shimadzu UV/Vis spectrophotometer (UV 240 IPC) in the 

wavelength region 200 to 800 nm. The absorption coefficient (α) is evaluated by the 

equation, α =A/ds, where A is the measured absorbance and ds is the thickness of the 

sample in UV/Vis cell (0.4 cm). The absorption coefficient is related to the energy band 

gap (Eg) by:  (αhν)2=ED(hν-Eg), where h the Planck’s constant, ν the frequency of the 

incident photon, ED is a constant and Eg is the direct band gap. If (αhν)2 is plotted versus 

hν over the absorption wavelength range, the energy band gap (Eg) can be calculated by 

extrapolating the linear region of the curve to α = 0. The band gap values were calculated 

from the absorbance spectra [as described in Chapter 2]. The photoluminescence spectra 

of the APZO NHs dispersed in water medium were acquired using a Cary Eclipse 
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fluorescence spectrophotometer (Varian India Pvt. Ltd.) equipped with a liquid sample 

holder accessory at an excitation wavelength of 330 nm. 

          The near-infrared diffuse reflectance (700-2500 nm) spectra of the bulk APZO 

NHs and APZO NHs/PMMA coated fabrics were analyzed by a Shimadzu UV/Vis/NIR 

spectrophotometer (UV-3600) with an integrating sphere attachment (ISR-3100). The 

instrument was calibrated using the reference PTFE. As reported in the literature, [Jose et 

al. 2014; Sangeetha et al., 2012] the NIR solar reflectance (R*) in the wavelength range 

from 700 to 2500 nm was calculated in accordance with the ASTM standard number 

E891-87. The NIR solar reflectance at wavelengths between 700 and 2500 nm that is 

reflected by a surface is the irradiance-weighted average of its spectral reflectance, r(λ) in 

Wm-2, can be determined as in the aforementioned Chapter. 

           The agar overlay method was used for the examination of anti-fungal properties of 

APZO NHs/PMMA coated cotton fabrics. Effect of fungal growth was examined using 

Aspergillus niger and Aspergillus flavus fungi species. In a typical experiment, the 

sterilized petri-plate containing APZO NHs/PMMA coated cotton fabrics was overlaid 

with the top potato dextrose agar (Hi-media, Mumbai, India) which contains the test 

fungal strains. The inhibitory effect was evaluated after 72 h incubation at 37 °C and the 

results were evaluated by the measurement of inhibition zone of around the APZO 

NHs/PMMA coated cotton fabrics. 

 

5.3. RESULTS AND DISCUSSION 

 

The main chemical constituent of a cotton fabric is cellulose, a macromolecular 

polymer, in which a long chain anhydro-beta-cellobiose building block is repeatedly 

present. The cellulose chains are mainly linked via hydrogen bonding. These hydrogen 

bonds occur between the hydroxyl groups of adjacent crystalline molecules of the cotton 

fiber [Chung et al., 2004]. Hydroxyl groups in the cellobiose polymeric units are 

chemically reactive and organosilane molecules readily react with these hydroxyl groups. 

Silane coupling agents generally include of alkoxy and alkyl bridge cross-linked through 

organofunctionality. Hence, silane indeed plays a role of chemical adhesive promoter for 

the fixation of nano ZnO with the cellulosic cotton surface through NH2-OH bonding 

[Xie et al., 2010]. The organosilane is also a recognized surfactant/stabilizer to determine 

the growth of the ZnO particles that decide the ZnO colloidal stability. However, for the 
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firm binding of nano ZnO with cotton fabrics, one has to have the optimum amount of 

organic silane capping and appropriate surface charge characteristics in addition to the 

controlled particle size. 

 

5.3.1. Effect of Silane Modification on the Bulk Properties of ZnO Nanohybrids 

5.3.1.1. XRD Analysis of APZO NHs 

           

 

Figure 5.2: XRD analysis of APZO NHs with respect to silane modification: (a) 0, (b) 1, 

(c) 2, (d) 5, and (e) 20% APZO NHs. 

 

           The structural properties of ZnO, 1, 2, 5, and 20% APZO nanohybrids were 

estimated using the powder X-ray diffraction technique. As a general feature, the X-ray 

profiles of all samples [Figure 5.2] show diffraction lines at 31.8, 34.4, 36.6, 47.6 and 

56.7° 2θ are consistent with the values reported in the database of ZnO JCPDS card (No: 

36-1451) providing to the (100), (002), (101), (102), and (110) planes, respectively using 

Bragg’s law of diffraction gives clear evidence for the formation of hexagonal wurtzite-

type structure having space group of P63mc. Nevertheless, significant differences in terms 

of intensity and full width at half maximum (FWHM) of reflection peaks of the different 

mol% of APS capped ZnO samples can be observed. In uncapped ZnO NPs, all the 

diffraction peaks are rather sharp which indicates that the ZnO samples have the high 
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degree of crystallinity. In particular, the diffractograms of ZnO, 1% and 2% APZO 

samples show well-resolved reflections, and the diffractograms of the samples 

functionalized with high organic APS loading (5% APZO and 20% APZO) are 

characterized by a general broadening of the X-ray peaks. This effect can be interpreted 

that on increasing the amount of APS, the crystallinity is slightly reduced and/or particle 

size due to promoted by the presence of high loading of the silane groups introduced on 

the surface of ZnO NPs during synthesis. On higher concentration of APS clearly gives 

the amorphous nature of APZO and also its crystallinity were completely removed. 

          The average crystallite sizes of the different mol% of APZO NPs were evaluated 

by applying the Debye Scherer’s formula (Equation 2.2). From the XRD data, the < D > 

crystallite size of 0, 1, 2, and 5% APZO NPs were calculated to be 19.34, 17.06, 17.78, 

and 18.81 nm respectively.  

 

5.3.1.2. Functional Group Analysis of APZO NHs 

 

 

Figure 5.3: FTIR spectra of unmodified and different concentration of APZO NHs: (a) 0, 

(b) 1, (c) 2, (d) 5, and (e) 20% APZO NHs. 

 

Figure 5.3 shows the FTIR spectra of ZnO hybrids prepared with 1 mol% of 

silane. In FTIR spectra, the broad peak existing between the wavelengths ~3262-3540 
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cm-1 represents the –OH stretching. The chemical adsorption of the water molecules 

generates the hydroxyl groups onto the ZnO particle surface through hydrogen bonding. 

The two broad bands in the wavelength region ~ 457-427 cm-1 clearly indicate the Zn-O 

bonding. Upon silane treatment, in the APZO NHs asymmetric and symmetric stretching 

modes of –CH2 groups appeared at wavelength ~2962 and ~2892 cm-1. A vibrational 

mode typical of ammoniumpropyl moieties is also observed in the wavelengths 1600-

1400 cm-1. The APZO hybrid particles show further vibrational bands at ~1149 and 

~1019 cm-1, which can be attributed to the vibrational modes of Si–O–Si groups formed 

by self-condensation of the organosilanes. The hybridization of silane with ZnO is further 

evident from the FTIR analysis carried out on the APZO NHs. 

 

5.3.1.3. Particle Size Analysis 

          The DLS particle size distribution and zeta potential analysis results observed for 

the silane modified ZnO hybrid particles with its unmodified counterpart were illustrated 

in Figure 5.4 A and B.  

 

Figure 5.4: (A) DLS particle size distribution analysis of APZO NHs with respect to 

silane modification (a) 0, (b) 1, (c) 2, (d) 5, and (e) 20% APZO NHs; (B) illustration of 

DLS particle size distribution and zeta potential measurements with respect to the 

different mol% of APS in the APZO NHs. 

          The average hydrodynamic diameter (Zave) varies strongly with the surface-

anchored amine functional groups present in organosilane. The Zave values determined for 

the unmodified ZnO, and silane treated hybrid ZnO are 337, 220, 239, and 385 nm for the 
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respective silane concentrations of 0, 1, 2, and 5 mol%. The corresponding size 

distribution curves are presented in the Figure 5.4A. The size distribution is very narrow 

when the ZnO nanoparticles are prepared by the in situ addition of silane. However, when 

an excess amount of silane was used, the particle size curve indicates bi-model size 

distribution. In this case, the particles fall in the range 255 and 970 nm, respectively. The 

broad size distribution clearly indicated that in the absence of silane, the precipitation 

technique produced only ZnO nano aggregates. Upon in situ silane addition, preferably 

with least amount of silane, more specifically at Si/Zn mol. ratio 1%, the size distribution 

is very narrow with an average particle size of 220 nm. The size controlled the growth of 

nano ZnO is attributed to the capping effect of the organosilane. Earlier studies on the 

synthesis of silane treated ZnO strongly confirm the capping effect of silane molecules to 

achieve size controlled growth of nano ZnO with tuned physicochemical properties 

[Costenaro et al., 2013]. 

           In one-pot synthesis, the strong chemical interaction of organic ligands in APS 

controls the condensation reaction with ZnO/Zn(OH)2 species. This further limits the 

ZnO self-condensation processes that ultimately decrease the particle growth [Costenaro 

et al., 2013]. At higher loadings, the excess silane possibly produced a thick silanol 

capping layer due to the chemical cross-linking of organo functional group with the ZnO 

surface hydroxyls. This increases the tendency of localized aggregation finally led to bi-

model size distribution with wide particle size range. The larger diameter in the DLS data 

can also be the effect of outermost hydration layer of colloidal nanoparticles [Liu et al., 

2012b]. The zeta-potential (ζ) analysis clearly describes the electrostatic interactions as 

well as the influence of surface charges in the single phase ZnO and silane treated ZnO 

hybrid colloidal particles. ZnO exhibits the isoelectric point (IEP) at pH ranging between 

8.7-10.3 [Marsalek, 2014]. The DLS particle size distribution and zeta potential analysis 

results observed for the silane modified ZnO hybrid particles with its unmodified 

counterpart were illustrated in Figure 5.4B also shows the zeta potential trend in nano 

ZnO prepared with various amounts of silane molecules measured at pH 10. Compared 

with unmodified nano ZnO, the average zeta potential of the silane treated APZO NHs 

varied from -52.2 to -13.1, 7.46, and 11.6 mV with 0, 1, 2, and 5 mol% addition of APS 

respectively. The change of zeta potential suggests that the ZnO hybridization occurred 

with silanes depending on its concentration. The positively charged surface of APZO 

NHs is, in fact, essential for the chemical coupling of silane modified ZnO with the 



Chapter 5 

 

140 
 

highly hydrophilic linear cellulose microfibrils. The DLS particle size distribution and 

zeta potential analysis results observed for the silane modified ZnO hybrid particles with 

its unmodified counterpart were illustrated in Figure 5.4B.  

 

5.3.1.4. Morphological Features  

           The SEM images of APZO NHs with various molar ratios were shown in Figure 

5.5. Upon increasing the concentration of APS, the morphology was also varied. The 

SEM images of without APS shows the rice-like particle of ~ 300 nm in length can be 

seen in Figure 5.5(a). By increasing the amount of APS, the morphology was slightly 

changed due to the surface capping with APS. Since the effect of capping strongly 

influences the particle size reduction at the same scale bar confirmed from 1% APZO 

NHs morphology. Here, we noticed that the same rice-like morphology was obtained as 

in the case of 0% APZO NHs [Figure 5.5(a)]. As the concentration of APS increases, the 

hybrid morphology gradually changes to nanospherical. The aggregation tendency was 

increased due to the amorphous nature of silane capping which was covalently bonded to 

the ZnO surface to form a hybrid [Figure 5.5(c)-(e)].  

 

Figure 5.5: SEM images of (a) 0, (b) 1, (c) 2, (d) 5, and (e) 20 mol% APZO NHs. Scale 

bar 300 nm. 

(a) (b) (c)

(e)(d)
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Figure 5.6A shows the TEM images of 0, 1, 2, 5 and 20% APZO NHs. The TEM images 

were observed to be same morphology as in SEM, which is further evidenced the actual 

morphology and size of synthesized samples. The 0% APZO NHs shows rice-like images 

in the scale bar 0.5µm [Figure 5.6A (a)]. The 1% APZO NHs clearly observed the 

surface coverage of APS with ZnO NPs [Figure 5.6A (b)]. The morphology of higher 

mol% of APS evidenced the morphological changes [Figure 5.6A (c)-(e)]. The inset of 

the figures shows corresponding selected area electron diffraction (SAED) pattern which 

can be indexed to the reflection of the monocrystalline wurtzite ZnO structure, and this is 

consistent with the XRD results. The chemical purity and elemental compositions of the 

APZO NHs were further detected by energy-dispersive X-ray (EDX) spectroscopy. In 

Figure 5.6B depicted the corresponding EDX spectra of ZnO samples. In Figure 5.6B, 

except 5.6B (a), reveals the presence Si which shows APS capped on the ZnO surface. It 

confirms that the APZO NHs was composed of the elements Zn, O, and Si.   

 

Figure 5.6: TEM images of (A) (a) 0, (b) 1, (c) 2, (d) 5, and (e) 20% APZO NHs. The 

EDX spectra of the corresponding TEM images are shown in (B) (a), (b), (c), (d), and (e). 

The inset of the figures shows corresponding selected area electron diffraction (SAED) 

pattern.   

(B)

0 2 4 6 8 10

In
te

n
s
it

y
 (

a
.u

.)

Energy (keV)

CK
OK

ZnL

ZnL

CuK

ZnK

ZnK
CuK

0 2 4 6 8 10

In
te

n
s
it

y
 (

a
.u

.)

Energy (keV)

CK

CK

ZnL

ZnL

SiK

CuK

ZnK

CuK
ZnK

0 2 4 6 8 10

ZnK

CuK

In
te

n
s
it

y
 (

a
.u

.)

Energy (keV)

OK

OK

ZnL

ZnL

SiK

ZnK

CuK

(a)

(b)

(c)

100 nm

(a)

(b)

(c)

(d)

(e)

0 2 4 6 8 10

In
te

n
s

it
y
 (

a
.u

.)

Energy (keV)

C K

O K

Zn L

Zn L

Si K

Zn K

Zn K

0 2 4 6 8 10

In
te

n
s
it

y
 (

a
.u

.)

Energy (keV)

C K

O K

Zn L

Zn L

Si K

Cu K

Zn K

Cu K

Zn K

(d)

(e)
APS capping

0.5 µm

100 nm

100 nm

100 nm

(A)



Chapter 5 

 

142 
 

5.3.1.5. Thermal Properties of APZO NHs  

 

 

  

Figure 5.7: TG analysis of (a) 0, (b) 1, (c) 2, (d) 5 and (e) 20% APZO NHs. 

 

          TG thermogram profiles taken for ZnO and silane modified hybrids nanoparticles 

are presented in Figure 5.7. In pure ZnO, two stage weight loss, the first one at the 

temperature around 118 °C amounting to below 4 wt% was estimated which is due to the 

removal of adsorbed water, and the second one centered at 400 °C assigned to the thermal 

decomposition of acetates ions bound to the ZnO surface was seen. In organo-modified 

samples, about 7% weight loss was observed at temperatures below 120 oC confirming 

the less amounts of adsorbed water molecules thus indicating a reduced hydrophilic 

character of ZnO samples containing surface organic species. Besides the weight loss at 

100 °C, the TGA profiles of organo-modified ZnO samples show an additional weight 

loss with a maximum at 310 °C which can be assigned to the decomposition of the 

ammoniumpropyl groups. In the case of APS functionalized ZnO, at 310 °C the weight 

loss was increased gradually with increasing mol% of silane loading, except 1 mol%, is 

due to the decomposition of organic coating. The effective capping on the surface of the 

ZnO with 1 mol% silane which can reduces the particle size of the ZnO, as a result, the 

decomposition was slightly decreased. 
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5.3.1.6. Optical Properties of APZO NHs   

 

Figure 5.8: (A) Solid-state UV/Vis absorption spectra of APZO NHs (Inset shows 

evolution of the (αhν)2 vs. hν curves of respective samples); (B) PL spectra of different 

mol% of APZO NHs; (C) Dispersion stability of 0.01 wt% APZO NHs with different 

mol% concentrations. 

          Solid-state UV/Vis absorbance spectra of all samples, measured using BaSO4 as 

the reference, [Figure 5.8A] showed a wide band in the 200-800 nm range with 

absorption maxima at 362 nm for 0% APZO NHs. The absorption at 362 nm was 

assigned to the electronic transition from the valence band (mainly formed by orbitals of 

the oxide anions) to the conduction band (mainly formed by orbitals of the Zn2+ cations) 

of ZnO. The band gap for this transition was estimated to be 3.42 eV, slightly higher than 

the band gap typical of bulky ZnO samples (3.26 eV) and which was somehow more 

resolved for APZO NHs. The samples 1, 2, 5, and 20% APZO NHs shows absorption 

wavelength shows 343 (Eg=3.61 eV), 339 (Eg=3.66 eV), 334 (Eg=3.71 eV), and 316 (Eg= 

3.92 eV) nm, respectively. By increasing the amount of organic moieties exposed on the 
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ZnO surface, a blue-shift of the absorption band at lower wavelengths (passing from 360 

nm to 340 nm) was observed. The blue-shift behavior or broadening in the band gap is 

mainly due to the Moss-Burstein band filling effect. Based on the Moss-Burstein theory, 

for the samples 1, 2, 5, and 20% APZO NHs, the donor electrons occupied states at the 

bottom of the conduction band.  

          The influence of the APS capping and surface functionalization on the inherent 

optical properties of APZO NHs, room temperature PL spectroscopy was performed on 

both the silane treated and untreated ZnO nanoparticle dispersion in water medium 

[Figure 5.8B]. The presence of the APS induces a stable, reproducible bimodal 

enhancement of the UV and visible emission intensity. The UV emission peak at ~375 

nm in the pure ZnO NPs exhibit an intensity increases with increase in mol% of APS. 

Compared to standard ZnO NPs, the APZO NHs shows the increase in the intensity of 

visible emission peak at ~510 nm. The enhancement of UV emission occurs because it is 

the higher-energy process and therefore energetically less stable. A surfactant molecule 

with a relatively high local negative charge passivated the green emission due to the 

oxygen ions, during micelle formation, occupying vacancies on the positively charged 

nano-ZnO surface. This is not expected to occur within our APS capping approach where 

the APZO NHs is being synthesized in the bulk state. As the APS surface coverage 

increases, the retention of the bimodal peak is anticipated. However, the relative 

intensities of UV and visible emission are expected to be influenced by the particle size 

distributions. The photographic images [Figure 5.8C] showed the colloidal stability of 

APZO NHs dispersed in water under ultrasonication for 15 min. and standing one day 

indicating that the 1% APZO NHs was colloidally stable in water medium. 

 

5.3.1.7. NIR Reflectance and NIR Solar Reflectance Properties.  

           NIR reflectance depends on the mean particle size coupled with smaller crystallite 

size. The NIR reflectance spectra of pure ZnO NPs and APZO NHs are given in Figure 

5.9A. Multiplying the (normalized) spectral irradiance of the Sun i(λ) by the spectral 

reflectivity yields the NIR solar reflectance spectrum presented in Figure 5.9B. The NIR 

solar reflectance (R*) of the 0, 1, 2, 5 and 20% APZO NHs are 86.45, 84.50, 89.26, 79.59 

and 90.03%, respectively. Such the high NIR solar reflectance displayed by all the Zn/Si 

hybrids makes them as interesting candidates for use as cool white pigments.  
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Figure 5.9: (A) NIR reflectance of different mol% of APZO NHs; (B) NIR solar 

reflectance spectra of corresponding APZO NHs; (C) reflectance vs. APS concentration 

@ 810 and 1100 nm; (D) NIR solar reflectance vs. the amount of APS in mol%. 

 

5.3.2. APZO NHs Embedded PMMA Nanocomposite Coatings on Cotton fabrics              

                The APZO NHs, when dispersed in PMMA solution obtained by dissolving the 

polymer in toluene medium produced stable organic-inorganic hybrid/polymer colloid. 

As expected, the PMMA could not only physically fix the APZO NHs over the cotton 

surface, but also chemically interact with the cellulose through organo silane capping 

layers.  
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5.3.2.1. XRD Analysis of APZO NHs/PMMA Nanocomposite Coatings on Cotton   

fabrics 

 

  

Figure 5.10: XRD pattern of (a) bare BC, (b) 0% APZO NHs/PMMA/BC-7 coatings, 

and (c) 1% APZO NHs/PMMA/BC-6 coatings. 

 

          Figure 5.10 presents the XRD analysis of the cotton fabrics treated with APZO 

NHs/PMMA colloidal coatings. The bare cotton gives the broad crystalline peak at 2θ 

values between 15-16° and a narrow peak at approximately 23° representing the 

monoclinic cellulose unit cell with planes (101), (10Ī), and (002) respectively, which 

matches with cellulose I structure (JCPDS No. 03-0226) [Athauda et al., 2013]. When the 

cotton fabric is coated with APZO NHs/PMMA, the XRD shows six reflection peaks 

appeared at 2θ values of 31.9°, 34.6°, 36.5°, 47.7°, 56.8°, and 63.1° correspond to the 

planes (100), (002), (101), (102), (110), and (103), which could be indexed to the 

hexagonal wurtzite structure of ZnO. The crystalline structure of nano ZnO is consistent 

with the standard JCPDS card No: 36-1451.  

 

5.3.2.2. ATR-FTIR Spectra of APZO NHs/PMMA Coatings  

           ATR-FTIR spectra in Figure 5.11 further confirm the chemical interaction of 

APZO NHs/PMMA coatings with the cellulosic cotton fabrics. In uncoated cotton fabric, 
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the characteristic bands correspond to the hydroxyl contribution (OH stretching at ~3269 

cm-1) and C-H stretching (~ at 3000-2800 cm-1) and the symmetric and asymmetric 

stretching mode of the cellulose functional group (-CH2-) in the broad wavelength range 

1000-1500 cm-1 are clearly observed. In silane modified ZnO embedded PMMA coated 

fabrics, the absorption bands at wavelengths 1154 and 1733 cm- 1 clearly indicate the Si-

O-Si and C=O symmetrical stretching vibrations strongly confirms the chemical 

hybridization of the APZO NHs/PMMA with the cotton surface [Chung, 2004].  

 

Figure 5.11: ATR-FTIR spectra of (a) bare BC, (b) 0% APZO NHs/PMMA/BC-7 

coating, and (c) 1% APZO NHs/PMMA/BC-7 coating. 

 

5.3.2.3. Microstructures of APZO NHs/PMMA Coatings  

           The SEM images in Figure 5.12 show the microstructures and the surface 

morphologies of the APZO NHs/PMMA coated and uncoated cotton fabrics. The SEM 

image corresponding to bare cotton is presented in Figure 5.12A (a)-(c) at different 

magnifications. The image reveals the web-like network of cellulose fibrils. These woven 

networks are composed of thick cellulose fibril bundles. Each fiber bundle has a 

thickness of about 50 microns in which individual fibril has a width of 5 m. The fiber 

texture, its physical length, and the orientation are clear from the magnified images 

[Figure 5.12A (b), (c)]. Interwoven cotton fabrics have micrometer size voids between 
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the fiber bundles. The fibrous structural framework is also micro-porous. This porous 

material could be easily realized by the penetration of light energy. The air trapped in the 

micro-capillaries of cellulose fibers absorbs the heat energy when they are exposed to 

strong solar heat and build the surface temperature over cotton textiles. A mildly applied 

homogenous coating prepared out of any active nanoscale functional material can 

completely cover the porous cellulose fabrics and probably permit only the light to 

transfer but effectively avoid the energy absorption depending upon its optical properties. 

SEM images in Figure 5.12B (a)-(c) represent the black cotton applied with neat PMMA 

solution. It can be seen that the PMMA adhesion with the cellulosic fabric is firmly 

strong. The methylene bonded carbon functional group in PMMA polymer aid bridging 

with hydroxyl group and chemically adhere to the cotton fabric. At higher 

magnifications, the neat PMMA coatings appear porous. The pore size is in micrometer 

size. The evaporation of solvent molecules resulted in nearly homogeneous porous 

coatings. However, the SEM images explicitly show the PMMA film adhered on 

cellulose surface. The porous nature is seen only above this continuously covered film. 

Figure 5.12C (a)-(c) represents the microstructures of ZnO/PMMA coatings without any 

silane. In the absence of silane, the coatings have rough surface texture. When coatings 

are made with silane modified ZnO NHs/PMMA coatings (Figure 5.12D (a)-(c)), they 

become physically smooth, and in these soft coatings the hybrid particulates are deeply 

penetrated into the inter-fiber voids and dispersed along the continuous layers. The 

coated layers have highly uniform coverage of the cotton fabrics. In both cases, the 

magnified images apparently show the firm sticking of nano size ZnO particles, although 

some of them are micro-aggregates, on to the textile fibrils. One notable feature observed 

from these SEM images are the hierarchical porosity of the multilayered coatings. One 

can have the following advantages in this kind of nanohybrids embedded PMMA 

coatings. First of all, the porous feature of coatings effectively allows the nano ZnO to 

interact with the incident light directly. The PMMA polymer top coat makes the fabric 

hydrophobic in nature. Its porous multilayer architecture resembles the membrane like 

surface that allows the light and promotes the convection air-flow for passive cooling. In 

this work, it is seen that the silane treated ZnO nanohybrids encapsulated in PMMA 

matrix which is embedded in cotton fabrics finally resulted in hydrophobic, photoactive 

top coats. EDX spectroscopy analyzed the chemical composition of the coated surface of 

the fabrics. It confirmed that the hybrid coatings have elemental Zn, O and Si atoms. The 
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SEM microstructures strongly support the effective impregnation of the APZO 

NHs/PMMA colloidal sol through the microcapillaries of the cellulosic cotton fibers. 

Morphological analysis of white cotton fabrics 0% APZO NHs/PMMA/WC and 1% 

APZO NHs/PMMA/WC was shown in the Figure 5.13. The elemental mapping analysis 

of white cotton fabrics 0% APZO NHs/PMMA/WC and 1% APZO NHs/PMMA/WC 

was shown in the Figure 5.14. 

 

Figure 5.12: SEM images showed (A) bare BC, (B) PMMA/BC, (C) 0% APZO 

NHs/PMMA/BC-6 coatings, and (D) 1% APZO NHs/PMMA/BC-6 coatings. The 

different magnifications of the corresponding samples were also shown in (a)-(c). The 

higher magnifications of the corresponding samples with scale bar: A (a) 100 µm, (b) 10 

µm, (c) 10 µm; B (a) 200 µm, (b) 20 µm, (c) 2 µm; C (a) 200 µm, (b) 10 µm, (c) 1 µm; D 

(a) 200 µm, (b)  10 µm, (c) 1 µm. The EDX patterns have reveals the elemental analysis 

of (E) bare BC, (F) 0% APZO NHs/PMMA/BC-6 coatings, and (G) 1% APZO 

NHs/PMMA/BC-6 coatings.  
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 Figure 5.13: SEM images of (A) bare WC, (B) PMMA/WC, (C) 0% APZO 

NHs/PMMA/WC-6 coatings, and (D) 1% APZO NHs/PMMA/WC-6 coatings. The 

higher magnifications of the corresponding samples with scale bar: A (a) 200 µm, (b) 10 

µm, (c) 1 µm; B (a) 200 µm, (b) 10 µm, (c) 1 µm; C (a) 200 µm, (b) 10 µm, (c) 1 µm, (d) 

300 nm; D (a) 200 µm, (b)  10 µm, (c) 1 µm, (d) 300 nm. The EDX patterns and its 

corresponding elemental mapping have reveals the elemental analysis of (E) 0% APZO 

NHs/PMMA/WC-6 coatings, and (F) 1% APZO NHs/PMMA/WC-6 coatings. 

              An insight over the surface smoothness of APZO NHs/PMMA coatings on 

cotton fabrics can be seen from the AFM images were presented in Figure 5.15. In 1 

mol% silane modified ZnO/PMMA coatings, the pore depth seems to decrease roughly 

50%. The pore depth was about 2.7 μm in 0% silane treated ZnO/PMMA coatings. 

However, the pore depth was decreased to 1.4 μm in the presence of silane treated the 

coatings. The controlled rate of evaporation in chemically bridged APZO NHs/PMMA 

colloid is a plausible reason for the evolution of fine pores with restricted overall pore 

width and pore wall thickness that contribute the decreased roughness.  
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Figure 5.14: Elemental mapping have reveals the elemental analysis of (A) 0% APZO 

NHs/PMMA/WC-6 coatings (a) Zn and (b) O; (B) 1% APZO NHs/PMMA/WC-6 

coatings (a) Zn, (b) O, and (c) Si.             

 

Figure 5.15: 3D AFM topographic images of (a) bare black cotton, (b) 0% APZO 

NHs/PMMA/BC-3 coatings, and (c) 1% APZO NHs/PMMA/BC-3 coatings. 

 

5.3.2.4. Weight Gain of Coatings and Water Absorption Ability of Cotton fabrics 

             The amount of APZO NHs/PMMA coated on the cotton fabrics is to determine 

the weight gain of the cotton fabrics was shown in Figure 5.16(a). The percentage weight 

gain of the cotton fabrics was calculated by the equation: 
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 wt coatings% = (wt final – wt before)/wt before ×100                                                               (5.1) 

 

where wt coatings% is the weight gain of coatings, wt final is the final weight of the fabrics 

(dried to zero moisture content) after coatings, wt before is the weight of the fabrics (dried 

to zero moisture content) before coatings. The results confirmed that 1% APZO/PMMA 

coatings show less weight gain compared to its counterpart. The water absorption 

property of untreated cotton, coatings made with APZO NHs/PMMA sol was tested 

against simple ZnO/PMMA and the results are compared in Figure 5.16(b). The 

percentage water absorption was calculated according to the following equation;  

 

w% = (wa-wo)/wo ×100                                                                                                   (5.2) 

 

where w% is the water absorption ability of the fabrics, wa is the mass of the fabric with 

absorbed water and wo is the mass of the dried fabric samples. This test demonstrates the 

layers prepared with hybrid nanoparticles have comparatively better hydrophobicity. The 

degree of hydrophobic nature indirectly indicated the uniform coverage of hybrid films at 

the interface over cellulose capillaries and intervoid-cavities. 

 

 

Figure 5.16: (a) Weight gain of cotton fabrics without moisture absorption after coatings, 

(b) Water absorption ability of 0% and 1% APZO NHs/PMMA/BC samples with respect 

to the number of layers. (BBC= bare black cotton, PBC= neat PMMA coated cotton). 

Inset of Figure (b) shows the photographic image of black cotton fabrics immersed in 

water. 
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5.3.2.5. UV Shielding Effect of Black Cotton Fabrics with APZO NHs/PMMA 

Coatings 

 

Figure 5.17: UV/Vis absorbance spectra with LbL coatings of (a) 0% APZO 

NHs/PMMA/BC and (b) 1% APZO NHs/PMMA/BC (Inset shows the optical absorption 

spectra for photon energy in terms of eV.). 

          UV/Vis absorbance spectra [Figure 5.17] of the APZO NHs/PMMA coated on 

cotton fabrics, via LbL technique, were measured in the wavelength region 200-800 nm 

using the bare cotton fabrics as the reference. The UV absorption analysis shows the bare 

cotton and the neat PMMA coatings are highly transparent to UV rays. The cotton textile 

applied with ZnO dispersed PMMA and silane modified nano ZnO hybrids embedded 

PMMA coatings exhibit absorption of UV radiation at wavelengths 364 and 349 nm, 

respectively as evidenced from the UV absorption spectra provided in Figure 5.17(a) and 

(b). A more UV absorption is seen above 5 layers of hybrid coatings onto the cotton 

fabrics. UV absorption by the multilayer hybrid coatings takes place at the same 

wavelength as that of the dispersion of nano ZnO indicating that the hybrid nanoparticles 

preserve their molecular state even after it is modified with silane organics and embedded 

in the PMMA polymer matrix. The blue-shift of the wavelength at 349 nm evidences the 

effective capping of APS. Inset in Figure 5.17 illustrates the bandgap of the 0% APZO 

NHs/PMMA/BC and 1% APZO NHs/PMMA/BC coatings which was computed as 3.13 

and 3.32 eV, respectively. Apparently, it can be understood that the nano ZnO and APZO 
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NHs embedded PMMA coatings on cotton fabrics can efficiently block the UV and 

produce safe textiles. 

 

5.3.2.6. NIR Reflectance and Total Solar Reflectance (R*) of Coated Cotton Fabrics 

          NIR reflectance of white as well as black color cotton fabrics treated with APZO 

NHs/PMMA sol coatings were shown in Figure 5.18 and Figure 5.19, respectively. 

Overall, the bare as well as light transparent PMMA coated black color cotton surface has 

shown only less than 30% NIR reflectance. At the same time, when compared to black 

color cotton fabrics, the white cotton has about 50% NIR reflectance by virtue of its 

bright surface, though the fabric texture is identical. In both cotton fabrics, the level of 

diffuse NIR reflectance is declined with increasing wavelength region 1500-2500 nm. 

When nano ZnO and silane modified nano ZnO hybrids embedded PMMA coatings were 

applied over the black fabric, the reflectance is increased from the low value of 30% to 

high value of 50%, close to that of white cotton fabrics, without affecting its black 

appearance. It is seen that coating layers strongly enhance NIR reflectance. Higher 

numbers of APZO NHs/PMMA coatings lead to better reflectance because of the 

increased concentration of ZnO nanoparticles embedded in the multilayer coatings. The 

1% APZO NHs/PMMA/BC-3 layers coatings show ~53 and 50% NIR reflectance at high 

heat energy carrying IR wavelengths 810 and 1100 nm, respectively [Figure 5.19C]. The 

same samples show NIR solar reflectance, R* as 48, 49, and 52% for 3, 5, and 7 layers 

coatings respectively [Figure 5.19D]. The weak Rayleigh scattering or strong Mie 

scattering determines the optical properties of a material when solar light energy interacts 

with the matter, depending upon its crystalline arrangement. In cotton fabrics, the 

interaction with the light energy is weak due to its visible opaqueness where a strong Mie 

scattering can be possible. If the matter contains any nanoscale optically transparent 

elements, depending upon the nano-dimensions, the light can be absorbed or transmitted. 

Cotton fabric is composed of parallel-aligned microfibrils and SEM images indicate the 

cellulosic fibre diameter has less than one micron size. This micrometer range of the 

microfibrils is in fact inadequate for the effective reflection of the near IR waves in the 

critical region 800-1100 nm. Moreover, another important criteria for the light-matter 

interaction are the matching refractive index values of the matter. In the cotton fabric 

crystalline domains, the cellulose chains are connected by hydrogen bonds to form a 

highly ordered crystalline structure. The refractive index of cellulose is 1.618 along the 
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fiber and 1.544 in the transverse direction. This value was enhanced when APZO NHs 

embedded PMMA top coat was provided. It is a nanocomposite coating, and the high 

refractive index of active nano ZnO contributes to high reflection of near-IR energy. The 

high refractive index and loosely agglomerated nano aggregates with the particle 

diameter in the range 250-350 nm have a combined effect on the NIR reflectance of the 

APZO NHs/PMMA coatings.  

 

 

Figure 5.18: (A) NIR reflectance of APZO NHs/PMMA treated white cotton fabrics; (B) 

NIR solar reflectance of corresponding samples; (C) reflectance @ 810 and 1100 nm; (D) 

NIR solar reflectance vs. white cotton samples. (a) Bare white cotton fabrics, (b) 

PMMA/WC, (c) 0% APZO NHs/PMMA/WC-7 coatings, (d) 1% APZO 

NHs/PMMA/WC-7 coatings, (e) 2% APZO NHs/PMMA/WC-7 coatings, (f) 2% APZO 

NHs/PMMA/WC-20 coatings. 
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Figure 5.19: (A) NIR reflectance of APZO NHs/PMMA coated black cotton fabrics; (B) 

NIR solar reflectance of corresponding samples; (C) diffuse reflectance @ 810 and 1100 

nm. (D) NIR solar reflectance vs. black cotton samples. (a) Bare BC, (b) PMMA/BC, (c) 

1% APZO NHs/PMMA/BC-3 coatings, (d) 1% APZO NHs/PMMA/BC-5 coatings, (e) 

1% APZO NHs/PMMA/BC-7 coatings. 

          Figure 5.20 depicts the comparative NIR reflectance and NIR solar reflectance 

performances of the white cotton fabrics in comparison with black color counterpart 

prepared with 1% APZO NHs/PMMA coatings having 7 layers. The white cotton fabrics 

showed 63 and 60% NIR reflectance. The corresponding values for black cotton fabrics 

being 60 and 55% at wavelengths of 810 and 1100 nm, respectively [Figure 5.20A]. The 

NIR solar reflectance (R*) of white, as well as black fabrics modified with 1% APZO 

NHs/PMMA/cotton-7 coatings, were evaluated as 58 and 52%, respectively. It can be 

concluded that irrespective of the surface of the cotton textiles, the APZO NHs embedded 

PMMA coatings can enhance the NIR solar reflectance [Figure 5.20B]. Photographic 
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images of uncoated and coated white and black cotton fabrics were also shown in Figure 

5.20C. Showing good flexibility of the cotton textile 1% APZO NHs/PMMA/BC coated 

with 7 layers was shown in Figure 5.21. 

 

Figure 5.20: (A) NIR reflectance of 1% APZO NHs/PMMA coated black and also white 

cotton fabrics @ 810 and 1100 nm; (B) NIR solar reflectance of black and also white 

cotton fabrics treated with 1% APZO NHs/PMMA-7 coatings; (C) Photographic images 

of cotton fabrics. (a) Bare WC, (b) 1% APZO NHs/PMMA/WC-7 coatings, (c) bare BC, 

and (d) 1% APZO NHs/PMMA/BC-7 coatings. 
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Figure 5.21: A photograph of the cotton textile 1% APZO NHs/PMMA/BC coated with 

7 layers.  

 

5.3.2.7. Evaluation of Antifungal Activity  

          Figure 5.22 shows the antifungal property of the cotton textiles coated with APZO 

NHs/PMMA colloid materials. Compared to the bare cotton fabrics, the APZO NHs 

dispersed PMMA matrix coated cotton textiles distinctly exhibit the better zone of 

inhibition to the test fungi species Aspergillus niger and Aspergillus flavus. Cotton 

fabrics are microporous, and their surfaces are hydrophilic. Under any humid 

environments, absorption of moisture favors the growth of fungi. The fungus is in general 

one of the responsible factors for allergic, asthma and cough. The silane modified ZnO 

hybrids embedded PMMA coatings not only introduce the hydrophobicity in cotton 

fabrics for the effective moisture repellence quality but also offer resistance against 

fungal growth, indicating the APZO NHs/PMMA modified cotton textiles perform as 

bio-safe cool textiles. 

Plausible Antimicrobial Mechanism: Previous studies on the antibacterial behavior of 

ZnO NPs confirmed that the morphology and oxidative stress play important roles in the 

antibacterial activity [Sourabh et al., 2014; Krishna et al., 2011]. Due to semiconducting 
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nature of ZnO (band gap 3.2 eV), it acts as photocatalytic material. Superoxide anion 

production due to the photocatalytic reaction is one of the probable reasons for disturbing 

microbial process that kills the microorganisms including bacteria and fungi. The 

combined effects of hydrophobic nature and photo-active property of ZnO, the hybrid 

coatings showed excellent antifungal property [Navale et al., 2015].  

 

Figure 5.22: Antifungal activities of (a) bare white cotton fabrics, (b) 1% APZO 

NHs/PMMA coated white cotton fabrics, (c) bare black cotton fabrics, (d) 1% APZO 

NHs/PMMA coated black cotton fabrics.  

 

 

 

 

(a) (b) (c) (d)

Front view

Aspergillus niger

Front view

Back view

Back view

Aspergillus flavus
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5.4. CONCLUSIONS 

            In summary, a novel chemically reactive, multifunctional hybrids/polymer 

nanocoatings were designed with silane treated ZnO/PMMA which is validated on the 

black color cotton fabrics. The nanohybrid/polymer top-coats offer beneficial properties 

such as UV absorption, enhanced NIR reflectance, hydrophobicity and antifungal 

property. Co-precipitation synthesis of ZnO in the presence of in situ organosilanes 

resulted in nano ZnO hybrid with particle size in the range 220-350 nm. The formation of 

silanol functional groups on the surface of nano ZnO produced positively charged 

surfaces that chemically react with hydroxyl groups present in the cellulosic building 

blocks that promote firm physico-chemical adhesion of nano ZnO over the cellulosic 

fibrils through chemical cross-linking. A multilayer porous hybrid coatings consisting of 

APZO NHs/PMMA colloids and the hybrid sol is dip-coated on the cotton surface. The 

hybrid top coats enhanced the NIR reflectance of bare black cotton fabric from 30 to 63% 

when the coating layer was applied 7 times and inherent flexibility. The hybrid coating 

also makes the textile prone to water absorption and better resistance against fungal 

growth. Upon coated with silane treated ZnO embedded PMMA hybrids, the black cotton 

fabric finally attained NIR reflectance close to that of the white cotton textiles. 
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SUMMARY  

 

 

             ZnO is undoubtedly a versatile functional material where it has a proven record 

as a promising antibacterial/antifungal ingredients in paints and functional coatings. 

When it compared with the TiO2, one of the other unique candidate materials extensively 

recommended for functional coatings. ZnO is, in fact, stand closely to TiO2 in terms of 

the IR reflectance and UV shielding properties. For any practical use, mostly TiO2 is 

preferred. However, the coating industries are serious to find alternate to TiO2 because of 

its high price. In this context, ZnO can be one of the alternatives because, in the broad 

sense, ZnO can be easily synthesized in its nanocrystalline nature via simple precipitation 

technique in presence of normal surfactants. Even though ZnO is easily obtained in nano-

form by simple chemical technique, it is essential to identify what grade of nano ZnO is 

more useful for any kind of functional coatings. Textiles and glass industries are 

expecting functional coatings that can have good transparency and multiple benefits 

ranging from hydrophobic to corrosion resistant. In this regard, factors like morphology, 

particle size, coating thickness, photoluminescence etc are important. In broad sense, this 

thesis work is carried to bring out the beneficial properties of ZnO when they are used as 

active fillers in any polymer substrates. Thrust is given on solar heat control top coats in 

which two components are usually required; a polymer matrix and an active ingredient. 

Nano ZnO as active filler, highly favored to improve the IR reflectance as well as UV 

shielding property of polymer matrix coatings. The present thesis work is revolving 

around this aspect to find out what kind of nano ZnO is important for having effective IR 

reflectance without compromising on UV shielding.  

             In summary, the present thesis deals with the ZnO embedded PMMA 

nanocomposite coatings and films for UV/IR shielding solar thermal control surfaces 

which find applications as cool-coatings on industrial products like polymers, glass 

panels, and textiles. 
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Chapter 1 

            The first chapter encompassed introduction about nanomaterials and its functional 

nanocomposites and coatings. A brief description about IR reflective nanomaterials is 

covered. A list of nanomaterials preferred for solar heat control coatings is also 

mentioned. Solar heat controlling mechanism and factors deciding the IR reflectance is 

explained with literature evidence. Since ZnO and PMMA are selected for this study, the 

salient features of these study materials are also described. A brief review of ZnO, its 

synthesis, properties, and applications were cited. Research problems and outline of the 

thesis was clearly defined at the end of the chapter.  

 

Chapter 2 

           NIR reflectance property of ZnO dispersed PMMA polymer nanocomposite films 

is studied and presented in this working chapter. Nano ZnO particles were successfully 

synthesized via microwave and reflux techniques with various capping agents. ZnO 

morphologies, average physical size, and IR reflectance, UV shielding features of ZnO 

are ascertained through different characterization techniques. Nano ZnO embedded 

PMMA film shows enhanced reflectance compared to neat PMMA. Apart from 

PMMA/ZnO films, the PU/PMMA/ZnO nanocomposite film was also fabricated and 

examined for IR reflectance. More than 50% IR reflectance was seen even with 0.1 wt% 

addition of nano ZnO. The ZnO/polymer composite films can be explored as interface 

layers/films and membranes in glass and polymer type sandwich panels for the effective 

solar thermal controlled indoors of buildings.  

 

Chapter 3 

           In this chapter, Al-doped ZnO nanoparticles was prepared and dispersed in 

PMMA matrix for fabricating multifunctional nanocomposite coatings. It was found that 

the Al doped coatings deliver excellent UV absorption in the most harmful region of UV 

radiation and enhanced the NIR reflectance. The UV active photodegradation of MB dye 

confirmed the self-cleaning activity of the coatings. Interestingly, AZO/PMMA coating 

showed significant surface temperature cut-off up to 8oC even when the coating is made 

with 7 layers. The AZO/PMMA coating also showed anti-icing property. 
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Chapter 4 

           In this chapter, Sn and Ag doped ZnO quantum dots [ZQDs] were synthesized via 

microwave-reflux assisted sol-gel synthesis. The doped ZnO quantum dots were 

confirmed by XRD, DLS, Raman, UV, PL, and FTIR analysis. In situ polymerization 

was carried out for obtaining ZQDs embedded PMMA coatings. Doped ZQDs/PMMA 

coatings showed UV shielding and luminescence property. AFM and SEM analysis 

confirmed the surface homogeneity and coating thickness. Ag doped coating shows 

higher reflectance. The LaPO4 modified Sn doped ZQDs/PMMA coatings enhanced the 

reflectance compared to undoped sample. A better photochromic and luminescence 

behavior was observed in Spiropyran added doped ZQDs/PMMA coatings. 

 

Chapter 5 

           In this working chapter, use of IR reflective ZnO was explored to design cool-

textiles. Chemically reactive, multifunctional ZnO hybrid/polymer nanocoatings were 

made with silane treated ZnO/PMMA which was further coated on black color cotton 

fabrics and subsequently validated for cool-textiles. The nanohybrid/polymer coatings 

offered beneficial properties such as UV absorption, enhanced NIR reflectance, 

hydrophobicity, and antifungal property. 
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