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Abstract 

This PhD thesis reports a study on achieving visible light transparency for dispersed 

particle systems that consist of micro-sized porous ZnO particles dispersed in a 

continuous transparent medium, with the aim for their application as UV light absorbing 

products. The scientific argument of the thesis may be abstracted as following. For UV 

protection, adequate UV absorbing dispersant particle loading in the system is required. 

For aesthetic reasons the product is required to be transparent. Whereas visible light 

transparency of dispersed particle systems can be achieved by using nano-sized 

dispersants, nano-sized dispersants cause health and safety concerns as skin-contact 

products. The aims of this study are: 

 To establish the theoretical background for visible light transparency of 

dispersed particle systems with large particle dispersants; 

 To design and to synthesize porous ZnO micro-particles as suitable dispersant in 

transparent dispersed particle systems; 

 To characterize the visible light transparency and UV absorbing characteristics 

of prototype systems as validation of the theory and the materials created.  

The achievement of these aims has the potential to provide a formulation for transparent 

sunscreen products to meet health and safety requirement as well as the aesthetics and 

UV protection requirements by the sunscreen market, and other potential applications 

requiring UV protection and high visible light transparency. The specific outcomes of 

this study are summarized as following: 

(1) Visible light transparency of dispersed particle systems containing large particles 

The fundamental theories of materials transparency and particle scattering were studied, 

and the theoretical background of achieving visible light transparency in dispersed 

particle systems containing large-particle dispersant is established. The main 

discoveries are: (i) In a dispersed particle system where the particles and the medium 

are non-absorbers of visible light, particle scattering is the main reason of low 

transparency of the system; (ii) Light scattering of dispersed particle systems is 

influenced by the ratio of refractive index of the particles to that of the medium; (iii) 

The visible light transmittance of a dispersed particle system can be enhanced by 

making the refractive index ratio between the dispersant and the medium close to unity 
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to reduce scattering;  (iv) refractive index of a dispersant particle can be reduced by 

forming a porous structure impregnated with the medium. 

(2) Chemical synthesis of porous ZnO microparticles in Zn2+ aqueous solutions  

Chemical synthesis of porous ZnO microparticles in aqueous solutions was investigated. 

The process involves solvation of Zn2+ ions in aqueous solution and olation or oxolation 

condensation reactions. The solvation of Zn2+ ions is dictated by pH level, thus 

[OH−]/[Zn2+] ratio can be used to control the formation of either zinc complex 

hydroxides (ZCHs) or ZnO products. In the solution where the concentration of Zn2+ 

ions is 0.1 M, ZCHs form when [OH−]/[Zn2+] < 1.6 and ZnO forms when [OH−]/[Zn2+] > 

2. 

The growth of ZnO single crystals formed in aqueous solutions is dictated by the 

coordination number for arriving atoms on specific crystallographic planes of ZnO, e.g., 

(0001) plane has the highest coordination number, followed by (1010) plane and (1120) 

plane. The planes with high coordination number are encouraged to grow more rapidly 

in their normal directions. In this regard processing parameters have limited influence 

on ZnO crystal morphology, and the desired porous ZnO particle morphologies can only 

be obtained through calcination of ZCHs. 

Three ZCHs were synthesized via solution chemistry method in aqueous solutions, 

including Zn5Cl2(OH)8·2H2O, Zn5Ac2(OH)8·H2O and Zn4CO3(OH)6·H2O, which were 

used as precursors for creation of porous ZnO particles by calcination. The main 

findings include the following. (i) Calcination heat treatment causes decomposition of 

the three ZCHs; (ii) Thermal decomposition of Zn5Cl2(OH)8·2H2O causes the collapse 

of the sheet-like microstructure, thus no porous ZnO particles can form; (iii) 

Zn5Ac2(OH)8·H2O has spherical morphology constructed of thin sheet-like particles and 

Zn4CO3(OH)6·H2O are in thin ribbon-like particles. Calcination of Zn5Ac2(OH)8·H2O 

and Zn4CO3(OH)6·H2O produces porous ZnO particles. The shapes of the original 

Zn4CO3(OH)6·H2O and Zn5Ac2(OH)8·H2O particles are retained after thermal 

decomposition. 

(3) Transparency evaluation of dispersed porous ZnO particle systems 

Transparency of dispersed porous ZnO particle systems with different ZnO particle 

structures was evaluated for UV-Vis light transmittance. The main findings include the 

following. (i) For dispersed ZnO particle systems with ZnO particles of different 



	 	iii	
 

microstructure, the measured visible light transmittance can be compared with the 

particle loading that achieves zero UV transmittance; (ii) For non-porous particle 

systems, visible light transmittance decreases with increasing particle size; (iii) Systems 

containing ribbon shape porous ZnO particles of ~ 20% open porosity achieved ~ 63% 

visible light transmittance and close to zero UV transmittance, compared to ~ 52% and 

~ 27% visible light transmittance reached by systems containing rice grain shape ZnO 

particle and spherical porous ZnO particles, respectively.    
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Chapter 1  

Introduction 

 

This study is motivated by the need to develop visible light transparent UV protection 

sunscreens. The scientific argument concerned is visible light transparency of dispersed 

particle systems containing large dispersant particles. Such discussion is relevant to 

many other dispersed particle systems such as cosmetic products, colloidal systems and 

atmosphere.  

1.1 UV protection and sunscreens  

1.1.1 UV radiation and health concerns 

The planet Earth is lit by natural light from the Sun. When arriving on the surface of the 

planet, sunlight contains a continuous spectrum of electromagnetic radiation of various 

wavelengths ranging mainly from 250 to 2500 nm, as depicted in Figure 1.1 (a). Largely 

based on the reception to human eyes, this spectrum has been conventionally divided 

into several bands including the infrared (IR), the visible, and the ultraviolet (UV) lights 

from long to short wavelengths, as depicted in Figure 1.1 (b). The IR and UV radiations 

are invisible to human eyes, thus are “colourless” (the colours depicted in Figure 1.1 (b) 

for IR and UV are imaginary in a practical context or “instrumental” in a scientific 

context). The IR and the visible lights are harmless to human beings. The UV radiations 

can be both beneficial and harmful to living organisms, including humans [1]. 

An important beneficial effect of the UV radiation is that it triggers photosynthesis of 

vitamin D3 from its precursor 7-dehydrocholesterol, which is contained in the skin cells 

of human beings [2, 3]. Vitamin D3 circulating in the bloodstream may transform to 

1,25 dihydroxy vitamin D3 in the liver, and subsequently accumulate in the cell nuclei 

of the intestine, where it enhances calcium and phosphorus absorption by the human 
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body. Calcium and phosphorus can prevent children from suffering rickets, and improve 

the mineral content and bone density for elderly people to maintain bone health [4].  

 

 

Figure 1.1 The composition of sunlight: (a) continuous sunlight spectrum from 250 nm 
to 2500 nm [5]; (b) schematic of division of IR, the visible and UV light and their 

corresponding wavelength [6].  

However, long-time exposure to the UV radiation is dangerous. The wavelength of the 

UV light is in the range of 400 − 100 nm, consisting UVA (λ = 400 − 320 nm), UVB (λ 

= 320 − 290 nm) and UVC (λ = 290 − 100 nm). Compared to the visible light, the UV 

radiation possesses shorter wavelength and higher photonic energy in the range of 

3.1~12.4 eV. Such high photonic energy can initiate photochemical reactions and 

trigger gene mutations [7]. As Figure 1.2 illustrates, UVA can penetrate human skin to 

reach as deep as dermis due to its relatively longer wavelength and damage DNA 

molecules in the basal layer of epidermis such as basal cells, melanocyte and squamous 

cells, causing basal cell carcinoma, melanoma, squamous cell carcinoma, and premature 

(a)

(b)
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aging [4, 8]. UVB usually reaches the bottom of epidermis and causes melanoma, 

squamous cell carcinoma, sunburn, and accelerates aging of the epidermis [9-11]. UVC 

is the most deadly radiation since it possesses the highest photonic energy, but thanks to 

the atmosphere of this planet, UVC is absorbed before reaching us. Among the three 

main types of skin cancers, according to the data released from Cancer Council 

Australia [12], between 90 % and 95 % of basal cell carcinoma and squamous cell 

carcinoma incidence in Australia are caused by long-time exposure to UV radiation 

from the Sun. Over the past decades, the incidence of skin cancer has risen in Australia. 

Melanoma diagnoses increased by ~ 60 % from 1982 to 2012, and non-melanoma skin 

cancer increased by 14 % from 1998 to 2007 [13]. It is thus important to protect the skin 

from UV radiation, and using effective sunscreen products is an essential way to do so 

in the life style of Australia. 

1.1.2 Sunscreens 

Sunscreens are consumer products for the purpose of UV protection (UV blocking by 

reflection or absorption by sunscreen) for skins. They are usually in paste form 

consisting of an aqua-organic base and an active UV blocking ingredient. The various 

paste sunscreen products in the market can be approximately classified into two 

categories, based on their physical forms. One is the homogeneous type, in which the 

UV absorbing ingredients dissolve uniformly in the base forming a homogeneous 

system. The most common functional ingredients in this type sunscreen are organic 

aromatic compounds conjugated with a carbonyl group, such as para aminobenzoic acid 

(PABA), salicylates, Octyl methoxycinnamate, 4-Methylbenzylidene camphor, 

cinnamates and its derivatives. Since these chemical compounds and the aqua-organic 

base (e.g. the mixed medium of water and glycerine) are transparent to visible light, the 

homogeneous sunscreens are usually transparent when such products are applied on the 

human skin.  

The other is the heterogeneous type, in which the active UV absorbing ingredients 

present as insoluble inclusions, often solid particles, in the base medium. The most 

common ingredients are TiO2 and ZnO particulate materials. In typical sunscreen 

product formulations, the contents of TiO2 or ZnO are 6 – 10 wt %, and the sunscreens 

are often formulated as thick paste to provide adequate physical coverage when applied 

to the human skin. Due to diffused reflection (scattering) of visible light by the TiO2 and 
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ZnO particles, the heterogeneous sunscreen products are mostly opaque and 

cosmetically unappealing. 

Figure 1.2 Illustration of skin structure of human and the depth of UVA and UVB 
penetration [14].  

Figure 1.3 demonstrates the appearance comparison when homogeneous and 

heterogeneous sunscreens are applied respectively on human skin. Figure 1.3 (a) 

represents the skin applying homogeneous sunscreen product (Biore Aqua Rich 1 ) 

containing the methoxy cinnamate as the UV absorber [15]. Figure 1.3 (b) shows the 

visual effect of skin applying  heterogeneous sunscreen products (KOBO2) containing 

TiO2 as UV absorber [16]. This image also demonstrates that when the particle size of 

the TiO2 UV absorber in the sunscreen product is reduced to below a critical value, the 

sunscreen becomes transparent to visible light. Under this condition, the TiO2 

nanoparticles function effectively as UV absorbers in the sunscreen. Figure 1.3 (c) 

shows a surf rescuer wearing a ZnO heterogeneous sunscreen product on the left and a 

                                                 
1 Biore is one of the skin care products produced by Kao, which is a leading global manufacturer of premium 
beauty care brands that are recognized around the world for their innovation and quality. 
2 Since 1987 Kobo has provided innovative, technology-based raw materials to the cosmetic industry. 

UVAUVB
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transparent sunscreen product containing ZnO nanoparticles as the UV blocking 

ingredient (ZnClear) on the right [13].  

Figure 1.3 Comparison of different sunscreen products on the market. (a) A 
homogeneous sunscreen product (Biore Aqua Rich) [15], (b) heterogeneous sunscreen 
products containing TiO2 particles of various particle sizes [16], and (c) comparison of 

sunscreen products containing large (left face) and nano (right face) ZnO particles as the 
UV blocking ingredients [13]. 

These two types of sunscreens also have different working mechanisms for UV 

blockage. The homogeneous type works on the principle of UV absorption by the active 

UV absorbing ingredients dissolved in the medium [17, 18]. In aromatic compounds-

conjugated molecules, there are energy gaps between electrons in the highest occupied 

molecular orbitals (HOMO) and the lowest unoccupied molecular orbitals (LUMO). 

The high photon energy of UV radiation may excite electrons from HOMO to LUMO, 

thus consuming, or absorbing, UV photon energy [19]. For example, the Para-

aminobenzoic acid (PABA) molecule has an electron-releasing group (−NR2) and an 

electron-accepting group (−COOR), as depicted in Figure 1.4. When this molecule is 

irradiated by UV light, a photonic energy of 4.3 eV (corresponding to a UV of 

wavelength of 290 nm) will be absorbed by the transition of an electron from −NR2 to –

COOR.  

(a)

(b)

(c)
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Figure 1.4 Electronic HOMO/LUMO transition in PABA molecule [19]. 

The heterogeneous type of sunscreens works on the principle of both diffused UV 

reflection (scattering) and UV absorption by the key ingredients such as TiO2 and ZnO. 

In fact, the application history of TiO2 and ZnO as sunscreens can be traced back to 

ancient Rome era. These inorganic compounds were used as physical barriers in the 

form of painting on the skin to protect skin from sunburn. It is in this context, the 

blocking effect of reflection of UV light by TiO2 and ZnO was recognized and praised. 

On the other hand, it is well understood today that TiO2 and ZnO are also intrinsically 

perfect UV absorbers. Due to their wide band gap energies, they can provide wide UV 

absorbing spectrum range, covering all UVB spectrum and most of UVA spectrum up 

to ~ 385 nm.   

Sunscreens are generally rated using two different indices in terms of the protection 

level to human skin, i.e., sun protection factor (SPF) and broad spectrum UV absorption 

rating (which describes the effective spectrum range of UV absorption). Most of us are 

familiar with the SPF ratings, which can range from 2 to 50. SPF rating refers to the 

sunscreens’ effective duration to absorb UV radiation, meaning the time that a person 

needs to be exposed to UVB (320 − 290 nm) radiation to be sunburnt, relative to 

without the protection. For example, SPF2 means that with the application of the 

sunscreen it takes twice as much of time to get sunburnt as when exposed to the same 

irradiation without sunscreen. Correspondingly, SPF50 protects the human skin 50 

times longer than when without sunscreen protection. Thus the higher SPF means the 

longer duration to protect the skin. In this regard, it is clear that although the 

effectiveness of a sunscreen is essentially determined by the type and loading of the 

effective UV blocking ingredients in the cream base, the consumer product is rated on 

its effect, or symptoms, observed on human skin.       

However, SPF can only be used to assess the protection from UVB radiation. UVA can 

reach to deeper layer of human skin, and its damage in the basal epidermis or dermis is 

not as apparent and instant as sunburn caused by UVB. Thus, UVA protection cannot be 

assessed relying on symptoms of reddening or erythema as assessed by SPF. Therefore, 
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in addition to the SPF rating, it is necessary to have the ‘broad spectrum UV absorption’ 

rating to guarantee both harmful UVA and UVB are absorbed.  

When examining the sunscreens in the market, we found that most of the homogeneous 

sunscreens are not the ideal products in terms of skin protection. Firstly, the majority of 

such type sunscreens only absorb the UVB radiation, thus offer little protection against 

the UVA radiation. Secondly, the aromatic compounds in chemical absorption 

sunscreens absorb the harmful UVB (320−290 nm) radiation, resulting in relocation of 

excited electron in the molecule and emit lower energy radiation. This emission may 

have harmful secondary effects depending on the wavelength. Specifically, if the 

wavelength of the emission is sufficiently long, thus lies in the range of infrared (> 780 

nm), then the skin will feel mildly heated. If the wavelength of the emission lies in the 

visible light region, it may produce some ‘colouring’ effect on the skin. This is common 

in the imidazoline based sunscreens for which a slight bluish haze may be seen on the 

skin. In the extreme cases, however, the emitted radiation is still sufficiently energetic 

and falls in the longer wavelength UVA (400 − 320 nm) region [17], thus still has 

enough energy to damage  human skin. For TiO2 and ZnO, they are also able to emit 

radiation when absorbing UV light. However, the emission is caused by the 

recombination of excited electrons and electron holes. Considerable concentrations of 

the electrons and holes are essential prerequisite to enable the occurrence of sufficient 

emission. For TiO2 and ZnO particles used in sunscreen industry, they are neither well 

doped nor regulated single crystals for photoluminescence purpose, thus the 

concentration of the electron and holes is low. In turn, the excited electrons will be 

largely conducted rather than recombined and emit secondary radiation.  

With these concerns, the heterogeneous sunscreens based on TiO2 and ZnO 

formulations are increasingly recommended as preferred products for UV protection. In 

fact, TiO2 and ZnO can effectively absorb both UVA and UVB. TiO2 and ZnO 

sunscreens are what we call the broad spectrum UV absorption products.  

1.2 Issues of heterogeneous sunscreen products 

The main issue of TiO2 and ZnO based heterogeneous sunscreens as consumer products 

is the unappealing aesthetics due to the thick and opaque whitening appearance when 

applied to human skin (Figure 1.3). Consequently, consumers are less inclined to use 

the products even though they offer better UV light protection. 
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A significant amount of work has been done to improve the aesthetics of TiO2 and ZnO 

sunscreens. With the development of nanotechnology in recent years, sunscreen 

manufacturers have started using nano-particulate TiO2 or ZnO to gain lower viscosity 

of the sunscreen formulation and better visible light transparency, as shown in Figure 

1.3 (b). For sunscreens containing large TiO2 or ZnO particles, when the incident light 

encounters a particle, there occur three fundamental interactions between the light and 

the particle: reflection, absorption, and transmission. Since TiO2 and ZnO are not visible 

light absorbers, the visible light encountering TiO2 and ZnO particles is reflected or 

transmitted. The whitening appearance of the TiO2 or ZnO based sunscreens is the 

result of the diffused reflection of the incident light (reflective scattering) by the many 

tiny TiO2 or ZnO particles. According to classical particle scattering theories, the 

scattering intensity decreases with reducing particle size [20, 21]. When the particle size 

is reduced to 15 nm or 10 nm (Figure 1.3 (b)), the intensity of scattering becomes too 

low to be sensed by human eyes. In addition, the transmitted light through the particles 

reflected by human skin is enhanced. Thus higher transparency of the sunscreen 

products is achieved when nano-scale TiO2 and ZnO particles are used. 

In the past decades, the nano-particulate TiO2 or ZnO contained sunscreens have 

become widely available in the market in Australia. The statistics shows that in 2005, of 

the 1200 sunscreen products approved by the Australian Therapeutic Goods 

Administration (TGA), 363 contain TiO2, 228 contain ZnO and 73 contain both. Of 

these, 70 % of TiO2 and 30 % of ZnO sunscreens sold in Australia use nano-particulate 

form [22]. However, with the public debate on nano-safety, concerns of potential risks 

of using nano-particulate products on human skins have also been highlighted [23-25].  

Among all, most of the debates are pointed at the potential toxicity of TiO2 

nanoparticles. TiO2 is well known for its photocatalytic property. The photocatalytic 

activity of TiO2 can be significantly enhanced when it is reduced to nano-scale as a 

result of much increased surface area. Consequently, when nano-sized TiO2 particles are 

in contact with human skin, there is the risk that the UV radiation induced 

photocatalytic activity may generate free radicals that attack and damage the skin 

Deoxyribonucleic acid (DNA) [26-28].   

Nano-sized ZnO has also suffered the critical debate for the percutaneous absorption of 

Zn2+ ions. Zn2+ is ubiquitous in human body and Zn2+ binding proteins form the largest 

class of proteins of human body, being present in all organs, tissues and fluids.  Nearly 
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half of these proteins play functions of gene code transcription in the human genome 

and proteome. The physiological level of Zn2+ is thus critical for gene code transcription 

and normal gene expression [29]. The Zn2+ ion concentration is generally found only in 

the level of picomolar range [30]. The excess of Zn2+ could cause disruption of 

intracellular Zn2+ homeostasis and abnormal gene expression. Nano-sized ZnO particle 

contained sunscreen is one of the sources of excess Zn2+. The pH level of human skin 

ranges from 4.0 to 5.5. When a sunscreen is applied on human skin, a proportion of the 

ZnO particles will dissolve in such acidic environment and release Zn2+ ions.  

Consequently, Zn2+ may penetrate through the epidermis and be adsorbed by the cells of 

human body [31]. It has been reported that nano-sized ZnO particles dissolve more 

rapidly and releases Zn2+ twice more than its micron-sized counterparts at the same pH 

levels [32]. Thus, the application of sunscreens containing nano-sized ZnO particles is 

believed to increase the potential risks of excessive Zn2+ intake through the skin.  

Responding to these serious concerns, authorities such as the Scientific Committee on 

Consumer Safety (SCCS) of the European Commission and scientific research bodies 

such as Commonwealth Scientific and Industrial Research Organization (CSIRO) have 

engaged in investigations on safety of cosmetics containing nanomaterial ingredients. 

According to an investigation report published by SCCS, due to the shortage of relevant 

studies and credible in vivo experimental evidences, the investigation did not present 

results of risks assessment for the sunscreens containing nano-sized TiO2 and ZnO 

particles [33, 34].  

However, with the constant reminder of asbestos-related diseases discovered only 

several decades later after the industrial scale utilization of asbestos, the concern of 

unknown potential and long-term risks of using nano-particulate products on human 

beings is very real. Due to this concern, the best option is to avoid using nano-

particulate products, at least before a clear verdict on their effects is reached. As a result 

of this, there is a call to revert back to the conventional formulations of using sub-

micron or micron-sized TiO2 and ZnO as effective ingredients of sunscreens. With this, 

a challenge is how to achieve visible light transparency for the sunscreens with these 

sub-micron or micron-sized particles.  

A heterogeneous sunscreen product can be considered as a dispersed particle system, 

i.e., the system contains functional particulate ingredients uniformly dispersed in a 

continuous medium. There are many other consumer products or engineering systems 
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that exhibit similar characteristics or requiring similar functions. In this regard, 

developing dispersed (large) particle systems of high visible light transparency (or 

invisible large particles) not only has direct promise for application in sunscreens, but 

also has the potential to prompt other applications or products of dispersed particle 

systems.   

There are various dispersed particle systems in engineering applications, in medicine 

and in consumer goods. Generally, there are six common forms of combination of the 

medium and the dispersant, as shown in Figure 1.5. For example, paints are dispersed 

particle systems with solid pigment particles and liquid medium. Milk is colloidal 

dispersed particle system with liquid fat as the dispersant and water as the medium. In 

some industries, dispersed particle systems play significant roles. For example, an 

aerated liquid is a typical dispersed particle system with dispersed gaseous particles 

(bubbles). Such systems are widely applied for water ozonation in water treatment 

industry [35], mass transfer of gas/liquid systems in oil & gas industry [36], and metal 

purification in metallurgy industry [37]. Aluminium foam, which can be considered a 

dispersed gaseous particle system with solid Aluminium medium, is an important 

material for soundproof panel fabrication [38].  

 

Figure 1.5 Dispersed particle systems with different combinations of the medium and 
the dispersant.  
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The applications of dispersed particle systems are too many to name. To achieve visible 

light transparency for dispersed particle systems may establish a theoretical foundation 

and platform so as to trigger the development of potential applications of transparent 

dispersed particle systems, including transparent UV absorbing paints, transparent 

photocatalytic system, transparent soundproof panels, to name a few.  

1.3 Objectives of research 

It is with the above backdrop, this thesis work was set with the aim to study the science 

and to develop the technology of dispersed sub-micron and micron-sized ZnO particle 

systems that are transparent to visible light, so as to create a sunscreen formulation that 

meets both the required functionality of UV absorption and the aesthetic requirement of 

visible light transparency. The main scientific questions to be answered and the 

technical challenges to be resolved include: 

(1) ZnO is a non-absorber to visible light. Considerable scattering by ZnO particles 

that can be seen by human eyes is the reason that a dispersed sub-micron or 

micron scale ZnO particle system presents whitening and opaque appearance. To 

reduce the scattering to an undetectable level by human eyes is the way to achieve 

transparency for the system. However, light scattering by a particle is highly 

relevant to the particle size  and the challenge is to reduce visible light scattering 

by larger ZnO particles.   

(2) Limited by ZnO particle size restriction for consumer safety consideration, a 

remaining approach is to achieve visible light transparency through modifying the 

microstructure of a ZnO particle. Due to the lack of understanding on the effect of 

microstructure of ZnO particle on visible light transparency, to identify the 

relevance and the influence of the microstructural features of ZnO particles on 

light scattering is necessary. These features may include the dimension and the 

shape of building units if the microstructure is assembled, the pore size and the 

porosity of the microstructure. 

(3) To synthesize ZnO particles with proper microstructure features is challenging. 

Solution chemistry method is widely used for synthesis of various particulate 

materials. However, there is lack of knowledge of the intrinsic factors that 

determine the type and morphology of zinc-based products in aqueous solutions. 

In order to synthesize ZnO particles of the designed microstructures, these factors 

and their influences need to be characterised.     



	 	12	
 

(4) With the synthesized particles, to evaluate the visible light transparency relies on 

the measurement of UV-Vis transmittance. The measurement is largely system 

dependent, due to the difference of particle loading, particle dimension, and 

microstructure of particles. To assure that the measurement results are comparable 

among the various samples of different dispersed ZnO particles, careful 

procedures and techniques need to be established.    

1.4 Thesis organization 

The thesis consists of five chapters as highlighted in the following: 

Chapter 1. Introduction 

Chapter 1 has provided a brief overview of the application situation of sunscreen 

products as the backdrop for this study. This chapter elucidates the hazard and harm of 

UV radiation to human skin. For this reason, the necessity of UV protection for human 

skin and the significance of sunscreen products are also explained in this chapter. Due 

to the public anxiety for the safety of the sunscreen products containing nano-sized UV 

absorbers, and the public demand for the sunscreen formulation with the aesthetic 

appearance, this chapter sets up the task to develop transparent dispersed sub-micron or 

micron-sized ZnO particle systems.  

Chapter 2. Interaction of light with materials and design of transparent dispersed 

porous ZnO particle system 

Chapter 2 presents the underlying principles of light scattering by dispersed particles in 

fundamental physics theories to elucidate reasons of non-transparency of dispersed 

particle systems. The chapter then conducts theoretical analysis based on particle 

scattering theories to establish the hypothesis for transparent dispersed porous particle 

systems. On the basis of this hypothesis, the chapter discusses the design of transparent 

dispersed porous ZnO particle systems and approaches to improving the transparency of 

this system, and presents the design of porous microstructure for sub-micron or micron-

sized ZnO particles.   

Chapter 3. Investigation of ZnO synthesis in aqueous solution 

Chapter 3 presents the investigation on the synthesis approach of porous ZnO 

particulate materials in aqueous solution environment, from the perspective of chemical 

reactions occurring in aqueous solutions and morphology formation of the produced 
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ZnO particles. Through the investigation, this chapter reveals the intrinsic factors that 

control the formation of relevant zinc products and ZnO particles. The chapter then 

presents experimental studies on the synthesis of porous ZnO submicron and micron-

sized particles via hydrochemical synthesis. 

Chapter 4. Evaluation of visible light transparency of dispersed porous ZnO particle 

systems 

Chapter 4 evaluates the visible light transparency of dispersed porous particle systems 

with synthesized ZnO particles of different micro-morphologies, through measuring the 

UV-Vis light transmittance for different systems. This work provides experimental 

evidence to enable optimization of the micromorphology of porous ZnO particles for 

better visible light transparency of the system. In addition, this chapter establishes a 

method for UV-Vis light transmittance measurement to determine the level of particle 

loading in the system and the uniformity of the particle dispersion. The method also 

eliminates the effect of different ZnO particle microstructures on the measurement, thus 

enables the measurement to be compared among different dispersed systems. 

Chapter 5. Conclusions 

This final chapter presents a summary of the main findings and contributions of this 

thesis work to the science and technology of visible light transparency of dispersed 

particle systems. 
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Chapter 2 

Design of Transparent Dispersed Porous 

ZnO Particle Systems 

 

2.1 The concept of material transparency 

In order to achieve transparency for a certain material, it is necessary to clarify the 

concept of transparency. Light transparency refers to the ability of a medium, being in 

solid, liquid or gaseous form, to allow passage of light though its body, so an object on 

one side can be ‘seen’ on the other, as schematically illustrated in Figure 2.1.  

 

Figure 2.1 A simple model of transparency and transparent material.  

The light that passes (transmits) through may be visible light or invisible light, for 

example the terms of ‘x-ray transparent’ or ‘IR transparent’. For visible light 

transparency, the transparency may also be considered as being ‘white transparency’, 

which transmits indiscriminately all lights in the visible light spectrum range, or 

‘wavelength selective transparency’, which transmits only a certain sub-range of 

I
incident

 

I
transmitted
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wavelengths within the visible light spectrum. Figure 2.2 (a) and (b) show typical 

examples of a ‘white transparent’ material and a product of ‘wavelength selective 

transparent’ materials. In addition to wavelength selectivity of transparency, a 

transparent material may also be rated on the basis of the level of transparency, i.e., the 

ratio of the intensity of the transmitted light to that of the incident light. Figure 2.2 (c) 

shows an example of glass tinting to reduce the level of window transparency to 

sunlight for consumer comfort and building energy conservation.  

Figure 2.2 Typical examples of (a) white transparency (a transparent collar cell) [39], 
(b) selective light transparency (a stained glass vase) [40], (c) window glass tinting to 

reduce the level of transparency [41]. 

In fact, the transparency of a certain material is the result of the interaction of the light 

with the material. Specifically, when a light strikes on the surface of a matter, it 

interacts in three ways: reflection, absorption and transmission. The ratios of the amount 

(power, intensity) of light reflected and transmitted to that of the incident light are 

referred to as the reflectance and transmittance, respectively. Considering the above, it 

(a)

(c) 

(b)

5% 15% 20% 30% 35% 45% No 
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is apparent that reflection and absorption are the ‘consumers’ of the incident light to 

reduce transmittance, thus should be minimized for materials of high transparency.   

Examples of good reflectors of light are metals. Metals are poor medium to admit light, 

in either absorption or transmission. This is due to the cloud of free electrons within the 

body of the metals, which makes them good electrical conductors, interacts and blocks 

the passing of the phonons of the electromagnetic wave of light. When the surface of a 

metallic material is highly polished, all the reflected lights transmit in the same 

direction in phase, creating perfect image of the source of the incident light, thus acting 

as a perfect mirror.   

Light absorption occurs when photons loss their energy within the body of a medium. 

Light is a form of electromagnetic radiation with different wavelengths. Photons are 

elementary particles of light and they have different energy levels corresponding to 

different wavelengths. The essence of light absorption is energy transformation from 

photon energy to other type of energy, or energy transfer from photons to another 

energy carrier, such as electrons. This energy transformation depends on the wavelength 

(i.e. energy) of the photons and the intrinsic property of the medium such as molecule 

structure of organic materials and the band gap energy of electrons in inorganic non-

metallic materials. 

For organic materials, light absorption is complex. The photon energy can be absorbed 

by electrons, ligands, or molecules [42, 43].  For example, visible light can be absorbed 

by a dye molecule like CH3NH3PbI3. By doing so, the photon energy from the visible 

light is converted to the electron energy through the release of excited electrons. A 

number of dye molecules are used in dye sensitized solar cells (DSSC) [44] because of 

their ability to absorb and convert visible light energy into electrical energy. Other 

examples include, for example, chlorophyll which absorbs energy of visible light to 

induce reactions to produce of oxygen and water, and vitamin D3 synthesis triggered by 

UV light. Such examples are too many to name for the millions of species in the organic 

world.  

For inorganic non-metallic materials, the photon energy transformation is dominantly 

determined by the wavelength of the light and the band gap energy of the material. 

Figure 2.3 shows the relationship between the photon energy and wavelength in the 

range from 100 nm to 1100 nm, which covers the full spectrum from UV to visible light 
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and infrared radiations. The relationship obeys Planck’s equation,
hc

E


 , where  E 

denotes the photon energy, h is the Planck constant (h = 4.14 eV·s), c is the velocity of 

light, and λ is the wavelength of the photon. Some inorganic compounds are positioned 

on the curve in the diagram according to their band gap energy levels. When a white 

light hits the surface of a compound, photons with energy levels higher than the band 

gap energy of the compound can excite, or energize, the electrons in the electron shells 

to jump across the band gap, thus transfer the photon energy to the excited electrons. 

This is the underlying principle of light absorption.   

Figure 2.3 Locations of band gap energy of selected example materials on the energy 
curve of a continuous irradiation spectrum within the wavelength range of 100 to 1100 

nm. 

To be specific, the band gap energy of Si is 1.11 eV, corresponding to the energy level 

of the photons with 1100 nm wavelength. This means that Si absorbs photons of all 

wavelengths including UV, visible light and part of infrared light, thus appears black in 

colour (e.g., black Si ingot). MnO2 has the band gap energy of 1.3 eV, corresponding to 

the photon wavelength of ~ 950 nm. MnO2 is an absorber of UV and visible light, and 

also presents in black colour. In comparison, Cu2O, with a band gap energy of 2.1 eV, 

absorbs UV and part of the visible light shorter than 610 nm in wavelength (yellow 

colour), thus appearing orange and red in colour. TiO2 (Rutile) has a band gap energy of 

3.0 eV, while ZnO and TiO2 (anatase) have band gap energy of 3.2 eV. They absorb 
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only the UV light, and appear clear or white (scattered reflection). Diamond, with the 

band gap energy of 5.5 eV, is completely transparent to all wavelengths above ~ 220 nm, 

a well beloved quality in jewellery making. However, diamond has no absorption for 

UVA and UVB lights, thus a poor candidate for transparent sunscreen application. 

Figure 2.4 shows the optical appearance of the selected materials shown in Figure 2.3, 

demonstrating the absorption of light with specific wavelength and presented colours by 

the materials.  

Figure 2.4 Optical appearance of several typical in-organic solids: (a) pure silicon; (b) 
pyrolusite (MnO2) mineral; (c) Cu2O powder; (d) TiO2 powder; (e) ZnO powder; (f) 

natural diamonds.  

With the above discussion, it is clear that one condition to achieve visible light 

transmittance for materials is that the material is neither an extreme reflector nor 

absorber of visible light. 

2.2 Light scattering and materials transparency 

For a certain material, even though it is non-absorber of visible light and the reflectance 

is minimized, it might not be transparent. The reason that influences transparency is 

light scattering, which is diffused emission, caused by the random alteration of the 

direction of passage of light.  

(a) (b) (c)

(d) (e) (f)
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2.2.1 Light scattering in nature 

There are a number of types of scattering. The scattering may occur on external surface 

when entering or leaving a medium through a rough surface. Figure 2.5 (a) illustrates 

the reflective scattering on the rough surface of the medium when the light is trying to 

enter into the medium. Figure 2.5 (b) demonstrates the white appearance of physical 

type sunscreens is a manifestation of reflective scattering [45]. Figure 2.5 (c) illustrates 

the refractive scattering when the light is leaving the medium rough the rough surface of 

the medium. Figure 2.5 (d) shows the visual effect of external scattering by an acid 

etched glass door panel [46].  

 

Figure 2.5 External scattering and its visual effect. (a) reflective scattering when the 
incident light is entering into a medium through rough surface; (b) white appearance of 

sunscreen on human skin demonstrating the reflective scattering [45]; (c) refractive 
scattering when the light is leaving a medium through rough surface; (d) acid etched 

glass door panel demonstrating visual effect of external scattering [46].   

The scattering may also occur on internal surfaces, such as surfaces of internal porosity, 

grain boundaries and phase boundaries in composites. For a homogeneous system, the 

internal scattering may be reflective multi-scattering occurring on the grain boundaries, 

as schematically illustrated in Figure 2.6 (a). Figure 2.6 (b) shows the optical 

micrograph of polycrystalline silicon, demonstrating the difference of the contrast of 

grains caused by internal scattering [47]. For heterogeneous systems containing 

Incident light Scattered light

(a) (b)

(c) (d)
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dispersed inclusions, scattering may also occur by multi-reflection of and multi-

refraction off internal surfaces, as schematically illustrated in Figures 2.6 (c).  The 

typical example of internal scattering in heterogeneous system is the so-called smog, 

occurred when a huge amount of tiny particles is dispersed in the air, scattering the 

sunlight. The visual effect of internal scattering by smog is shown in Figure 2.6 (d) [48]. 

Figure 2.6 Internal scattering and its visual effect. (a) schematic of reflective multi-
scattering in homogeneous system; (b) contrast difference of polycrystalline silicon 

panel demonstrating internal scattering  [47]; (c) schematic of reflective and refractive 
multi scattering in heterogeneous system; (d) smog phenomenon demonstrating internal 

scattering  [48]. 

The above are typical examples of elastic scattering by solid. During the occurrence of 

the elastic scattering, the energy of the incident light (the photon energy in the form of 

electromagnetic wave) is conserved. In addition to these scattering caused by the 

physical features of the medium, scattering may also occur due to interactions of the 

incident light with the substance of the medium. For example, elastic scattering of light 

may occur by interacting with atoms, molecules or particulate matters much smaller 

than the wavelength of the incident light, referred to as the Rayleigh scattering [20, 49]. 

The blue sky is a typical example of Rayleigh scattering of the blue and purple 

wavelengths of the sunlight caused by the very small particles in the Earth’s atmosphere. 

Another form of scattering is the inelastic scattering of light caused by interaction with 

the acoustic phonons and optical phonons in solids. In such scatterings, the photon 

Incident light Scattered light

(a) (b)

(c) (d)
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energy is not conserved, as referred to as the Brillouin scattering [50] and the Raman 

scattering [51], respectively. 

In this PhD thesis, the discussion focuses on the elastic scattering caused by physical 

features of the dispersed particulate material in a medium. The key point is to clarify the 

relationship between light scattering and the transparency of the medium or the material.   

2.2.2 Light scattering and transmittance 

Transparency is a common concept, but not a scientifically defined quantity. It can be 

reflected by two aspects. One aspect is transmittance, which is the intensity ratio of 

transmitted light to incident light. It is often presented in the form of percentage. The 

other aspect is clarity of image forming by the transmitted light. Light scattering may 

influence both the transmittance of light and the clarity of the formed image, thus 

influence the transparency of the matter. 

Scattering changes the direction the light travels in. For external scattering, the 

reflective scattering reduces the intensity of the transmitted light, in other words, the 

light transmittance. The refractive scattering doesn’t reduce the transmittance, but 

reduces the clarity of the forming image, as shown in Figure 2.5 (d) and Figure 2.6 (d). 

For internal scattering, the multi-scattering including reflective scattering and refractive 

scattering can cause the backward propagating of the light, thus reduces the light 

transmittance.  

In order to achieve the good transparency for a certain visible light non-absorber, both 

high transmittance and high clarity of the formed image are required.    

The transmittance of the light through a medium or a material is often measured by 

specific instruments, but the principle of the measurement is same. Figure 2.7 

schematically illustrates the measurement setups for the total transmittance. It is 

apparent that the transmittance measurement unit shown in Figure 2.7 (a) is limited by 

the area of the flat detector so that the scattered transmittance beyond the boundary of 

the detectable region of the detector cannot be counted. Therefore, this unit only 

measures the transmitted light with small deviated angle (it can also be termed as 

scattering angle). Figure 2.7 (b) illustrates the unit with spherical integrating reflector. 

The spherical integrating reflector is able to reflect the transmitted light with any 

scattering angle to the detector. Thus this unit is suitable for measuring all forward 

transmittance.   
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Figure 2.7 Schematics of measurement unit for transmittance: (a) the unit with flat 
detector detecting low scattering angle transmittance; (b) the unit with integrating 

sphere detecting total transmittance. 

In fact, the scattering angle is determined by the refractive index ratio of the external 

medium to that of the measured sample. Figure 2.8 illustrates the effect of the refractive 

index ratio on the scattering angle. There are two samples and their refractive index 

ratio of themselves to that of the surrounding medium is n1 and n2 respectively, and n1 < 

n2. According to Snell’s law, the scattering angle and the refractive indices of the two 

media have the following correlation: 
Sinθ1

Sinθ2
 = 

n1

n2
. Apparently, the sample with larger 

refractive index ratio results in larger scattering angle. Assuming the formed image is 

away from the sample at a distance of d, since θ1 < θ2, x1 < x2 (x = d × tanθ). Here, 
1
x  

reflects the resolution of the forming image. Smaller x represents higher resolution. 

Therefore, lower refractive index ratio of the sample to the medium is preferred in 

reaching higher clarity of the image formed by the light transmitted through. 

sample

detector

Integrating sphere

Scattered light Incident light 

(a) (b)
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Figure 2.8 Schematic illustrating the effect of refractive index ratio of the sample to the 

medium on scattering angle and the resolution reflected by 
1
x .  

With above understanding, the visible light transparency for materials or materials 

systems can be evaluated using the two types of measurement units shown in Figure 2.7. 

The transparency of a material or system is presented by two aspects: one is the total 

visible light transmittance and the other is the clarity of forming image. The total 

transmittance (T1) can be measured with the unit with spherical integrating reflector. It 

reflects the ability of the material or material system to allow the light to pass through. 

The low scattering angle transmittance (T2) can be measured by the unit with flat 

detector. The ratio of 
T2

T1
 reflects the fraction of low scattering angle transmittance to the 

total forward transmittance. Since low scattering angle transmittance would result in 

higher resolution (clarity) of the formed image by the transmitted light, the ratio of 
T2

T1
 

can thus be used to quantify the clarity of the formed image.   

Image clarity is also determined by the distance (d) between the sample and the image 

formed by the scattered transmitted light. When a scattered transmitted light leaves the 

medium with an angle of θ to its original direction, x is proportional to the variation of 

the distance d, as illustrated in Figure 2.9 (a). The larger Δd results in larger Δx, and 

thus the weaker resolution of the forming image. Thus, in order to obtain an image with 

high clarity, the lower distance is the better. Figure 2.9 (b) shows the image of casino 

chips behind an acid etched glass. The distance between the chips and the glass is zero, 
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one chip thickness, and two chips thickness respectively. The image clearly 

demonstrates that the clarity of the image reduces with increasing distance between the 

objects and the acid etched glass from zero to two chips thickness. 

Figure 2.9 Effect of distance the scattered light left the medium on the image clarity. (a) 
schematic of relationship between the distance and the image resolution reflected by Δx; 
(b) objects behind acid etched glass, demonstrating the image is blurring with increasing 

distance between the objects and the glass. 

For dispersed particle systems such as heterogeneous sunscreen products, since the 

product is applied on human skin with close contact, the distance between the dispersed 

particle system and the object (human skin) can be regarded as a very small constant, 

and the distance effect on transparency (clarity of image) can be ignored.   

Based on understandings above, in order to improve the transparency for dispersed 

particle system, the key point is to reduce internal refractive scattering and to reduce 

deviated angle (scattering angle) of transmitted light, so as to enhance the transmittance 

of the incident light and to improve the clarity of forming image.   

In addition, the reflective scattering is inevitable and uncontrollable. However, the 

internal refractive scattering in the system need to be dealt with. Reducing the scattered 

angle so as to enhance the small angle light transmittance and improve the clarity of 

forming image.  

θ

Δx 

Δd
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2.3 Materials structure design for minimizing scattering  

To achieve visible light transparency for dispersed particle systems with the limitation 

of particle size to sub-micron to micron scale, first of all, it is significant to have a 

proper particulate material.    

2.3.1 Candidate materials 

The first criterion to select the material for the dispersed particle system is that the 

material is non-absorber to visible light. There are a number of materials pending in 

Table 2.1. In the table, the candidates are listed in an order of band gap energy from 

high to low. The band gap energy for visible light non-absorber needs to be higher than 

3.0 eV, corresponding to ~ 400 nm wavelength of light. Thus the candidate materials 

are in block-I and all of them present white color. 

Table 2.1 List of candidate materials to be selected for dispersed particle system in 
achieving visible light transparency 

 Compound Band gap 
energy 

Colour Refractive 
index 

Comment Ref 

B
lo

ck
-I

 

BeO 11.6 White 1.7 Toxic [52] 
Al2O3 9.9 White 1.8 - [53] 

NaCl 8.6 White 
 

1.5 
Soluable in 

water 
[54] 

BN 8.0 White 1.8 Irritant [55] 
MgO 7.8 White 1.7 - [56] 

KCl 7.7 White 1.5 
Soluable in 

water 
[57] 

CaO 6.1 White 1.8 - [58] 

CdF2 6.0 White 1.7 
Soluable in 

water 
[59] 

AlN 5.8 White 2.1 - [60] 
Diamond 5.5 White 2.4 - [61] 

ZrO2 4.5 White 2.1 - [62] 
Ga2O3 4.5 White 1.5 - [63] 

Al2S3 4.1 White 2.2 
Decomposes 

in water 
[63] 

BaO 3.8 White 2.0 
EU 

classification 
harmful (Xn) 

[64] 

ZnS 3.7 White 2.5 - [65] 
SnO2 3.5 White 2.0 - [66] 

GaN 3.4 White 2.5 
Reacts in 

water 
[67] 

PbBr2 3.3 White 2.2 
Soluable in 

water 
[68] 
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AgCl 3.3 White 2.0 - [69] 
ZnO 3.2 White 2.0 - [70] 
TiO2 

(Anatase) 
3.2 White 2.5 - [71] 

TiO2 
(Rutile) 

3.0 White 2.6 - [72] 

B
lo

ck
-I

I 

AlP 2.7 Yellow 2.8 - [73] 

SbI3 2.5 Orange 1.6 
Reacts in 

water 
[74] 

Cu2O 2.1 Red 2.7 
EU 

classification 
harmful (Xn)  

[75] 

BP 2.0 Red 3.0 - [76] 
Zn3P2 2.0 Red  - [77] 

MnO2 1.3 Black 2.4 
EU 

classification 
harmful (Xn)  

[78] 

Si 1.1 Black 3.5 - [79] 
 

Due to the UV protection requirement, the second criterion to select the material is UV 

absorption ability. In block-I of the table, the listed materials from TiO2 (rutile) to BaO 

have UV absorption ability of different level. Since TiO2, ZnO, AgCl and PbBr2 have 

relatively low band gap energy close to 3.0 eV, they are capable to absorb both UVA 

and UVB, as broad spectrum UV absorber.  

Among these five candidates, not all of them are suitable to be ingredients from 

different perspectives. Specifically, PbBr2 is soluble to water, it will dissolve in water 

based medium of sunscreen and lose UV protection ability; AgCl is applicable if the 

huge cost of it can be ignored. Therefore, only TiO2 and ZnO are suitable to be 

sunscreen ingredients due to their outstanding UV absorption ability, non-toxicity and 

low cost.  

However, since minimizing internal scattering and scattering angle is the major 

approach to achieve visible light transparency for dispersed particle system, this 

requires the material candidate possesses low refractive index. Comparing the refractive 

index of TiO2 (nrutile = 2.6, nanatase = 2.5) and ZnO (nZnO = 2.0), apparently, ZnO is more 

suitable than TiO2 as the material in achieving transparency for dispersed particle 

system.      
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2.3.2 Particle scattering theories 

Light scattering in a dispersed particle system is a complex phenomenon. With respect 

to our concern of transmission of the light through the medium, scattering involves light 

absorption by the dispersed particles, reflective scattering on the particle-medium 

interfaces, and refractive scattering after the light has passed through the body of a 

particle, and also the multi-scattering among the many dispersed particles. Multiple 

scattering, intrinsically a random phenomenon, makes the mathematical description of 

transmittance of light through a medium very complex, and accurate interpretation 

becomes exceedingly difficult for systems with large population densities of scatters.  

A number of physicists successively consolidated particle scattering theories so that the 

light scattering by particles in dispersed particle systems can be mathematically 

described. Specifically, August Beer established a law which known as Beer-Lambert 

law in 1852 in order to describe light attenuation due to absorption through a 

homogeneous medium. It states that the transmittance of an incident light is a natural 

exponential function of the attenuation of the medium to the incident light, described as 

[80]: 

 L1

0

I
T e

I
   (2.1) 

where T is the transmittance through the medium, I1 and I0 represent the intensities of 

the transmitted light and the incident light respectively, σ is attenuation coefficient of 

the medium and L is the distance the light travels through the medium (the path length). 

The Beer-Lambert law were further developed and applicable for heterogeneous 

medium with dispersed particles, after Lord Rayleigh and Gustav Mie established their 

theories for single particle scattering in 1871 and 1908 respectively.  Rayleigh scattering 

is elastic scattering by particles much smaller than the wavelength of the light. This 

scattering results from the electric polarizability of the particles. The oscillating electric 

field of a light wave acts on the charges within a particle, causing them to move at the 

same frequency. The particle therefore becomes a small radiating dipole whose 

radiation is scattered light [81]. Mie scattering is originated from the solution of 

Maxwell equations which describe the electric and magnetic fields that generated or 

altered by electromagnetic field and thereof charges and currents. With this solution, 

Mie described the elastic scattering by particles that larger than wavelength of the light 
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[82]. The prominent difference between Rayleigh scattering and Mie scattering is that 

the scattering pattern of Rayleigh scattering is dipole pattern, while that of Mie 

scattering has more forward scattering intensity like an antenna lobe for larger particles 

compared to the wavelength, as shown in Figure 2.10.   

 

Figure 2.10 Schematic of particle scattering patterns of Rayleigh scattering and Mie 
scattering [83].  

By then, only scattering by the very small particles (much smaller than wavelength of 

light) and particles larger than wavelength of light were described. There was an 

obvious gap of scattering by particles whose size is comparable to the light wavelength. 

Thanks to Richard Gan and Van de Hulst [21], they contributed their scattering 

approximations and made the approximations to be universal for particles with any size.   

Now, the Beer-Lambert law is updated and adopted to describe the scattering of discrete 

particles dispersed in a homogeneous medium. In order to simplify the dispersed system 

for mathematical description, some basic assumptions were made to define the 

simplified dispersed system, including:  

(1) The particles are homogeneous spheres of identical size; 

(2) The particles are non-absorbers of the incident light;  

(3) There is no multiple-scattering, i.e., each particle only scatters the incident 

light once and does not interact with lights scattered by other particles; in 

other words each scatterer functions alone as if there are no other scatterers 

around (thus referred to as the single particle scattering theory);  

(4) Only refractive scattering is considered, i.e., reflection on the particle-

medium interface is neglected; and 

(5) The medium is homogeneous and a non-absorber to the incident light.   
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Under these assumptions, the mathematical expression of developed Beer-Lambert law 

about the light transmittance under the influence of scattering in a dispersed particle 

system is established as below:    

   NaKL1

0

I
T e

I
 (2.2) 

where N is the population concentration (number of particles per unit volume of the 

medium) of the particles, a is the projective area of each particle in the path of the 

incident light (size of the flux window) and K is the scattering coefficient of the particle. 

Referring to the Beer-Lambert law expressed in equation (2.1), it is seen that σ = NaK, 

which denotes effectively the attenuation ability of the system due to scattering. 

It is important to emphasize here that the scattering coefficient K is differently described 

depending on the particle size parameter β. The size parameter is the ratio of the 

particle’s circumference to the light wavelength, expressed as equation (2.3), where d 

and λ denote the diameter of the particle and the light wavelength respectively.   

 
d


  (2.3) 

The scattering coefficient K is thus respectively expressed in equations (2.4) with 

Rayleigh-Gan approximation when β < 1, and equation (2.5) with Van de Hulst 

approximation when β > 1 [21].  

  2 432
1

27
K n    ( 1  ,|n 1| ≪ 1) (2.4) 

  2 22 1K n    ( 1  ,|n 1| ≪ 1) (2.5) 

In the equations, n is the ratio of refractive index of the particle (mp) to that of the 

medium (mm), expressed as equation (2.6). 

 p

m

m
n

m
  (2.6) 

In addition, in order to guarantee the calculated transmittance is largely the forward 

transmittance with lower scattering angle, both of the approximations require |n 1| ≪

1 , in other form of 0 ≪	n ≪  2. Figure 2.11 illustrates the correlation between the 

refractive index ratio of the medium (mmedium) to the scatterer (mscatterer) and the scattered 

angle of light transmission path, with mathematical accuracy, when the refractive index 
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ratios (n) are 2.0, 1.2, 1.0, 0.9 and 0.7 respectively. In the Figure, the scatterer is 

homogeneous spherical non-absorber for incident light. When the refractive index ratio 

of the medium to the scatterer is larger than 1, as shown in Figure 2.11 (a) and (b), the 

light diverges when it penetrate from the medium through the scatterer, due to the 

refractive scattering. The higher of the refractive index ratio results in the wider 

diverged lobe. Specifically, under the condition that n = 2, when the incident light 

encounter the scatterer at incident angle of 10º, 20º, and 30º, it will be deviated by 24º, 

81º and 60º (total reflected) respectively. However, under the condition n = 1.2, that can 

be regarded n ≪ 2, given the incident light with identical incident angle of 10º, 20º, and 

30º, the light is only deviated (scattered) by 4º, 6º, and 10º. Even when the incident light 

is 45º, and 60º, the scattering angle is only 20º, and 30º. When the refractive index of 

the medium and the scatterer is identical (n = 1.0), the light penetrates the scatterer 

without changing the passage direction, as illustrated by Figure 2.11 (c). When the 

refractive index ratio is n < 1, the incident light converges when penetrate from the 

medium to the scatterer. When n = 0.9, the scattering angle is apparently smaller than 

that when n = 0.7, as illustrated by Figure 2.11 (d) and (e). The Figure clearly shows the 

scattering angle of transmitted light is smaller when n is close to 1, therefore, under the 

condition that 0 ≪	n ≪ 2, the calculated transmittance based on equation (2.4) and (2.5) 

is able to reflect the light transmission that close to straight forward transmission.   

Substituting equations (2.4) and (2.5) into equation (2.2) presents us the Beer-Lamber 

law of single particle scattering, i.e.:  
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    ( d  ,|n 1| ≪ 1) (2.8) 

It is evident that transmittance under such scattering is determined by the particle 

number concentration (population concentration) N, the projected area a, refractive 

index ratio n, the particle diameter d, the incident light wavelength , and the path 

length L. It seems by controlling these factors properly, the transmittance can be 

improved.  
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Figure 2.11 Schematic of light transmission path through a scatterer that determined by 
the ratio (n) of refractive index of the surrounding medium to that of the scatterer. (a) n 

= 2.0; (b) n = 1.2, (c) n = 1.0, (d) n = 0.9 and (e) n = 0.7. 

However, from practical point of view, it is impossible to deal with the particle number 

concentration for dispersed particle system, due to the countlessness of the particles. 

Thus it is necessary to convert the number concentration to operatable mass 

concentration. N is defined as the number of particles in unit volume of the medium. It 

can be expressed with the total loading volume (V’) of particles in the dispersed system, 

the volume (v) of the particle, and the volume (V) of the medium, as expressed by 

equation (2.9). 
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V '

N
vV

   (2.9) 

where 
V '

v
 
 
 

 represents the total number of particles in the dispersed system. The 

volume (V) of the medium is bounded by thickness (L) of the medium and the projective 

area (A) of the incident light. Thus it can be expressed as equation (2.10). 

 V AL   (2.10) 

Considering a dispersed system consisting of particles of density ρ, diameter d and 

volume v, the expression of  N can be converted to equation (2.11).  

  
V '

N
vLA

   (2.11) 

Then, the equation (2.2) can be converted to as following. 
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As 
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d
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 ,

3
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d
v


 and 

M
V '


 , where M is the total mass of the particles, and ρ is 

the density of the particles, 
V ' a

vA
 
 
 

can be further expressed as 
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2

V ' a M

vA Ad
   (2.13) 

Finally, substituting the equations (2.12) and (2.13) into equation (2.2), the 

transmittance can be expressed as equation (2.14) and (2.15) depending on particle size 

compared to the light wavelength. 
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Here, the physical meaning of 
V ' a

vA
 
 
 

can be understood as the ratio of total projected 

area of particles to that of the incident light. It in fact reflects the loading of particles 

into the dispersed system. Since 
3

2

M

Ad
 
 
 

is mathematically equal to
V ' a

vA
 
 
 

, 
3

2

M

Ad
 
 
 

can be regarded as the loading factor of the dispersed particle system.  

Now it is clear that the transmittance of a dispersed particle system is dictated by the 

loading factor 
3

2

M

Ad
 
 
 

of the system, the particle diameter, the wavelength of the 

incident light, and the refractive index ratio n. In order to improve the light 

transmittance, the approaches include reducing the loading factor, matching the 

refractive index ratio close to 1, and/or reducing the particle size compared to the 

incident light wavelength.  

2.3.3 Approaches to improving transmittance of a dispersed particle system 

In a certain dispersed particle system, since the density (ρ) and the refractive index ratio 

(n) are constant, given the incident light with a specific wavelength, the light 

transmittance is only governed by the particle loading density
M

A
 
 
 

and particle 

diameter d, according to equations (2.14) and (2.15).   

To illustrate the effect of 
M

A
 
 
 

and d, we will firstly consider a dispersed system of non-

porous spherical particle in a transparent medium. In this system, the particle is ZnO 

and the medium is water. The refractive index of ZnO is mZnO = 2.0, and the refractive 

index of the water is mH2O = 1.3. The density of ZnO particles is ρ = 5.61 g/cm3.  

In sunscreen industry, the dosage often adopted to evaluate sun protection factor (SPF) 

of sunscreen products is  2 mg/cm2 [84]. In a common heterogeneous sunscreen product, 

taking the product produced by Cancer Council Australia for example, the particle size 

is in the range of 260 – 300 nm, and the content of ZnO particle is ~ 6 wt %. Thus the 

reference loading density is set as 0.12 mg/cm2. The transmittance of such system is 

estimated using equations (2.14) and (2.15). 

Figure 2.12 shows calculated curves of 550 nm visible light transmittance of dispersed 

ZnO particle systems with loading density of 0.06, 0.12, and 0.24 mg/cm2 respectively 
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over a particle diameter range of 1 − 500 nm, and each curve corresponds to a specific 

loading.  

The impact of particle loading density is immediate obvious; increased loading results 

in the downward shift of the entire transmittance curve, i.e. the reduction of 

transmittance over entire particle size range. For example, at an average particle size of 

95 nm, increasing particle loading density from 0.06 to 0.24 mg/cm2, would result in a 

reduction of transmittance from ~ 90 % to ~ 65 %. 

 

Figure 2.12 Calculated light transmittance ( = 550 nm) of dispersed ZnO particle 
systems with loading density of 0.06, 0.12, and 0.24 mg/cm2 respectively over different 

ZnO particle diameters from 1 to 500 nm. 

For each specific particle loading, the transmittance of the system decreases remarkably 

with increasing particle size. Specifically, each transmittance curve may be divided into 

three domains depending on particle sizes. In domain-I, where the particle diameter d ≤ 

25 nm, the visible light transmittance of the dispersed system stays around 99 – 100 %, 

and shows little dependence on particle loading ranges studied.  In domain-II, where 25 

nm < d ≤ 175 nm, the transmittance of the dispersed-system decreases rapidly with 

increasing particle diameters. In domain-III where d > 175 nm, the transmittance 

decreases further with increasing particle diameters, however, at a reduced rate.  Note 

that the transition from domain II to III corresponding to the change from formula (2.14) 

to (2.15), reflecting on the change of particle size effect on the particle scattering. 
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The particle size effect on transmittance at shorter wavelength is also investigated. 

Figure 2.13 shows calculated curves of 300 nm UV light transmittance of dispersed 

ZnO particle systems with loading density of 0.06, 0.12, and 0.24 mg/cm2 respectively 

over a particle diameter range of 1 − 500 nm. For this Figure, only the scattering effect 

of particle size and loading on transmittance is considered. The UV absorption effect on 

light transmittance is ignored. Thus, each curve corresponds to a specific loading and 

only shows the transmittance affected by particle scattering depending on particle size 

and particle loading. Comparing with Figure 2.12, it is apparent that transmittance of 

light with 300 nm wavelength reduces faster when the particle size is increasing. It 

clearly indicates that scattering by particles for shorter wavelength light is more severe 

than longer wavelength. In order to further elucidate the particle scattering affected by 

incident light wavelength, the following investigation was carried out.  

Figure 2.13 Calculated light transmittance ( = 300 nm) of dispersed ZnO particle 
systems with loading density of 0.06, 0.12, and 0.24 mg/cm2 respectively over different 

ZnO particle diameters from 1 to 500 nm. 

Figure 2.14 shows the calculated transmittance of dispersed ZnO particle systems 

particles with a number of different particle sizes (d = 50 nm, d = 100 nm, d = 260 nm, 

and d = 300 nm), depending on the incident light with wavelength from 100 nm to 900 

nm. For this Figure, in order to reveal the effect of wavelength on transmittance, only 

the scattering of ZnO particles at different light wavelength is considered in the 
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calculation. The UV absorption effect on transmittance is not considered. The particle 

loading is set as 0.12 mg/cm2. Each curve represents a specific particle size. With 

increasing of wavelength of the light, the transmittance of all the systems with specific 

particle size is rising. For the particles with d = 50 nm, d = 100 nm and d = 260 nm, the 

wavelength of transition from (2.14) to (2.15) is  = 157 nm,   = 314 nm, and  = 816 

nm, corresponding to  = d. For the particle that d = 300 nm, the wavelength of the 

transition is 942 nm, beyond the wavelength range and is not shown in this Figure. It is 

obvious that the transmittance increases at relatively lower rate when the wavelength is 

 < d, but at higher rate when the wavelength is  > d. Due to this reason, the 

transmittance with smaller particles (i.e. d = 50 nm, d = 100 nm) reach higher level in 

visible light domain, while the systems with larger particles (when d = 260 nm and d = 

300 nm) reach low visible light transmittance. Given the incident light is visible light 

with the wavelength of  = 550 nm, the transmittance of the systems are ~ 97 % when d 

= 50 nm, ~ 76 % when d = 100 nm. When the particle diameters are d = 260 nm and d = 

300 nm, the transmittance of the corresponding dispersed particle systems are only ~ 12 % 

and ~ 8 %.    

According to above understanding, some approaches are evident to be effective in 

improving visible light transmittance for dispersed particle systems. Reducing the 

particle loading density is one of the approaches to reach higher visible light 

transmittance. However, the particle loading cannot be reduced infinitely. The minimum 

particle loading is necessary to guarantee the system’s functionality. In the context of 

ZnO-based sunscreens, the minimum loading of ZnO particles is required by UV 

protection.  
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Figure 2.14 Calculated light transmittance of dispersed ZnO particle systems with 
loading density of 0.12 mg/cm2 over different light wavelengths from 100 to 900 nm. 

 Within an acceptable loading range to ensure the functionality, the transmittance of the 

system can be further enhanced by reducing particle sizes. Clearly, within the 

nanoparticle size range, transmittance of 90 − 100% can be achieved relatively 

unaffected by the particle loading. However, the transmittance diminishes rapidly when 

the particle size increases to the submicron range.  

As we mentioned in the introduction, the long term safety of ZnO nanoparticles for 

sunscreen application is a concern and it will remain a grey area until much more solid 

research data become available. There is also a lack of clear guideline in terms of the 

exact nanoparticle size range being debated (is it with 10 nm or 100 nm?). Referencing 

to the sunscreen industry, where commonly accepted ‘opaque’ sunscreen products are 

considered to be safe and the ZnO particle sizes in such products are typically in the 

range of 260 – 300 nm, (e.g. in products made by Cancer Council Australian). Thus 260 

nm is the reference particle size we deem acceptable in this thesis. Revisiting Figure 

2.14, it clearly indicates the maximum 550 nm visible light transmittance can be 

obtained for the system with particles larger than 260 nm is 12 %, at the ZnO particle 

loading of 0.12 mg/cm2. 

Now it seems that all the approaches are closed. However, revisiting equations (2.14) 

and (2.15), it can be realized that the refractive index ratio (n) might be the last 
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approach to improve the visible light transmittance for the dispersed particle system 

with larger particles.   

It is clear that matching the refractive index ratio n as close to 1 as possible is a valid 

scenario to improve light transmittance by reducing scattering, according to equations 

(2.14) and (2.15), given a particular particle size and particle loading. In the context of 

ZnO based sunscreens, the refractive index of ZnO (mZnO = 2.0) is greater than that of 

the medium (mm = 1.3). The issue is how to reduce the refractive index of ZnO particle 

closer to that of the medium.   

A possible solution is to create ZnO particles with open porosity, which allows 

infiltration of the medium, to effectively form composite particles of ‘ZnO + medium’. 

In the composite, the net amount of ZnO is reduced, but the apparent dimension and 

volume of the composite remains unchanged. As both ZnO and the medium are non-

absorber of visible light and mm < mZnO, the resulted composite particle will have 

reduced refractive index lower than that of the solid ZnO particle, i.e. mcp < mZnO. In 

order to understand and elucidate this concept, two models are established as following.  

Figure 2.15 schematically illustrates a model of reduction of refractive index of a two 

medium composite structure. Figure 2.15 (a) shows in a certain medium with refractive 

index of m1, there is a given material with refractive index of m2, and m1 < m2. The 

height of the material is h. When a beam of light is passing through the interface with an 

angle of 1, the light is refracted with an angle of 2. As the result of refraction, the light 

passing through the material is deviated a horizontal distance of x. Figure 2.15 (b) 

shows a composite that constructed by the material (m2) and the medium (m1) 

alternately. The total height of the composite is h, and the thickness of each layer of 

both the material and the medium is one fifth of h. When a beam of the same light is 

passing through the interface with an angle of 1, the light is refracted alternately in 

each layer of the material and the medium. When the light is coming out of the 

composite, the equivalent refracted angle is 2’. In each m2 layer, the refracted angle is 

2. In each m1 layer, the refracted angle is 1. Thus it is not difficult to conclude that the 

equivalent refracted angle 2’ has the following relationship with 1 and 2:  1 > 2’ > 

2. Since x = x – htan2, x’ = x – htan2’, and 2’ > 2, it can be concluded that x’ < 

x. The smaller horizontal deviated distance of the composite indicates that the 

refractive index of the composite is lowered compared to that of the integral material. In 

comparison of Figure 2.14 (b) and (c), it can be found out the actual heights of the 
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material are identical, and the horizontal deviated distances are identical as well. In fact, 

the essence of reduction of the refractive index of the composite is caused by reducing 

the volume fraction (height of m2) of material in the composite, or in other words, by 

the extension of the apparent volume (height) of the composite.   

Figure 2.15 Schematic of reduction of refractive index of a composite constructed by 
two phases with different refractive indices. 

Figure 2.16 shows another model of reduction of refractive index by spherical 

composites constructed by a scatterer and the surrounding medium. The refractive index 

ratio of the scatterer to the medium is 2.0. With this exact refractive index ratio, this 

Figure is able to presents the mathematical accuracy of the refractive scattering angle, 

calculated based on Snell’s law. Figure 2.16 (a) shows a spherical scatterer. The left half 

sphere is integral scatterer, while the right half sphere is a composite constructed by one 

layer scatterer with certain thickness and medium. When the angle of the incident light 

is 10º, the refractive scattering angle is 24º to the original direction of light after the 

light penetrates through the integral scatterer. In comparison, when the light passes 

through the composite scatterer at identical incident angle, the scattering angle is 

reduced to 10º. When the volume of scatterer is increased to two layers with identical 

thickness, as shown in Figure 2.16 (b), the resulted scattering angle is 16º. Clearly, the 

refractive scattering angle of spherical scatterer can be reduced by reducing the actual 

volume of scatterer in the composite.   
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Figure 2.16 Schematic of reduction of scattering angle of a composite scatterer 
constructed by two phases when the refractive index ratio is 2.0. 

On the basis of above two models, it is evident reducing the actual volume of ZnO in a 

certain composite ZnO particle (ZnO + medium) is not only effective in reducing the 

refractive index of the composite particle, but also effective in reducing the refractive 

scattering angle. Clearly, the refractive index of the composite particle (mcp) is 

depending on the volume fraction of ZnO in the composite, or in other words, the open 

porosity in the composite. With this in mind, the quantitative relationship between the 

refractive index of composite (mcp) and the open porosity in the composite were derived 

as following.   

The refractive index of a material is the ratio of the velocity of light travelling in 

vacuum to that of the material, as described in Snell’s law. To work out the “apparent” 

refractive index of a composite particle, let us examine the time required for the light to 

travel through unit thickness of the solid ZnO particle, medium and composite ‘ZnO + 

medium’ particle.  

 
1

ZnO
ZnO

t
v

   (2.16) 
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  (2.17) 

tZnO and tm represent the time the light spent on traveling through unit thickness of ZnO 

and the medium, respectively, and  and  are the velocity of light in ZnO and in 

the medium, respectively. Consequently, the time required for the light to travel through 

unit thickness of a composite ZnO porous particle filled with the medium should be 

 
1 1

(1 )cp
ZnO m
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v v

    (2.18) 

where p is the porosity of the particle. That is to say, 

 
1 1 1
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cp ZnO m

p p
v v v

     (2.19) 

The “compounded”, or apparent, refractive index for the composite particle can thus be 

expressed as: 

 (1 )cp Z nO mm m p m p      (2.20) 

Combined with equation (2.6), we have 

 (1 )cpn n p p     (2.21) 

where ncp is the refractive index ratio of the composite particle to the medium.   

It is also important to realize that increasing porosity also leads to the decrease of 

density (ρp) of porous particles as expressed by (2.22), thus the density of porous 

particles needs also to be considered in transmittance calculation.   

  (1 )p p    (2.22) 

The dependence of ncp and ρp on the porosity of the particle is plotted in Figure 2.17.  

Obviously, ncp of the porous ZnO particle decreases linearly towards ncp →1 with 

increased porosity p in the particle.   
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Figure 2.17 The plot illustrating the refractive index ratio of porous particle to the 
medium decrease linearly with increasing porosity in the dispersed porous ZnO particle 

system when the pores of the particle are filled with the medium. 

In order to understand the effect of porosity on visible light transmittance of dispersed 

particle systems, the ‘opaque’ commercial sunscreen product in the market is modelled 

in transmittance calculation for dispersed ZnO porous particle system. The ‘opaque’ 

products approved by Cancer Council Australian generally contain ~ 6 wt % of ZnO 

particles, and 60 − 70 wt % of water and ~ 10 wt % of glycerine as the particle carrying 

medium. The ZnO particle size is in the range of 260 nm – 300 nm. According to the 

composition of the mixed medium, the volume fraction of glycerine in water is 

estimated to be ~ 12 vol %, thus the calculated refractive index of the mixed medium is 

mm= 1.33 using equation (2.20), regarding p as the volume fraction of the second phase. 

For a ZnO particle loading of 0.12 mg/cm2, the transmittance of such system for 550 nm 

visible light is calculated using equation (2.15), as shown in Figure 2.18 as a function of 

porosity of ZnO particles. It is seen that the transmittance of the dispersed porous 

particle system with 260 (similarly for 300 nm) nm particles can be improved with 

increasing porosity. For example, when the porosity is 75 vol. %, the visible light 

transmittance reaches ~ 60 %.  
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Figure 2.18 Light transmittance of dispersed porous ZnO particle systems when the 
wavelength of the incident light is 550 nm. 

 

2.3.4 Microstructure design for transparent ZnO based sunscreen products 

containing porous ZnO particles  

2.3.4.1 The optimal structure of porous ZnO particles 

The above discussions and evidence allow us to arrive at the following conclusions in 

terms of visible light transmittance of a ZnO particle dispersed system:  

(1) The transmittance can be improved by reducing ZnO particle loading. Given that 

the primary function of sunscreen as a ZnO particle dispersed system is to block 

UV penetration, a minimum solid particle loading is essential (typically 6 %, 

corresponding to 0.12 mg/cm2 in common products on the market, e.g., the 

product produced by Cancer Council Australia). This limits the scope of visible 

light transmittance improvement that can be achieved.   

(2) The transmittance can be improved by reducing particle size (refer to equations 

(2.14) and (2.15)). However, due to the concern of long-term safety of 

nanoparticles in cosmetics and other skin contact products, acceptable sizes of 

ZnO particles in sunscreens are limited to d ≥ 100 nm, according to the 
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definition of nano sunscreen product by Scientific Committee on Consumer 

Safety (SCCS) of the European Commission [34]. In this regard, the scope to 

improve visible light transmittance by reducing particle size is also limited. 

(3) The transmittance can be improved by introducing open porosity in the particles. 

This will allow the use of large particles, overcoming the above-mentioned 

limitations. Considering this, porous ZnO particles of relatively large sizes 

provide the most promising solution to the problems identified. However, in 

order to ensure the sufficient UV protection, a maximum porosity is also 

essential. Since ZnO is an efficient UV absorber, the maximum porosity at least 

has to ensure that all of the UV light passage through the porous particle is 

blocked.  

To achieve the above (point (3)), the ideal structure of large porous ZnO particles needs 

to be designed, including the particle size, the level of porosity, and the optimal pore 

size.  

According to the theoretical analysis presented above, smaller particles are better in 

terms of visible light transparency. Therefore, the minimum size for the porous particles 

is dictated by the nano-safety requirement, or what are used in safe commercial “opaque” 

sunscreen products. The ZnO particles used in most commercial products are 260 – 300 

nm in size, thus, d > 260 nm is considered the optimal size for porous ZnO particles.  

Also referring to equations (2.20), it is clearly that the higher is the porosity, the closer 

is the refractive index of the composite particle to that of the medium, thus the lower is 

the level of scattering. In this regard, higher levels of porosity are more desirable. 

However, too high level of porosity may lead to too thin of the pore walls, thus too short 

of UV passage through the particles, and thus too low efficiency of UV absorption by 

the particles. Also, too high of a porosity level may also reduce projected area coverage, 

leading to free passages for UV light. Given all these, an optimal porosity level is 

considered to be between 60 and 80%.  

An optimal pore size is another factor to consider. In a porous particle, the pore-wall 

interface scatters light, lowering transparency. In this regard, it is not optimal to 

continue to decrease pore size, for a given porosity level. 

Since both pores and ZnO walls are non-absorbers of visible light. Thus the size effect 

of the pores and walls on visible light transmittance due to scattering can be calculated 
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using equation (2.2), (2.4) and (2.5). Take a light path distance of 10 mm, the calculated 

results (total transmittance) are shown in Figure 2.19 as functions of scatterer (pores and 

walls) size. It is seen that at scatterer size below 20 nm, 95 % visible light transmittance 

can be achieved at a high particle loading of 1×1014/cm3. Taking ZnO particle of 20 nm 

as the scatterer, the population concentration 1×1014/cm3 can be converted to ~ 2.4 

mg/cm2 loading density according to equations (2.9) and (2.13), which is as much as 20 

times of the reference loading of 0.12 mg/cm2 in sunscreen industry for SPF assessment. 

Thus, 20 nm is an acceptable size for pores and walls. Within the pore size range of d < 

20 nm, the additional scattering by interfaces between pores and walls within the 

particle can be kept at minimum. In addition, it is also known that the quantum dots 

effect of ZnO will lead to reduction of UV light absorption when the particle size of 

ZnO is less than ~ 10 nm [85-95]. Therefore, the ideal dimension of the scatterers (pores 

and walls) in a ZnO particle should be within the range of 15 – 20 nm. 

Figure 2.19 Calculated 550 nm visible light transmittance of dispersed systems with 
scatterer population density of 1×1012/cm3, 1×1013/cm3, and 1×1014/cm3 

respectively over different scatterer diameters from 0 to 40 nm. 

2.3.4.2 Construction of the optimum-structured porous ZnO particles 

Figure 2.20 shows the schematic of this microstructural model that is built by a cube 

that represents ZnO building unit. In Figure 2.20 (a), the dimension of the cube is in the 
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range of 15 – 20 nm. In a particular manner, 16 building units are used to build a larger 

cube. The built cube has four layers and each layer consists of 16 grids of 4 columns 

and 4 rows. The building units occupy 4 grids of them. Thus in each layer, the volume 

fraction of the building units is 75 vol. %. Each of the layers is labelled with a particular 

poker deck. In each layer, the specific positions of the building units from top view are 

illustrated with specific poker decks. For each layer, it can be seen that the incident light 

with both horizontal direction and vertical direction can be blocked by the building units. 

When the four layers are stacked vertically, the combined poker decks shows the 

positions of the building units from top view. It is clear that the incident light with the 

direction that is perpendicular to the surface of this page is also blocked by the building 

units. In addition, along each direction of the incident light, the dimension of interfaces 

between the building unit and pores are 15 – 20 nm. In Figure 2.20 (b), the incident 

light along the direction of the diagonal of the built cube is tested. Taking the layer of 

spade as example, when four such layers are aligned laterally, the incident light can be 

blocked. Thus all of the typical directions of the incident light is tested, and there are no 

voids that allow the light to pass freely. Therefore, when four such built cubes are 

assembled as shown in Figure 2.20 (c), the formed structure is the ideal porous 

microstructure.      

In the model, the porosity is literally 75 vol %. It is apparent that at this porosity level 

the constructed large porous cubical particle has no clear path of light unobstructed by a 

blue ZnO cube. This also implies that the projective area of the ZnO cubes is fully 

covering the entire particle. In addition, the pores are truly open and interconnected 

throughout the particle.  

Consequently, we have arrived at the following microstructure design framework for 

ZnO particles. In this design, the ZnO particle (d > 260 nm) with 75 vol. % open 

porosity is constructed by cubic nanoscale (15 – 20 nm) building units. Such structure 

allows a maximum transmittance of 60 % visible light with a particle loading of 0.12 

mg/cm2 (based on calculation result shown in Figure 2.18). This transmittance will be 

an improvement by 6 times for the current ‘opaque’ commercial sunscreens’ 

transmittance of 12 %, referencing to the calculated results shown in Figure 2.18.  
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Figure 2.20 Schematic of an ideal porous microstructure model for porous ZnO particle 
design.  

 

Conclusions  

Dispersed particle system is the most convenient and widely applied system for 

sunscreen products. An objective for product development is to create aesthetically 

attractive sunscreens with high visible light transparency. This objective faces a 

challenge from health and safety requirements, which expect the avoidance of the use of 

nanoparticles for skin contact products, jeopardising the option for visible light 

transparency. In this Chapter I have shown that there is a limit to what can be done to 

enhance the visible light transmittance of such a system by theoretical analysis based on 

the particle scattering theories established by Beer, Rayleigh, Mie, et.al. Based on the 
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principles of light scattering, I have proposed a microstructural design of porous 

particles, ZnO in this case, to meet both the requirements of high visible light 

transparency and of health and safety legislations on nanoparticles. More specifically, I 

have shown that: 

(1) For a visible light non-absorber material or material system such as dispersed 

particle system, both the internal reflective scattering and refractive scattering 

cause the reduction of light transmittance. In addition, the refractive scattering 

causes the reduction of resolution of the forming image.  

(2) For a dispersed non-porous particle system, the visible light transparency is 

dictated by the level of particle loading, the refractive index ratio of the particle to 

the medium, and the particle dimension.   

(3) Under the constraints of nano-safety requirements of ZnO particles in sunscreens, 

and the UV absorption efficiency, the ideal porous ZnO particle is designed. The 

porous ZnO particle external dimension is d > 260 nm, the porosity is 75 vol %, 

and the size of the open pores and the wall thickness are 15 – 20 nm.   

(4) For the dispersed particle system with ZnO particles (d > 260 nm) of with 75 vol % 

open porosity at a particle loading of 0.12 mg/cm2, it is estimated to reach 60 % 

visible light ( = 550 nm) transmittance.    

 

 



	 	50	
 

 

 

 

Chapter 3  

Synthesis of Porous ZnO Particles in 

Aqueous Solutions 

 

In Chapter 2, we concluded that the key to achieve visible light transparency for 

dispersed ZnO particle systems is to have porous ZnO particles with fine dimension of 

pores and walls. This chapter presents the research on the synthesis of porous ZnO 

particles.      

3.1 Critical review of chemical processes in Zn2+ aqueous solutions 

Driven by the demands of nano-materials and related nano-technologies in the last two 

decades, material synthesis via solution chemistry has become a popular technique due 

to its simple operation, versatility, ease of scale-up,  low cost and most importantly, 

unconstrained crystal growth conditions. Consequently, solution synthesis has resulted 

in the formation of a vast array of novel microstructures of a wide range of materials 

from elemental nano-metallic crystals to complex self-assembled hierarchical structures 

of various compounds. Highlighted in Figure 3.1 are (a) nano cubes of Ag [96], (b) 

nano hollow cubes of Au [97], (c) single crystalline dendritic plates of Cu [98], (d) 

carbon-coated SnO2 spherical aggregates [99], (e) hollow octahedral TiO2 particles 

[100], and (f) hierarchical assembled sea-urchin-like CuO particles [101], to make a few 

examples. 

With no exception, various microstructures of ZnO have also been synthesised in 

aqueous solutions under a wide range of reaction conditions. Some commonly observed 

microstructures of ZnO synthesized via aqueous solution method are shown in Figure 

3.2, they are individual particles such as (a) 0D equiaxial particles, (b) 1D nano rods, (c) 
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2D thin sheets and 3D complex structures built or assembled by these individual 

particles. 

 

Figure 3.1 Various metal single crystals and metal oxide particles synthesised from 
aqueous solutions.  (a) Ag single crystalline nano cubes [96], (b) Au single crystalline 
nano cubic frames [97], (c) Cu snowflake-like single crystal [98], (d) SnO2 uniform 
coating on carbon spheres [99], (e) TiO2 hollow octahedral particles [100], (f) CuO 

hierarchical assembled sea-urchin-like particles [101]. 

 

(a) (b)

(c)

(d)

(e)

(f)
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Figure 3.2 Various microstructures of ZnO particles. (a) 0D individual equiaxial single 
crystals [102], (b) 1D nano rods [103], (c) 2D thin sheets, (d) 3D spherical aggregates of 

nano particles [104], (e) 3D urchin-like structure assembled by 1D rods [105], and (f) 
3D cabbage-like structure assembled of 2D thin sheets [106]. 

Despite the large volume of relevant work published, it is not quite simple to extract a 

clear route to control the ZnO syn  thesis in aqueous solution system because of the 

complexity of the reaction processes occurring in this system and the wide variety of 

processing conditions used. For example, a large number of different chemical reactants 

have been used as precursors for ZnO synthesis, such as ZnAc2 [107, 108], ZnCl2 [109, 

110], Zn(NO3)2 [111, 112], and ZnSO4 [113, 114]. The concentrations of reactants used 

vary widely from mg/ml to g/ml. Also, ZnO is not the only product produced from the 

synthesis reactions and the application of various additives often alters the synthesis 

conditions (e.g. pH level) and affects the final products morphology [115].    

3.1.1 Reaction conditions and products in Zn2+ aqueous solutions 

ZnO is formed through the chemical reaction between Zn2+ and OH− ions in aqueous 

solutions, as Zn2++ 2OH →	ZnO	+	H2O.  Commonly, Zn2+ ions are supplied by various 

soluble zinc salts (Zn2+ suppliers) such as ZnAc2, ZnCl2, Zn(NO3)2, and ZnSO4 [116-

123]. OH− can be supplied by various alkaline compounds, including the most 

commonly used NaOH, KOH, and NH4OH, and also some organic compounds such as 

HMT ((CH2)6N4) and urea (CO(NH2)2) [124-133]. Examining the many products 

(a) (b) (c)

(d)
(e)

(f)
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produced from Zn2+ aqueous solutions through various reaction conditions reported in 

the literatures, they can be classified into three general types.   

Type I is a series of zinc complex hydroxides (ZCHs), formed mostly with the 

participation of root anions of zinc suppliers.  Listed in Table 3.1 are common examples 

of Type I ZCHs formed with the participation of root anions in precursor zinc salts, 

including ZnAc2, ZnCl2, Zn(NO3)2, and ZnSO4.  Participation of Ac , Cl , 3NO   and 

2
4SO   anions results in the formation of Zn5Ac2(OH)8·2H2O, Zn5Cl2(OH)8·H2O, 

Zn5(NO3)2(OH)8·2H2O, and Zn4SO4(OH)6·5H2O, respectively. These ZCHs can form 

when NaOH, NH4OH or HMT is used as the OH− supplier. No difference in the ZCH 

product formed is observed among these three OH− suppliers. HMT supplies the OH− 

through its hydrolysis in aqueous solutions following reaction 3.1 [134]: 

 2 6 4 2 4(CH ) N + 10H O 6HCHO + 4NH + 4OH    (3.1) 

Table 3.1 ZCH products formed with participation of root anions from zinc salts via 
reactions between Zn2+ and OH− ions. 

Reaction products Zn2+ 
supplier 

OH- 
supplier 

Molar ratio of 
/  

Ref. 

Zn5Ac2(OH)8·2H2O ZnAc2 NaOH 0.4−1.6  [107, 108] 

Zn5Cl2(OH)8·H2O ZnCl2  0.4−1.2 [109, 110] 

Zn5(NO3)2(OH)8·2H2O Zn(NO3)2  1−1.6 [111, 112] 

Zn4SO4(OH)6·5H2O ZnSO4  0.45−1.5 [113, 114] 

Zn5Ac2(OH)8·2H2O ZnAc2 NH4OH 0.5−1.6 [135] 

Zn5Ac2(OH)8·2H2O ZnAc2 HMT 0.4−1.0 [136] 

Zn5Cl2(OH)8·H2O ZnCl2 0.4−1.0 [137] 

 

However, when urea is used as the OH− supplier, two additional ZCHs can be formed, 

namely Zn4(CO3)(OH)6·H2O and Zn5(CO3)2(OH)6·H2O [138, 139], as summarized in 

Table 3.2, regardless of the precursor zinc salts used. Urea hydrolyses in aqueous 

solutions at above 75 C via the following reaction: 

 75 C + 2
2 2 2 4 3(NH ) CO+2H O 2NH +CO 


  (3.2) 

According to Bronsted-Lowry acid-base theory [40], 4NH can form corresponding base 

and reach a dynamic equilibrium in aqueous solutions, following the reaction: 
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 +
4 2 4 3NH +2H O NH OH+H O  (3.3) 

In doing so, the hydrolysis of urea provides both OH− and 2
3CO  ions which participate 

in the formation of Zn4(CO3)(OH)6·H2O and Zn5(CO3)2(OH)6·H2O, following reactions 

(3.4) and (3.5). 

 2+ 2
3 2 4 3 6 24Zn + CO + 6OH + H O Zn CO (OH) H O      (3.4) 

 2+ 2
3 2 5 3 2 6 25Zn + 2CO + 6OH + H O Zn (CO ) (OH) H O     (3.5) 

This leads to 4NH remaining in the solution and escaping as NH3 gas following reaction 

(3.6), driven by the high hydrolysis temperature of urea. 

 +
4 3 2NH + OH NH +H O    (3.6) 

Table 3.2 The ZCH products formed with participation of root anions from urea in 
aqueous solutions. 

Reaction products Zn2+ 
supplier 

OH− 
supplier 

Reaction 
temperature 

Ref. 

Zn4(CO3)(OH)6·H2O ZnAc2 Urea 80 ºC ~ 90 ºC [140, 141] 

Zn4(CO3)(OH)6·H2O ZnCl2 Urea 95 ºC [140] 

Zn4(CO3)(OH)6·H2O Zn(NO3)2 Urea 90 ºC ~  100 ºC [142, 143] 

Zn5(CO3)2(OH)6·H2O Zn(NO3)2 Urea 90 ºC ~  100 ºC [144-148] 

Zn4(CO3)(OH)6·H2O ZnSO4 Urea 80 ºC [144] 

 

The type II product is simply Zn(OH)2. It is another common product formed in Zn2+ 

aqueous solutions. Since it is soluble in aqueous solution when pH is higher than 10 

[149], it is rarely the focus of reported work.  

The third type product is ZnO. As summarized in Table 3.3, ZnO has been found to 

form readily in Zn2+ aqueous solutions.   

Obviously, ZCHs and ZnO can form in aqueous solutions with many different 

combinations of Zn2+ and OH− suppliers. Then, what dictates the formation of one type 

of products over another? One key parameter that appears to be consistently influencing 

the type of products formed in Zn2+ aqueous solutions is the molar ratio of the [OH−] 
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ions to [Zn2+] ions, defined as 2+

[OH supplier]

[Zn supplier]




 . Summarized in Tables 3.1 and 3.3 

are the experimental molar ratios of reactants (expressed as [OH− supplier]/[Zn2+ 

supplier]) calculated from the reported reaction conditions in the literature to form the 

corresponding products. It is clear that ZCHs form at β ≤ 1.6 for ZnAc2, ZnCl2, and 

Zn(NO3)2, or β ≤ 1.5 for ZnSO4, whereas ZnO forms at reactant ratios of β ≥ 2. This 

realization has direct implications in establishing reliable synthesis control for a specific 

product type. 

Table 3.3 Summary of ZnO formed in aqueous solutions. 

Reaction 
products 

Zn2+ 
supplier 

OH- 
supplier 

Molar ratio of 
[OH−]/[Zn2+] 

Ref. 

ZnO  ZnAc2 KOH 2−8 [150-153] 

  NaOH 10−60 [154-157] 

  HMT 4−8 [158-160] 

ZnO  ZnCl2 KOH 2 [153, 161] 

  NH4OH 2−4 [162, 163] 

  HMT 4 [164] 

ZnO  Zn(NO3)2 KOH 4 [153, 165] 

  NaOH 10−40 [166-168] 

  NH4OH 2−3 [169-171] 

  HMT 4−40 [134, 171-177] 

ZnO  ZnSO4 NaOH 20−100 [178-180] 

 

This realization has also prompted us to re-examine the basic chemical reactions leading 

to the formation of these products. Fundamentally, chemical reaction stoichiometry 

dictates the formation of ZCHs or ZnO. ZCHs form following reactions (3.7) − (3.10) as 

shown in Table 3.4. The stoichiometric [OH−]/[Zn2+] molar ratios of reactions (3.7), 

(3.8) and (3.9) are 1.6 for the three salts of ZnAc2, ZnCl2 and Zn(NO3)2, respectively. 

The stoichiometric [OH−]/[Zn2+] molar ratios of reaction (3.10) is 1.5 for 2
4SO  . 

Zn(OH)2 and ZnO are formed via reactions (3.11) and (3.12), and their stoichiometric 

[OH−]/[Zn2+] molar ratio is 2.0. For reactions (3.7) − (3.10), according to the products 

listed in Table 3.1, it is obvious that when [OH−]/[Zn2+] ratio is less than the 

stoichiometric ratio (1.6 or 1.5), ZCHs form.  
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Table 3.4 The chemical reactions to form ZCHs, Zn(OH)2 and ZnO. 

Reaction 
No. 

Chemical Reactions 
Stoichiometric 

ratio 

3.7 2 2 5 2 8 25ZnAc + 8OH + 2H O Zn Ac (OH) 2H O + 8Ac    1.6 

3.8 2 2 5 2 8 25ZnCl + 8OH + H O Zn Cl (OH) H O + 8Cl    1.6 

3.9 3 2 2 5 3 2 8 2 35Zn(NO ) + 8OH + 2H O Zn (NO ) (OH) 2H O + 8NO    1.6 

3.10 2
4 2 4 4 6 2 44ZnSO +6OH + 5H O Zn SO (OH) 5H O + 3SO    1.5 

3.11 2+
2Zn + 2OH Zn(OH)   2.0 

3.12 2+
2Zn + 2OH ZnO + H O   2.0 

 

Considering both the reaction stoichiometry and [OH−]/[Zn2+] molar ratios used to form 

the different zinc products listed in Table 3.1 and Table 3.3, a generalized product map 

can be established, as shown in Figure 3.3. This diagram highlights the domains for the 

formation of specific ZCH and ZnO for any combination of precursor Zn2+ supplier and 

OH− supplier. Within domain-I where [OH−]/[Zn2+] ≤ 1.5 (for 2
4SO  only) or 1.6 (for 

Ac−, Cl− and 3NO ), ZCHs are the products. ZnO forms within domain-III for 

[OH−]/[Zn2+] = 2.0 up to as high as 100 [179]. It is easy to tell that the root anions 

participate the corresponding reactions to form ZCHs in Domain-I, but do not 

participate the reaction in Domain-II. 

Figure 3.3 Products map for Zn2+ aqueous solution systems. 

With the above clarified, the following questions still remain:  

(1) What governs the participation of root anions to the chemical reactions?  

(2) What are the chemical reactions and formed products within the 

[OH−]/[Zn2+] molar ration range from 1.5 to 2.0?  

21.5 1.60

ZnCl2

ZnSO4

Zn(NO3)2

Zn5Ac2(OH)8·2H2O
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ZnOZnAc2
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In order to answer these questions, the fundamental chemistry of Zn2+ ions in aqueous 

solutions was studied. 

 

3.2 Products formation controlled by the solvation of Zn2+ ions  

The formation of one product type over the other at different [OH−]/[Zn2+] ratios may be 

understood through the investigation of Zn2+ ion solvation, hydrolysis and condensation 

processes in aqueous solutions.   

 

3.2.1 Formation of ZCHs and Zn(OH)2 at relatively low pH levels 

In an aqueous solution containing Zn2+ and OH−, the solvation of Zn2+ ions [181, 182], 

thus their subsequent hydrolysis and condensation, are directly influenced by the pH 

level of the solution [183]. When the pH level is near neutral, Zn2+ ions undergo 

solvation, hydrolysis and olation-condensation processes to form ZHCs and Zn(OH)2, as 

explained below. 

In neutral and acidic solutions (pH < 7) solutions, a Zn2+ ion dissociated from a soluble 

zinc salt is solvated by 6 water molecules, forming an octahedral structure as shown in 

Figure 3.4. The blue octahedral symbolizes the solvated complex [Zn(H2O)6]
2+  ion. 

Figure 3.4 The 6-coordination solvated [Zn(H2O)6]
2+ ion at low pH levels. 

The solvated [Zn(H2O)6]
2+ ions then undergo the hydrolysis as described in Figure 3.5. 

For a solvated [Zn(H2O)6]
2+  ion (Figure 3.5(a)), one of the attached H2O molecules 

which loosen one of its two O−H bonds to release one H+ ion (Figure 3.5(b)). This 

reaction leads to lowering of the pH level of the solution. When OH− (from the OH− 

supplier) is added into the solution, the released H+ is neutralized and the hydrolysis of 

[Zn(H2O)6]
2+ is allowed to continue to the other five coordinated H2O molecules till all 

six H+ ions are released from [Zn(H2O)6]
2+, resulting in the formation of hydrolysed 

[Zn(OH)6]
4− ion (Figure 3.5 (c)), as represented by the gray octahedral in the figure. 
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Figure 3.5. The hydrolysis process of [Zn(H2O)6]
2+ to form [Zn(OH)6]

4− at low pH 
levels: (a) blue octahedral represents the solvated [Zn(H2O)6]

2+  ion; (b) one of the 
attached water molecule releases H+; (c) gray octahedral represents the hydrolysed 

[Zn(OH)6]
4−  ion. 

The hydrolysed [Zn(OH)6]
4− ions in the solution can combine with the solvated 

[Zn(H2O)6]
2+  ions through two –ola– (−OH−) bridges to form combined ions, and at the 

same time release two H2O molecules. This reaction is known as the olation 

condensation, as depicted in Figure 3.6 (a). The olation reaction can continue, with all 

the exposed edges of the  [Zn(H2O)6]
2+ octahedron being able to react with [Zn(OH)6]

4− 

ions, and all the exposed edges of the [Zn(OH)6]
4− ion being able to react with 

[Zn(H2O)6]
2+ ions. Both these reactions (essentially the same) release H2O, thus 

converting [Zn(H2O)6]
2+ into [Zn(OH)6]

4− ions  linked up by −OH− bridges into 2D 

clusters, as depicted in Figure 3.6 (b). Each –OH− bridge can link three –Zn bonds, thus 

forming such hexagon 2D arrangement of the [Zn(OH)6]
4− ions. This olation 

condensation reaction eventually results in the formation of Zn(OH)2.  

Obviously, Zn2+ ions cannot be introduced into a solution independently, and there are 

always accompanying anions in the solution. These anions may also participate in 

solvation process, thus modify the product of the solvation of Zn2+ ions. Take the 

soluble salt ZnCl2 as an example, when Zn2+ ions are dissociated from ZnCl2 in aqueous 

solution, some of the Zn2+ ions will be solvated by 6 water molecules and form into 

octahedrons as described in Figure 3.4. Some other Zn2+ ions may be solvated by 3 

water molecules and a Cl− anion, forming a tetrahedral structure to achieve stability, as 

shown in Figure 3.7. 

(a) (c)(b)



	 	59	
 

Figure 3.6 The schematics illustrating the olation condensation process in Zn2+ aqueous 
solutions at relatively low pH levels: (a) olation condensation reaction; (b) Zn(OH)2 

formation through olation condensation. 

Figure 3.7 Solvated [Zn(H2O)3Cl]+ ions in the presence of Cl− in Zn2+ aqueous solutions 
at relatively low pH level. 

Consequently, in the presence of Cl− anions, two different olation-condensation 

reactions may occur in the solution at relatively low pH levels, as shown in Figure 3.8. 

One is between the octahedrally solvated [Zn(H2O)6]
2+ and hydrolysed [Zn(OH)6]

4− ions 

forming combined ions as described in Figure 3.6 (a). The other involves the 

tetrahedrally-solvated [Zn(H2O)3Cl]+ ions with Cl− anion combined with octahedrally 

hydrolyzed [Zn(OH)6]
4− ions forming combined ions with Cl− (Figure 3.8 (a)). The 

tetrahedrally solvated [Zn(H2O)3Cl]+ ions with Cl− combines with octahedrally 

hydrolyzed Zn2+ ions through −OH− bond forming combined ions with Cl− anion, 

meanwhile releases one water molecule. Followed this reaction, two tetrahedral 

[Zn(H2O)3Cl]+  ions may react with three octahedral ions to form the building block of 

Zn5(OH)8Cl2. With progressive assembling of these building-blocks, the solvated ions 

in the red dashed circle connect with others by −OH− bonds, thus forming 

Zn5(OH)8Cl2  , as shown as Figure 3.8 (b). 

(a)

(b)
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Figure 3.8 The olation condensation process with the participation of anions such as Cl− 
shown here: (a) olation condensation of ions with Cl− presence; (b) Zn5(OH)8Cl2  

formation through olation condensation. 

3.2.2 Formation of ZnO at relatively high pH levels 

The electronegativity of the solution decreases  when the pH level of an aqueous 

solution is increased [183]. That means the electron acquisition ability of the solution 

becomes weak. Figure 3.9 shows the schematic of the solvated Zn2+ ion coordinated by 

6, 5, and 4 water molecules [182]. The water molecule is indicated by the red dashed 

circle, and the Zn2+ ion is indicated by the red arrow. Figure 3.9 (a) shows the 6-

coordination solvated [Zn(H2O)6]
2+ ion. The electrons on the shell of Zn2+ are shared 

with 6 water molecules, thus the electron orbital of Zn2+ is stretched by 6 water 

molecules simultaneously. When the electron acquisition ability of the solution becomes 

weak, the electron orbital of Zn2+ is shrinking.  Due to the radius of Zn2+ is 0.75 nm, 

less than that of O2−(1.2 nm), thus there is no enough space in the Zn2+ external shell to 

attach 6 water molecules. As result of this reason, the coordination number of water 

molecules around each Zn2+ decreases. Figure 3.9 (b) and (c) show the 5-coordination 

solvated [Zn(H2O)5]
2+ ion and 4-coordination solvated [Zn(H2O)4]

2+ ion. Apparently, 

the structure of the solvated ion is more stable when the coordination number is 4 than 

when it is 5.   

(a)

(b)
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Figure 3.9 The schematic of the solvated Zn2+ ion coordinated by: (a) 6 water 
molecules; (b) 5 water molecules; and (c) 4 water molecules. 

Therefore, when the pH level of an aqueous solution is high, each Zn2+ ion dissociated 

from a soluble zinc salt is most likely to be solvated by four H2O molecules instead of 

six, to form a [Zn(H2O)4]
2+ tetrahedron, as shown in Figure 3.10. The solvated 

[Zn(H2O)4]
2+ ion is represented by a blue tetrahedron.  

Figure 3.10 The 4-coordination solvated [Zn(H2O)4]
2+  ion in aqueous solutions at high 

pH levels 

The 4-coordination solvated [Zn(H2O)4]
2+ ions then undergo hydrolysis process as 

depicted in Figure 3.11. Similar to the octahedral [Zn(H2O)6]
2+ ions formed in low pH 

solutions, the hydrolysis of the solvated 4-coordination tetrahedral [Zn(H2O)4]
2+ ions 

releases 4H+ ions, promoted by high [OH−] concentration in the solution. The 

hydrolysed [Zn(OH)4]
2−  ion is presented by a gray tetrahe dron in Figure 3.11 (b). 

 

(b) (c)(a) 

 

H
2
O 

Zn
2+
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Figure 3.11 The hydrolysis process of [Zn(H2O)4]
2+  to form [Zn(OH)4]

2- at high pH 
levels: (a) blue tetrahedral represents the solvated [Zn(H2O)4]

2+  ion; (b) gray tetrahedral 
represents the hydrolyzed [Zn(OH)4]

2−  ion. 

The hydrolysed [Zn(H2O)4]
2+ ions then combine via –oxo– (–O–) bridges to form 

combined ions and at the same time release one H2O molecule, as depicted in Figure 

3.12 (a). This reaction is known as oxolation condensation. The combined ions are 

represented by two connected gray tetrahedrons (Figure 3.12 (a)). The oxolation 

condensation process of the hydrolysed [Zn(OH)4]
2− ions may continue indefinitely, 

with one H2O released for each combination.  Each −O− bridge can link four −Zn bonds, 

thus each corner point of the tetrahedron can connect to three other [Zn(OH)4]
2− 

tetrahedrons. Through continuation of the same process, the hydrolysed [Zn(OH)4]
2− 

ions are finally converted to ZnO in a networked structure, as shown in Figure 3.12 (b). 

 

Figure 3.12 The oxolation process of [Zn(OH)4]
2−  ions: (a) oxolation condensation 

reaction; (b) ZnO formation through oxolation condensation. 

(a) (c)(b)

(a)

(b)
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From the above discussion, it is seen that there are three reaction mechanisms (Figures 

3.6, 3.8, and 3.12) for Zn2+ ions to form products such as Zn(OH)2, ZCHs and ZnO. At 

low pH levels, 6-coordintation octahedral solvated Zn2+ ions undergo the olation 

condensation process, resulting in the formation of Zn(OH)2 and ZCHs with the root 

anions participate in the reaction. At high pH levels, 4-coordintation tetrahedral solvated 

Zn2+ ions undergo the oxolation condensation, leading to the formation of ZnO. In this 

case the root anions do not participate in the reaction. The manner of solvation of Zn2+ 

ion dictates the formation of either ZCHs or ZnO as the final products.   

3.2.3 Experimental synthesis of Zn-compounds via Zn2+ ion solvation  

This section reports on the synthesis of Zn-compounds in Zn2+ aqueous solutions at 

ambient temperature. In this study, [OH−]/[Zn2+] molar ratio   is used as the controlling 

parameter for pH of the system. In all the experiments, NaOH was used as the OH− 

supplier and Zn2+ was supplied by ZnAc2, ZnCl2 or ZnSO4 in each solution. 

In the experiments, OH− ion was continuously and gradually added into the solution by 

titrating NaOH stock solution. A Mettler Toledo G20 titrator (as shown in Figure 3.13) 

was used to control the addition of NaOH into Zn2+ solutions. The schematic of the 

experimental setup is shown in Figure 3.14.  A 0.1 M NaOH solution was prepared as a 

stock solution. An aqueous test solution of 0.1 M Zn2+ concentration and 100 mL in 

volume was prepared using any of the three precursor Zn salts of ZnAc2, ZnCl2 and 

ZnSO4, and loaded in a beaker. A burette with 20 mL capacity was connected with 

solution transport tubes to both the 0.1 M NaOH stock solution and the 0.1 M Zn2+ test 

solution for titration. Controlled by the titrator, the burette was filled with the NaOH 

stock solution by suction when the piston was moving down, and it was emptied (the 

NaOH solution was pushed from the burette to the Zn2+ test solution) when the piston 

was moving up. The solution flow regulator was controlled by the titrator to switch 

between suction for filling and pushing for titration. The titration rate was 0.03 mL/s.  It 

took ~ 12 minutes to exhaust one burette full of stock solution and 30 seconds for refill. 

The Zn2+ test solution was under constant mechanical stir during titration. The pH 

variation of the Zn2+ solution was monitored with a pH meter and recorded by the 

computer.    
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Figure 3.13 The image of the titrator (Mettler Toledo G20). 

Figure 3.14 Schematic of the experimental setup for Zn-compounds synthesis via 0.1 M 
NaOH titration of 0.1 M Zn2+ aqueous solution.  

Figure 3.15 shows the measured solution pH during titration of a 100 mL 0.1 M ZnCl2 

solution. For reference, the pH of a 100 mL de-ionised water sample subjected to the 

same titration process was also measured and plotted in the figure. The x-axis represents 

the cumulative volume of the 0.1 M NaOH stock solution added, and the secondary 

horizontal axis on the top represents the calculated corresponding molar ratio . For the 

DI water solution, the pH value increased quickly from 6.5 to ~11 with the addition of 

25 mL of the 0.1 M NaOH solution, and then increased slowly to 11.5 with further 

increasing the 0.1 M NaOH solution to 300 mL. 
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Figure 3.15 Evolution of pH of 0.1 M ZnCl2 solution during titration of 0.1 M NaOH 

solution, revealing the effects of increasing  on the system. The evolution of pH of a 
deionized water sample under the same titration is also shown for comparison. 

Different behaviour was observed during NaOH titration of the 0.1 M ZnCl2 solution. 

The pH of the original 0.1M ZnCl2 solution was ~ 6, presenting mild acidity. This is 

attributed to the solvation and hydrolysis reaction of Zn2+ ions, as expressed in equation 

(3.13) and equation (3.14).  

  2+2+
2 2 6Zn + 6H O Zn(H O)   (3.13) 

    2+ + +
2 6 2 5Zn(H O) Zn(H O) OH + H   (3.14) 

The pH change of the ZnCl2 solution during titration showed two distinctive stages. 

During stage I the solution pH increased slowly with the addition of NaOH, and 

remained at a level significantly below that measured for the DI water solution. This 

implies that a chemical reaction in the 0.1 M ZnCl2 system consumes the OH− added.  

As discussed above in section 3.2.1, under low pH conditions, as in the case of 0.1 M 

ZnCl2 solution (pH = 6.5), added OH− ions will be immediately consumed by the 

hydrolysis of excessively solvated Zn2+ ions in the solution (equation (3.14)). 
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Consequently, the addition of NaOH through titration only had minor impact to the pH 

of the solution. 

It is also observed that small and sudden pH drops occurred during stage I (indicated by 

the arrows from ① to ⑦). This is due to the refill of the titration burette, during which 

the titration was interrupted. The concurrent and continuous reaction expressed in 

equation (3.14) continued to consume OH−, causing a decrease of system pH until the 

resumption of titration. 

This reaction (3.14) proceeded steadily throughout stage I until reached completion just 

before the onset of stage II. With no coincidence, the total titration volume of NaOH 

corresponded to  = 1.6, which is the stoichiometric [OH−]/[Zn2+] ratio required to form 

Zn5Cl2(OH)8·H2O via reaction (3.8). After that no OH− may be consumed, and further 

addition of NaOH thus resulted in the rapid increase of solution pH from ~ 7.5 to ~ 10.5, 

as observed. At just before the onset of stage II, the white precipitates solid sample were 

collected and confirmed by means of XRD to be Zn5Cl2(OH)8·H2O (Figure 3.17), 

confirming the occurrence of reaction (3.8). 

When the pH of the system increased rapidly at  = 1.6 to ~ 11 and remained at this 

high level with further increase of NaOH addition, some obvious fluctuations of pH can 

be seen in stage II. This phenomenon is explained as following. The continued addition 

of NaOH into the solution in stage II resulted in dissociation of Cl− anions from 

Zn5Cl2(OH)8·H2O precipitates at pH ~ 10 [183]. Such dissociation triggers a series of 

reactions as following:  

 Zn5Cl2(OH)8·H2O → 4Zn(OH)2 + Zn2+ + 2Cl− + H2O  (3.15) 

In turn, the dissociated Zn2+ cations were solvated by four water molecules when pH 

was ~ 10, and the solvated [Zn(H2O)4]
2+ ions hydrolysed, prompted by high 

concentration of OH− ions, following reactions (3.16) and (3.17):   

 Zn2+ + 4H2O → [Zn(H2O)4]
2+  (3.16) 

 [Zn(H2O)4]
2+ → [Zn(OH)4]

2− + 4H+ (3.17) 

The Zn(OH)2 started to dissolve when pH was higher than 10 [149], and formed into 

tetrahedral [Zn(OH)4]
2−  ions, following reaction (3.18):   

 Zn(OH)2 + 2OH−  → [Zn(OH)4]
2−  (3.18) 
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Consequently, the products such as Zn5Cl2(OH)8·H2O gradually dissolved in the form 

of [Zn(H2O)4]
2+ and transformed to [Zn(OH)4]

2− subsequently. The [Zn(OH)4]
2− ions 

then underwent oxolation condensation, leading to the formation of ZnO, as shown in 

Figure 3.12.     

During the hydrolysis of [Zn(H2O)4]
2+ ions, the H+ ions were released as per reaction 

(3.17). This reaction consumed OH− ions. In addition, the formation of [Zn(OH)4]
2− 

from Zn(OH)2 also consumed OH− ions, as per reaction (3.18). The concurrent 

occurrence of reactions (3.17) and (3.18), together with the addition of NaOH, 

maintained a dynamic equilibrium, thus erratic fluctuations of the system pH, as 

observed in Figure 3.15. Only after all the [Zn(H2O)4]
2+ and Zn(OH)2 turned into 

[Zn(OH)4]
2−, when no OH− ions were consumed, the pH of the system was stabilized 

and started to increase slowly with further addition of NaOH. During this stage the short 

interruption of titration associated with refill of the burette had no effect on system pH 

any more.  

Similar phenomena were also observed for ZnAc2 and ZnSO4 solutions, as shown in 

Figure 3.16. ZnAc2 and ZnSO4 solutions experienced similar two stages of pH variation.  

This confirmed that (1) the reactions consuming OH− in stage I is a common 

phenomenon for zinc salts when they react with OH− ions in aqueous solutions, and (2) 

the fluctuation of pH in stage II is also a common phenomenon associated with the 

dissolution of ZCHs and the concurrent formation of ZnO. Similarly, the reactions 

occurred were reactions (3.7) and (3.10). 
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Figure 3.16 Effect of NaOH titration on system pH of (a) 0.1 M ZnAc2 and (b) 0.1 M 
ZnSO4 solutions. 

Powder x-ray diffraction analysis was conducted using Panalytical Empyream with Cu 

K radiation ( = 0.154 nm) for the collected particulate products after titration. Figure 

3.17 shows XRD patterns of solid products collected at the end of stage I for ZnAc2, 

ZnCl2, Zn(NO3)2 and ZnSO4 solutions. It was also observed that when all 300 mL of 0.1 

M NaOH solution was added to the solutions, the final products were only ZnO for all 
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four systems, as represented by sample (e) in Figure 3.17 obtained from the precipitates 

in ZnCl2 solution at the end of stage II titration.   

 

Figure 3.17 XRD patterns of products collected from zinc salt solutions after NaOH 
titration. (a) Zn5Ac2(OH)8·2H2O, a sample collected from ZnAc2 solution at the end of 
stage I titration; (b) Zn5Cl2(OH)8·H2O, a sample collected from ZnCl2 solution at the 
end of stage I titration; (c) Zn5(NO3)2(OH)8·2H2O, a sample collected from Zn(NO3)2 

solution at the end of stage I titration; (d) Zn4SO4(OH)6·5H2O, a sample collected from 
ZnSO4 solution at the end of stage I titration; (e) ZnO, a sample collected from ZnCl2 

solution at end of stage II titration. 

In the period of pH fluctuation in stage II, precipitation products were also collected and 

examined by means of XRD. The analysis revealed that they were mixtures of 

respective ZCHs and ZnO. Figure 3.18 shows the XRD patterns of these precipitates 

collected from stage II. Samples (a), (b) and (c) contained mixtures of 

Zn5Ac2(OH)8·2H2O and ZnO, Zn5Cl2(OH)8·H2O and ZnO, Zn4SO4(OH)6·5H2O and 

ZnO, respectively.  
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Figure 3.18 XRD patterns of the mixture of ZCHs and ZnO, collected at 1.5 (for ZnSO4 

solution) or 1.6 (for ZnAc2 and ZnCl2 solutions) <  < 2. (a) the sample collected from 
ZnAc2 solution system, (b) the sample collected from ZnCl2 solution system, (c) the 

sample collected from ZnSO4 solution system. 

Figure 3.19 shows SEM micrographs of a few solid precipitate samples collected at the 

onset of stage II titration when 1.5 (for ZnSO4 solution) or 1.6 (for ZnAc2 and ZnCl2 

solutions) <  < 2. Sample (a) was collected from ZnAc2 solution system, revealing the 

morphologies of Zn5Ac2(OH)8·2H2O and ZnO particles. Sample (b) was collected from 

ZnCl2 solution system, revealing the morphologies of Zn5Cl2(OH)8·H2O and ZnO 

particles. Sample (c) was collected from ZnSO4 solution system, revealing the 

morphologies of Zn4SO4(OH)6·5H2O and ZnO particles. In all three systems, the 

reaction products consist of thin sheets/plates and irregular shaped equiaxial particles. 

These two distinctive morphologies are found to be ZCHs and ZnO respectively, as 

discussed in 3.3.1. 
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Figure 3.19 SEM micrographs of the precipitates collected from the Zn salt solutions 

at 1.5 <   < 2: (a) the mixture of Zn5Ac2(OH)8·2H2O and ZnO; (b) the mixture of 
Zn5Cl2(OH)8·H2O and ZnO; (c) the mixture of Zn4SO4(OH)6·5H2O and ZnO. 

With the evidences and discussions presented above, some key conclusions may be 

drawn regarding the synthesis of desired products (ZCHs or ZnO) in Zn2+ aqueous 

solutions: 

(1) ZnO cannot form when   < 1.5 for system with 2
4SO  root anions or   < 1.6 for 

systems with Ac−, Cl− and 3NO  root anions. This is because Zn2+ ions are 

octahedral solvated in this [OH−]/[Zn2+] ratio range. This solvation induces olation 

condensation and allows root anions to participate in the reaction to form ZCHs.   

(2) When  > 1.5 for system with 2
4SO   root anions, or 1.6 for systems with Ac−, Cl− 

and 3NO  root anions, Zn2+ ions are tetrahedral solvated and the root anions are 

prevented from participating in the oxolation condensation, thus ZCHs cannot 

form and only ZnO forms. 

(3) Consequently, regardless of what starting precursor chemicals are used in the 

solution chemical synthesis,  should be and can be used to guide the synthesis to 

obtain desired ZCHs or ZnO products.   
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3.3 Investigation of microstructure formation of ZCHs and ZnO produced from 

Zn2+ aqueous solutions 

The microstructure formation of ZCHs and ZnO produced from Zn2+ aqueous solutions 

was also investigated with the focus to reveal the intrinsic/external factors that govern 

the formation.   

3.3.1 Microstructure formation of ZCHs 

In Zn2+ aqueous solutions, as discussed in previous sections, the conditions to form 

ZCHs are satisfied when  =[OH−]/[Zn2+] ratio is in the corresponding product domains  

of  < 1.5 for ZnSO4 or  < 1.6 for ZnCl2, ZnAc2 and Zn(NO3)2 systems, as illustrated 

in Figure 3.3. During the formation of the ZCHs, different particle morphologies 

develop. In this section, the morphology formation of ZCHs is investigated. 

Table 3.5 lists the experimental conditions for the synthesis of ZCHs using ZnCl2, 

ZnAc2, Zn(NO3)2 and ZnSO4 as Zn2+ suppliers and NaOH as OH− supplier. The reaction 

solution was prepared by mixing 100 mL 0.1 M Zn2+ solution (prepared from ZnCl2, 

ZnAc2, ZnSO4 and Zn(NO3)2 precursors) and 100 mL 0.1 M NaOH solution at the 

ambient temperature. After shock mixing, white precipitates were formed immediately. 

The solid precipitates were collected by decanting and filtration. The collected samples 

were washed with deionized water several times until the measured ppm (parts per 

million) of Na+ cations in the residual solution (used for washing sample) was lower 

than 100. Then the sample was dried in fume cupboard at ambient temperature for 24 

hours, and observed using a Zeiss 1555 scanning electronic microscope (SEM).  

In addition to the above, two more experiments were also carried out, using 100 mL 1 

M ZnCl2 solution and 100 mL 1 M NaOH solution. 

The chemical reactions to form ZCHs occur rapidly; in other words, the chemical 

reaction is not the limiting factor in the relevant process of ZCH formation, including 

nucleation and growth. Under such conditions, the microstructure development of the 

product is controlled by the intrinsic crystallographic features of ZCHs and extrinsic 

growth environment factors.  
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Table 3.5 Experimental conditions of Zn2+ solutions and NaOH solution for the 
synthesis of ZCHs. 

 
Chemical reactants [Zn2+]/[OH−] 

ZnCl2/NaOH ZnAc2/NaOH ZnSO4/NaOH Zn(NO3)2/NaOH

Solution 
concentration 

0.1 M/0.1 M 0.1 M/0.1 M 0.1 M/0.1 M 0.1 M/0.1 M 

1 M/1 M - - - 

   

Figure 3.20 shows SEM micrographs of the precipitates obtained from the ZnCl2 system 

following reaction (3.8). Figure 3.20 (a) and (b) are the sample formed in 0.1 M/0.1 M 

ZnCl2/NaOH solution. Figure 3.20 (c) and (d) show the sample collected from the 1 

M/1 M ZnCl2/NaOH solution. Both samples are Zn5Cl2(OH)8·H2O, as identified by 

means of XRD analysis. It is clear that both samples are planar plate shaped particles. 

The average planar size of the platelet particles of the sample from the 0.1 M solution is 

apparently smaller than that from the 1 M solution. In addition, the particles from the 1 

M solution are more uniform in terms of particle dimension than those from the 0.1 M 

solution.  

It is also evident that the particles are characteristic of straight edges and 120 º edge 

corners, assembling “hexagonal” morphology. This is in consistent with the 

rhombohedral crystal structure of Zn5Cl2(OH)8·H2O [184]. For rhombohedral crystal 

structure of Zn5Cl2(OH)8·H2O, the axial lengths of the unit cell are a = b = 0.63 nm, and 

c = 2.36 nm. The shape bounded by a and b is rhombohedron with interaxial angle  = 

120° and  = 30°. Comparing with the length of a and b, the length of c is several time 

of the length of a and b. This implies the bond strength along c axis is weaker than that 

along a or b axis. The XRD observation (Figure 3.17 (b)) of the excessive high intensity 

of the (003) peak that is associated with the (003) plane bounded by a and b also 

confirms the normal direction of the largest surface of the planar particle is [001]. It is 

the weak inter-planar bonding in [001] direction that favours the crystals to grow into 

thin and large plates with the normal direction of [001]. Therefore, some of the particles 

apparently present 120 º edge corners.  
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Figure 3.20 SEM micrographs of Zn5Cl2(OH)8·H2O samples obtained from the 

reaction between ZnCl2 and NaOH solutions at  =1: (a) and (b) morphology of the 
sample collected from 0.1 M reaction solution; (c) and (d) morphology of the sample 

collected from 1 M reaction solution.  

Figure 3.21 shows SEM micrographs of the ZCHs produced from the four zinc salts 

used, with (a) being Zn5Cl2(OH)8·H2O formed from ZnCl2, (b) being 

Zn5(NO3)2(OH)8·2H2O from Zn(NO3)2,  (c) being Zn4SO4(OH)6·5H2O from ZnSO4, and 

(d) being Zn5Ac2(OH)8·2H2O from ZnAc2. All the solutions had a 0.1 M Zn2+ and 

NaOH concentration. The chemical reactions in the four systems are given in reactions 

(3.7) – (3.10).  It is obvious that all types of ZCH particles possess a planar morphology 

in general, however have differing planar shapes. 

Micrograph (a) shows the thin sheet like particle of Zn5Cl2(OH)8·H2O, as discussed 

above, the crystal structure of Zn5Cl2(OH)8·H2O is rhombohedral, the largest surface of 

the thin sheets is (003) plane. Thus the normal direction of the sheet is [001] direction.  

Micrograph (b) shows the thin plate like Zn5(NO3)2(OH)8·2H2O particles. The crystal 

structure of this compound is monoclinic. The axial length of it is a = 1.95 nm, b = 0.62 

nm, c = 0.55 nm. The length of a is much more than that of b and c, indicating the bond 

strength along a axis is the weakest, and the plane (100) bounded by b and c should 
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have the largest dimension. The observed highest peak (Figure 3.17 (c)) is (200) peak, 

which is associated with (200) planes. Thus it can be confirm that the normal direction 

of the largest surface of the thin plate particle is [100] direction.  

Figure 3.21 SEM micrographs of ZCHs products: (a) Zn5Cl2(OH)8·H2O from the 0.1 
M ZnCl2 solution; (b) Zn5(NO3)2(OH)8·2H2O from the 0.1 M Zn(NO3)2 solution; (c) 
Zn4SO4(OH)6·5H2O from the 0.1 M ZnSO4 solution; (d) Zn5Ac2(OH)8·2H2O from 

the 0.1 M ZnAc2 solution. For all solutions,  = 1. 

Micrograph (c) shows the thin sheet like Zn4SO4(OH)6·5H2O particles. The crystal 

structure of this compound is triclinic. The axial length of it is a = 0.84, b = 0.84 nm, c 

= 1.1 nm, suggesting the plane (001) bounded by b and c may possess the largest 

dimension. The observed highest peak (Figure 3.17 (d)) is (001) peak. Thus the normal 

direction of the largest surface of the sheet is [001] direction.   

Micrograph (d) shows the thin ribbon shape particle of Zn5Ac2(OH)8·2H2O. Since there 

is no JCPDS standard pattern for this compound, the identification of this compound is 

based on the literatures that have been reported. It is reported that this compound is 

layered structure crystal [81,82], and the highest peak (Figure 3.17 (a)) is (001) peak, 

which is associated with (001) plane. Considering the layered structure of its crystal, it 
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200 nm 

200 nm 200 nm 

2 m 



	 	76	
 

is reasonable to believe that the normal direction of the largest surface of thin ribbons is 

[001] direction.   

Governed by their intrinsic crystal structure features, the general 2D morphologies of 

ZCHs particles are rarely changed in the domain of   < 1.5 for ZnSO4 or   < 1.6 for 

ZnCl2, ZnAc2, and Zn(NO3)2. However, examining the lateral dimensions of the ZCH 

plate particles, it was observed that the plate sizes increased with increasing  . Shown 

in Figure 3.22 is an example of Zn5Cl2(OH)8·H2O hexagonal plates synthesized using 

ZnCl2 at 220 ºC in aqueous solutions [109]. It can be seen that the planar sizes of 

Zn5Cl2(OH)8·H2O plate particles formed at  = 0.06 ranged from 20 to 80 μm 

(micrograph (a)), whereas when  increased to 0.4, the plates formed are larger up to ~ 

400 μm.  

Figure 3.22 SEM micrographs of Zn5Cl2(OH)8·H2O obtained from ZnCl2/NaOH 
solutions with (a) [OH−]/[Zn2+] = 0.06 and (b) [OH−]/[Zn2+] = 0.4. The [Zn2+] 

concentration was 0.1 M [109]. 

In addition, extrinsic factors such as chemical additives can also have some influence on 

microstructure formation of ZCHs. Tri-sodium citrate (Na3C6H5O7) is a commonly used 

additive reported in the literature. In this work tri-sodium citrate was used to modify the 

particle microstructure of Zn5Ac2(OH)8·2H2O. Figure 3.23 shows a Zn5Ac2(OH)8·2H2O 

sample obtained in an aqueous solution of ZnAc2:HMT:tri-sodium citrate at a molar 

ratio of 1.0:1.0:0.1 at 95 ºC. Micrograph (a) shows the general shapes and dimensions of 

the produced spherical particles, and micrograph (b) shows the detail microstructure of 

an individual sphere. The same Zn5Ac2(OH)8·2H2O compound was also produced from 

the same solution without tri-sodium citrate, as shown in Figure 3.21 (d), where the 

particles are general thin discs. It is apparent that the presence of tri-sodium citrate has 

dramatically altered the microstructure of Zn5Ac2(OH)8·2H2O, from smaller thin plates 
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to large spheres. Whereas the particle shape difference is clear, the intrinsic planar 

features of the ZCH appear to have been preserved in the complex structure of the 

spherical particles, which can be considered as being essentially ‘constructed’ from 

interconnected thin walls. Till now, the mechanistic understanding of how tri-sodium 

citrate influences the formation of such microstructure is still largely unknown. The 

same is also true for the majority of morphological control/altering chemical additives 

in the general field of solution synthesis. 

 

Figure 3.23 The porous spherical microstructure of Zn5Ac2(OH)8·2H2O particles 
produced in ZnAc2 /NaOH solution with tri-sodium citrate additive at 95 ºC. The 
solution molar ratio is ZnAc2:HMT:tri-sodium citrate = 1.0:1.0:0.1. (a) the shape 

and dimension of the produced Zn5Ac2(OH)8·2H2O particles; (b) the microstructure 
detail of an individual Zn5Ac2(OH)8·2H2O sphere. 

In summary, the morphology formation of ZCHs is largely dictated by their intrinsic 

crystallographic features, and ZCHs have strong tendency to grow into particles with 

2D planar morphology. External factors such as reactant concentration,   and additives 

(e.g., tri-sodium citrate) may influence the dimension and construction of ZCHs 

particles.  

3.3.2 Microstructure formation of ZnO 

Much research has been reported in the literature on solution synthesis of ZnO. Various 

ZnO products formed appear to be in two basic types. Type 1 are the individual single 

crystal ZnO particles of various dimensional features ranging from 0D nano-crystals, to 

1D rods, 2D thin plates and 3D crystals of varied geometric shapes. Some examples 

have been shown in Figure 3.2, and some more are given in Figure 3.24. Micrograph (a) 

shows hexagonal ZnO plate particles formed from the reaction between Zn(NO3)2 and 

HMT at  = 4, with the presence of tri-sodium citrate [115]; micrograph (b) shows ZnO 

(a) (b)

1 m 2 m 
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pellets formed from the reaction between ZnAc2 and NaOH at  = 2, with tri-sodium 

citrate as additive [156]; micrograph (c) shows ZnO hexagonal columns created from 

the reaction between ZnAc2 and HMT at  = 2, with sodium dodecyl sulphate as the 

additive [159]; and micrographs (d) and (e) show ZnO hexagonal rods amd wires with 

different aspect ratios, obtained from the reactions between Zn(NO3)2 and urea at  = 5 

(with ethylene glycol as additive) [145], and the reaction between ZnAc2 and NaOH at  

= 60 (with sodium citrate as the additive) [156]. It is easy to recognise that a common 

feature of these single crystals is their general hexagonal shapes. The normal direction 

of the hexagonal plane is well known and is the [0001] direction.   

Figure 3.24 Different shapes of ZnO single crystals synthesized with the presence of 

additives: (a) the plates obtained from the reaction between Zn(NO3)2 and HMT at  = 4

[115], (b) the pellets from the reaction between ZnAc2 and NaOH at  = 2 [156], (c) the 

hexagonal prisms from the reaction between ZnAc2 and HMT at  = 2 [159], (d) the 

rods from the reactions between Zn(NO3)2 and urea at  = 5 [145], and (e) the rods from 

the reaction between ZnAc2 and NaOH at  = 60. with different aspect ratios [156], and 
(f) the schematic of [0001] direction of hexagonal crystal. 

These ZnO crystals were synthesized from aqueous solutions using common zinc salts 

as the precursor and common alkaline compounds (such as HMT, NaOH and urea) as 

OH− suppliers. Table 3.6 lists some key synthesis conditions for the formation of these 

ZnO crystals. The morphologies of the formed ZnO crystals are presented in Figure 

3.24. 

(a) (b) (c)

(d) (e) (f)



	 	79	
 

Table 3.6 Key conditions for the synthesis of the ZnO crystals with different shapes 
shown in Figure 3.24. 

Zn2+ 
supplier 

OH- 
supplier 

Additive  Micrograph in 
Figure 3.24 

Ref

Zn(NO3)2 HMT Tri-Sodium citrate 4:1 (a) [115]

ZnAc2 NaOH Tri-Sodium citrate 2:1 (b) [156]

ZnAc2 HMT Sodium dodecyl sulfate 2:1 (c) [159]

Zn(NO3)2 urea Ethylene glycol 5:1 (d) [145]

ZnAc2 NaOH Sodium citrate 60:1 (e) [156]

 

It is apparent that the basic hexagon characteristics of ZnO crystals are always prevailed 

as dictated by its intrinsic crystal structure. It is the external factors such as additives 

and  value in the solution that enable the formation of a wide range of crystal shapes 

with very different aspect ratios and sizes.  

Type 2 refers to ZnO products of more complex microstructures formed as assemblies 

of basic building units, often single crystals. Such microstructures are to a significant 

degree dictated by the size and dimensional features of their building units. Most 

commonly, assembled microstructures of ZnO were made of thin rods and thin sheets, 

as shown in Figure 3.2 (e) (synthesized with ZnAc2 and NaOH at  = 10 at 70 º C) [105] 

and (f) (synthesized with Zn(NO3)2 and NaOH at  = 5 at 60 º C with presence of tri-

sodium citrate) [106]. The microstructures of the building units are predominantly 

influenced by the intrinsic crystal structure features and external synthesis conditions.  

In this study, ZnO particulate materials with a variety of interesting morphologies were 

synthesized via chemical reaction (3.8) between Zn2+ and OH− in different aqueous 

solution environments. Table 3.7 lists the experimental conditions for ZnO synthesis 

using ZnCl2, ZnAc2 and NaOH as reactants. For ZnO synthesis in aqueous solutions at 

ambient temperature, the influences of reactants solution concentration, the manner that 

mixing OH− solution with Zn2+ solution, and the [OH−]/[Zn2+] ratio () on ZnO 

morphology formation were investigated.  

Table 3.7 The experimental conditions for ZnO synthesis in Zn2+ aqueous solution. 

Zn2+ 
supplier 

OH− 
supplier 

Zn2+ and OH− 
concentration 

Mixing 
manner 

 Reaction 
temperature

ZnCl2 NaOH 0.05 M 
0.1 M 
1M 

Gradually 
mixing 

3 ambient 
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ZnCl2 NaOH 0.1 M Shock mixing 2, 4, 8, 
 

ambient 

ZnCl2 NaOH 1 M Shock mixing 2, 4, 8 
 

ambient 

ZnAc2 NaOH 0.1 M Shock mixing 2, 4, 8 ambient 
 

Figure 3.25 shows the SEM micrographs of ZnO samples created from ZnCl2 solutions 

with different [Zn2+] concentrations of 0.05 M (micrograph (a)), 0.1 M (micrograph (b)) 

and 1 M (micrograph (c)). The NaOH solution was gradually added to the ZnCl2 

solutions for mixing (gradual mixing). It is seen that all three samples are in loose 

particle powder form and the particles are in rice grain like shapes. The particle size of 

each sample is quite uniform. This implies that the reactant concentration in the 

solutions does not affect ZnO morphology formation. In comparison, the particles 

formed in high concentration solutions are bigger than those collected form low 

concentration solutions. The average sizes of the rice grain shaped particles are 

estimated based on SEM microscopic evidence, as listed in Table 3.8.  

 

Figure 3.25 SEM micrographs of synthesized rice grain shape ZnO samples when NaOH 

solution was gradually added into ZnCl2 solution up to  = 3. (a) the sample from 0.05 M 
reactants solution; (b) the sample from 0.1 M reactants solution; (c) the sample from 1 M 

reactants solution.  

Figure 3.26 shows TEM examination of a rice grain shape ZnO sample (from the 0.1 M 

ZnCl2 solution). Micrograph (a) is a bright field image of a particle. It is evident that the 

particle is not a single crystal, but an assembly of a few rod-shaped crystals. The shape 

and the manner of assembling suggest a common axial orientation of the single crystal 

rods. Micrograph (b) shows a high resolution image of the area indicate by the red circle 

in (a). The lattice spacing is determined to be 0.52 nm, corresponding to the (0001) 

planes of ZnO, demonstrating that the axial direction of the rice grain shaped particles is 

[0001].    

(a) (b) (c)

200 nm 200 nm 200 nm
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Table 3.8 The dimension information of rice grain shape particles created from Zn2+ 
solutions with different concentrations. 

Solution 0.05 M 0.1 M 1 M 
Length (nm) ~ 200 ~ 300 ~ 400 

Diameter (centre) 
(nm) 

~ 70 ~ 120 ~ 180 

Volume (nm3) ~ 7.7105 ~ 3.4106 ~ 1.0107 
 

Figure 3.26 TEM examination of rice grain shape ZnO particles. (a) bright field 
image of ZnO particles; (b) high resolution image of the area indicated by the red 

circled in (a). 

Figure 3.27 shows SEM micrographs of ZnO samples collected from 0.1 M and 1 M 

ZnCl2/NaOH solutions with different  levels (achieved by adjusting NaOH 

concentration). The left column shows the samples collected from the 0.1 M solutions, 

and the right column shows the samples collected from the 1 M solutions. Figures 3.26 

(a) and (b) show the samples obtained at  = 2, Figures 3.26 (c) and (d) show the 

samples obtained at  = 4, and Figures (e) and (f) show the samples obtained at  = 8. 

For each  level, the morphologies of the ZnO samples obtained from solutions of 

different concentrations show strong similarity. Specifically, when  = 2, the samples 

are discrete individual granular particles. When  = 4, the samples are 2D planar 

particles or assembled structures constructed of small platelets. When  = 8, the samples 

are spherical particles assembled by plates. It seems that concentration of the reactant 

solutions has no major influence on ZnO morphology formation. However, the 

morphology of the samples changed significantly with increasing .   

(a) (b)
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Figure 3.27 SEM micrographs of ZnO samples synthesized with 0.1 M ZnCl2 and 
NaOH solutions (left column), and samples synthesized with 1 M ZnCl2 and NaOH 

solutions (right column): (a) and (b),  = 2,  (c) and (d),  = 4,  (e) and (f),  = 8. 

When using different zinc salts (ZnCl2 and ZnAc2) as the Zn2+ supplier, the obtained 

samples still present identical morphology at the same . Figure 3.28 shows SEM 

micrographs of ZnO samples synthesized with 0.1 M ZnCl2/NaOH solutions, and 0.1 M 

ZnAc2/NaOH solutions at different  levels (achieved by adjusting NaOH 

concentration). Figures 3.28 (a) and (b) show ZnO samples obtained when  = 2. They 

are nearly equiaxial granular particles of ~ 200 nm. Figures 3.28 (c) and (d) show ZnO 

samples synthesized at  = 4. They are thin leaf-like particles. The average length and 

width of the particles are estimated to be ~ 1 µm and ~ 500 nm, respectively for both 

(a) (b)

(c) (d)

(e) (f)

500 nm 200 nm

1 m 2 m 

2 m 5 m 



	 	83	
 

samples. Some of the particles are discrete and some others appear inter-crossed. 

Figures 3.28 (e) and (f) show ZnO samples produced at   = 8. The particles are 

cabbage-like in morphology and are ~ 5 µm in size. Each particle appears to be 

assembled of many thin sheets, some larger serving as the base plates and some small 

attaching to a base plate on both sides perpendicularly, suggesting two different 

generations of plate growth. 

Figure 3.29 shows a detailed TEM examination of the sample obtained at  = 2 (shown 

in Figure 3.28 (a)). Micrograph (a) is a bright field TEM image of a typical cluster. 

Each particle within the cluster is a single crystal of a random orientation. The inset 

shows a selected area electron diffraction (SAED) pattern of this cluster. Figure 3.29 (b) 

shows a high resolution image of the cluster, depicting atomic arrays of a number of 

particles within the cluster with random orientations. Figure 3.29 (c) shows a high 

resolution image of an individual particle. The particle is a single crystal of ~ 15 nm.   

 ZnCl2 ZnAc2 

 
=

 2
 

 
=

 4
 

(a) (b)

(c) (d)

200 nm 500 nm

500 nm 500 nm
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Figure 3.28 SEM micrographs of ZnO synthesized with ZnCl2 and NaOH (left column), 

and ZnO synthesized with ZnAc2 and NaOH (right column): (a) and (b),  = 2, (c) and 

(d),  = 4, (e) and (f),  = 8.  

Figure 3.30 shows the TEM analysis of the samples obtained at  = 4 (shown in Figure 

3.28 (c)). Figure 3.30 (a) shows a cluster consisted of thin sheets. The contrast

difference implies that some sheets are overlapping and some sheets are standing at a 

certain angle. Figure 3.30 (b) shows an SAED pattern of the assembled particle,

confirming its polycrystalline structure. Figure 3.30 (c) shows a tip region of the 

assembled particle and Figure 3.30 (d) shows the SAED taken from the area marked

with the red circle. It is evident that the area consists of two overlapping thin plates, and

the SAED demonstrates a perfect single crystal pattern. This implies that the

overlapping sheets are perfectly aligned with a common crystallographic orientation.

The zone axis of this pattern is indexed to [1120]ZnO. Also, the “length” direction of the 

sheet is [0001] and the “width” [1010]. Figure 3.30 (e) shows a high resolution TEM 

image taken from the area in Figure 3.30 (c). The inter-planar spacing along the length 

direction of the sheet is determined to be 0.52 nm, corresponding to d(0001) of ZnO 

(0.5213 nm). This is also consistent with the identification of the SAED pattern shown

in Figure 3.30 (d).  Figure 3.30 (f) shows a high resolution TEM micrograph of the edge

area of the sheet. It is interesting to see that the “growing front” edge of the sheet

presents distinctive fingers (or spike), all with the common direction of [0001] as

indicated by arrows. In contrast, the “side” edges of the sheet appear smooth, as

indicated by the arrow in Figure 3.30 (c). These observations seems to suggest

preferential growth along [0001] direction of the [1120] sheets. 

 

 

(e) (f)

1 m 1 m 
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Figure 3.29 TEM micrographs of ZnO particles synthesized from reaction between 

0.1 M ZnCl2 and 0.1 M NaOH solutions at  = 2: (a) bright field image of an 
aggregated cluster. Inset: selected ara electron diffraction pattern of the cluster; (b) 

high resolution image of the cluster; (c) high resolution image of an individual 
particle. Inset: Fourier transform pattern of the particle. 

Figure 3.31 shows the TEM analysis of the sample obtained when  = 8 (shown in 

Figure 3.28 (f)). The sample contains cabbage-like spherical particles. Figure 3.31 (a) 

shows a TEM micrograph of a relatively small particle from this sample. The particle 

appears like a cross-woven mat, with nano ribbon-shaped substructures. Figure 3.31 (b) 

is a SAED pattern of the particle. The pattern is a combination of several single crystal 

diffraction patterns with minor misalignment. Figure 3.31 (c) shows the detail of the 

bunch of ribbon-shaped particles marked by the red circle in Figure 3.31 (a). Figure 

3.31 (d) is a SEAD pattern taken from the area marked by the red circle in Figure 3.31 

(a). It is identified that the ribbon surface plane is (1120), and the length and width 

directions of the ribbons are [0001] and [1010]. Figure 3.31 (e) shows a high resolution 

(a) (b)

(c) 
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image of the selected area in Figure 3.31 (a). The orientation of the ribbon particle 

identified is consistent with SAED findings.  

Summarising the above observations, a common feature of all the ZnO samples formed 

is that they are all constructed (or assembled) by small single crystals. However, the 

morphology of the assembled ZnO particles present significant difference due to 

increasing molar ratio () of [OH−]/[Zn2+]. The difference were presented in two 

different levels: (1) the shape of single crystals that act as building units are influenced 

by  ; Specifically, the building units are tiny granular crystals when  =2, thin sheet-

like crystals when  = 4, ribbon shape crystals when  = 8; (2) the final assembled 

structures of the synthesized particles are different when   changes from 2 to 8.  

(a) (b)

(c) (d)

[11 0]
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Figure 3.30 TEM analysis of ZnO particle aggregated of thin sheets. The sample 
was synthesized from the reaction between 0.1 M ZnCl2 and 0.1 M NaOH solutions 

under the condition of  = 4. (a) bright field image of an aggregated particle; (b) 
electron diffraction pattern of the aggregated particle; (c) close up view of a tip of 
the aggregated aprticle; (d) SAED pattern of the area indicated by the red circle in 

(c); (e) and (f) high resolution images of the selected area. 

 

(e) (f)

(a) (b)
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Figure 3.31 TEM analysis of ZnO particles synthesized from the reaction between 

0.1 M ZnAc2 and 0.1 M NaOH solution when  = 8: (a) bright field image of an 
aggregated particle; (b) selected area electron diffraction pattern of the aggregated 
particle; (c) image of the selected area indicated by the red circle in (a); (d) SAED 

pattern of the selected area; (e) high resolution image of the selected area. 

3.3.3 Growth of ZnO crystal in aqueous environment 

The main purpose of ZnO synthesis is to synthesize the desired porous ZnO particles as 

discussed in Chapter 2. That requires the ability to control and manipulate the 

morphology formation of ZnO in aqueous solutions. To achieve this, it is necessary to 

understand the formation mechanism of the morphology of ZnO crystalline particles in 

aqueous solution environment.    

ZnO crystal has a hexagonal close-packed (HCP) structure. The ZnO single crystals 

formed are normally bounded by a few specific low index planes [185]. Figure 3.32 

shows the schematic of three common ZnO single crystal shapes seen in the literature. 

(c) (d)

(e) 

200 nm [11 0]
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Crystal (a) is a hexagonal plate bounded by two (0001) planes and six (1010) planes, as 

seen in Figure 3.24 (a). Crystal (b) is a hexagonal prism bounded by the same set of 

planes as (a) but of different aspect ratios, as seen in Figure 3.24 (c), (d) and (e). Crystal 

(c) is a parallelogram plate bounded by pairs of (0001), (1010) and (1120) planes. It is 

apparent that the crystals we form in the aqueous solutions simply through the reaction 

between Zn2+ and OH− without any additives are type (c) in Figure 3.32.    

 

Figure 3.32 Schematic of ZnO crystals: (a) and (b) bounded by (0001) and (1010) 
planes, (c) bounded by (0001), (1010), and (1120) planes.  

Figure 3.33 shows the atomic arrangements of ZnO on (0001), (1010) and (1120) 

planes. The black balls represent Zn atoms and the yellow balls represent O atoms. 

Figure 3.33 (a) shows the atomic arrangement on (0001) plane. The black hexagon 

represents the dimension of a unit cell of ZnO crystal. The red dashed lines represent 

(1010) planes, and the blue dashed lines represent (1120) planes. Figures 3.33 (b) and (c) 

show the atomic arrangements on (1010) and (1120) planes, respectively. The black 

rectangles illustrate the dimensions of the unit cell of ZnO crystal, and the red dashed 

lines represent (0001) planes.  

Summarized in Table 3.9 are crystallographic parameters of ZnO, including unit cell 

dimensions, d-spacing, and planar atomic packing density (φ) of (0001), (1010) and 

(1120) planes. The planar packing density φ is defined as the number of atoms centred 

on the plane over a unit area (in nm2). It is seen that φ (0001)  < φ (1010̅)  < φ (1120̅).  As the 

surface energy of a crystal plane generally decreases with increasing planar packing 

density, the surface energy order of the three planes is thus expected to be λ (0001) > λ 

(1010̅) > λ (1120̅) for ZnO crystals. Consequently, it is expected that ZnO crystals should 

have the largest surface area of (1120) planes, and smallest surface area on (0001) 

planes in order to minimize its total surface energy. In other words, ZnO crystals should 

grow fastest along [0001] direction and grow slowest along [1120] direction, resulting 

(10 0)

(0001)

(11 0)

(0001)

(10 0)

(b) (c)
(10 0)

(0001)

(a)
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in the largest dimension along [0001] direction and smallest dimension along [1120] 

direction. Consequently, the order of preferential growth direction of ZnO crystal is 

[0001], followed by [1010], and [1120]. Therefore, intrinsically, ZnO crystal should 

have largest dimension along [0001] direction and smallest surface area on (0001) 

planes. 

Figure 3.33 Crystal structure of ZnO: the atomic arrangement in (a) (0001) plane; (b) 
(1010); and (c) (1120) plane.  

Table 3.9 Summary of the crystallographic parameters of ZnO. 

 

Besides surface energy criterion, electrical charge polarity of the crystallographic planes 

may influence the growth rate of crystallographic planes. The planar structures 

presented in Figure 3.33 were examined. The (1010) plane contains equal number of Zn 

and O atoms in the same plane, thus is electrically neutral. The (1120) plane is the same. 

ZnO crystallographic planes (0001) (10 0) (11 0) 

Unit cell dimension (nm) 0.325 0.520 0.563 

d(hkl)  (nm) 0.520 0.281 0.164 

Planar atomic packing density of (φ) 
(atoms/nm2) 

11.11 11.83 13.65 

Relative surface free energy (λ) rating high  medium low 

Planar stacking order -Zn-O- 
-Zn(O)-

O(Zn)- 

-Zn(O)-

O(Zn)- 

Surface polarity (η) rating High None None 

Preferential growth direction rating High  Medium  Low  

(a) (b) (c)
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These planes do not present electrical polarity. However, the situation of (0001) planes 

is different. The O “half” plane and the Zn “half” plane of each (0001) plane are 

separated by a short distance, as indicated by the red dashed lines in Figure 3.33 (b) and 

(c), as if the crystal is formed by stacking the O layers and the Zn layers in an 

alternating order. This implies that the ZnO crystal may be slightly positively charged 

on its (0001) exterior surface if the outmost layer is Zn, or negatively charged if it is O. 

It is also easy to deduce that one side of the (0001) crystal is always positively charged 

and the opposite side is ways negatively charged, to maintain the total electrical 

neutrality of the crystal. This implies that both sides of (0001) plane may have strong 

tendency to attract the opposite charged ions in aqueous solution environment.   

The crystal growth in aqueous solution environment is also influenced by growth 

kinetics, or growth rate of the growing crystal planes. Growth kinetics of a crystal 

differs from crystallographic direction to direction, and is fundamentally determined by 

the probability of an arriving atom to stick to a site on the advancing plane. The 

probability of attachment, or arrest of an arriving atom, is determined by the strength of 

the interatomic bonds within the solid and the number of bonds of the site, i.e., the 

(surface) coordination number (CN) of the site. In ZnO structure, each Zn atom is 

surrounded by four O atoms and each O atom is surrounded by four Zn atoms, forming 

a reciprocal interlocked tetrahedral structure. Thus all Zn-O bonds are identical in terms 

of strength.   

Figure 3.34 shows the schematic of the adhesion sites and the corresponding 

coordination numbers of an arriving Zn and O atoms on (0001), (1010) and (1120) 

planes of ZnO crystal. The black spheres represent Zn atoms, and the green spheres 

represent O atoms. The diameters of the atoms (dZn = 0.75 nm and dO = 1.21 nm) and 

the space between the atoms illustrated in the schematic are mathematical accurate.   

Figure 3.34 (a) shows the adhesion site of an arriving O atom on the (0001) plane. The 

orange plane indicates the Zn layer of the (0001) plane. The large white sphere 

represents the arriving O atom. Apparently, the arriving O atom can be grasped by three 

Zn atoms (three Zn-O bonds) simultaneously, as indicated with ①, ② and	 ③.	

Therefore, the coordination number for the arriving O atom is CN = 3. Figure 3.34 (b) 

shows the adhesion site of an arriving Zn atom on the (0001) plane. The arriving Zn 

atom is represented by the small blue sphere. Similar to the situation with the O atom, 

the arriving Zn atom can be arrested by three O atoms (three O-Zn bonds) indicated 
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with ①, ② and	 ③.	 Correspondingly, the coordination number of arriving Zn atom is 

CN = 3 as well. 

Figure 3.34 (c) shows the adhesion sites and coordination numbers of arriving Zn and O 

atoms on the (1010) plane. On this plane, Zn and O atoms are co-planar. It is apparent 

that for both Zn and O atoms arriving at the plane, the coordination number is CN = 2. 

Figure 3.34 (d) shows the adhesion sites and coordination numbers of arriving Zn and O 

atoms on the (1120) plane. Similar to the (1010) plane, Zn and O atoms are co-planar 

on (1120). The coordination numbers for both Zn and O are the same, i.e. CN = 1. In 

this case the bonding host atom is from the below. Figure 3.34 (e) shows a view along 

the [0001] direction, i.e., the side view relative to the arriving atom. It is evident that the 

arriving atom is only attached by one atom of the other species in the layer below. 

Summarizing the above discussion, the growth of ZnO crystallite is fundamentally 

dictated by site coordination numbers (CN) for arriving atoms (Zn or O atoms sourcing 

from Zn2+ and OH−) on different crystallographic planes. The coordination numbers on 

(0001), (1010) and (1120) planes are 3, 2 and 1, respectively. The higher coordination 

number means higher probability of arresting an arriving atom on the plane, thus the 

higher growth rate in the normal direction of the plane. 

In the case that OH− was gradually added into the Zn2+ solution, the amount of OH− ions 

in the solutions was limited, the probability of adhesion of O atoms on (0001) plane is 

higher than that on (1010) and (1120) planes, as determined by the higher CN number 

on (0001) plane, leading to the formation of elongated ZnO crystals of large aspect 

ratios (e.g., Figures 3.25 (a), (b) and (c)). 
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Figure 3.34 Schematic of adhesion sites and coordination numbers of arriving Zn and O 
atoms on ZnO crystal planes: (a) (0001) Zn plane, (b) (0001) O plane, (c) (1010) plane, 

and (d) on (1120), (e) the view from [0001] direction through the sliced intersection 
indicated in (d). 

In the cases that OH− ions were shock mixed with Zn2+ ions, in addition to the site 

coordination number criterion, there are also other factors affecting the growth of ZnO 

crystals, including surface energy and supply of growth species (i.e., Zn2+ and OH−). At 

different stages or under different conditions of growth, different factors may have the 

dominant influence, thus leading to different crystal morphologies formed.  
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At low [OH−] and [Zn2+] levels (low supply of growth species), crystallites formed are 

small. In this case surface energy contribution is large, thus minimum surface energy 

state is the dominant criterion for crystal formation, leading to equiaxial ZnO crystals, 

as those observed when   = 2 (Figure 3.29). 

At higher [OH−] and [Zn2+] levels, ZnO crystals grow large, thus are free of the 

constraint of surface energy. The crystals have a chance to grow as dictated by site 

coordination number criterion. The growth rate in [0001] direction is the fastest, 

followed by [1010] and then [1120], as predicted by their respective coordination 

numbers. This leads to the formation of rectangular (1120) plates with [0001] as the 

longest dimension. This is consistent with the ZnO crystals formed at   = 4, as seen in 

Figure 3.30.  

Another important factor influencing the growth of ZnO crystals is rate (probability) of 

supply of the growth species (Zn and O). ZnO is an ionic compound. Therefore, there 

must be concurrent deposition of Zn and O atoms to the crystal nucleus each time. In 

this regard, the growth rate in a direction is the multiplication of the probabilities (as 

dictated by the coordination numbers) of one Zn atom to attach to the crystal and one O 

atom to attach to the crystal. At high [OH−] levels, the absorption of excessive OH− ions 

to the (0001) plane, the only electrically polarized plane of ZnO, assures the supply of O 

(i.e., probability = 1). This accelerates the growth of the crystal in [0001] direction. This 

conforms to the [0001] ribbon shaped ZnO crystals formed at   = 8, as shown in Figure 

3.31. 

Summarizing the single crystals of ZnO formed in aqueous solutions, the geometric 

shapes of the single crystals are listed in Table 3.10. During the formation of these 

crystals, they also undergo assembly processes, forming into various assembled 

structures. The typical assembled structures are also listed in Table 3.10. The rice grain 

shaped particles (Figure 3.25) formed at  = 3 under the condition of gradual mixing 

(i.e., when the OH− solution was gradually added into Zn2+ solution) are assembled by 

single crystals of large aspect ratios. For the samples obtained via shock mixing of the 

reactant solutions, small clusters (Figure 3.29 (a)) formed at  = 2 are assembled by 

equiaxial crystals (~ 20 nm in dimension). The clusters of plates shown in Figure 3.26 

(c) and (d) at  = 4 are assembled by thin sheets. The cabbage-like ZnO particles formed 
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at  = 8 are assembled by two types of building units: one is the primary ribbon-shape 

single crystals, and the other is the thin plate assembled by the ribbons.  

Table 3.10 The geometric shape of the formed ZnO single crystals in aqueous solutions 
and the typical features of the morphology presented by assembly of the single crystals. 

 Gradually 
mixing Zn2+ 

and OH− 
solutions 

Shock mixing Zn2+ and OH− solutions 

The 
geometric 
shape of 
single 

crystals  
 = 3 

 
 = 2 

 
 = 4 

 
 = 8 

The typical 
features of 

morphology 
of 

assembled 
particles by 

single 
crystal 

 
 = 3 

 
 = 2 

 
 = 4 

 
 = 8 

 

3.3.4 Self-assembling of ZnO crystal in aqueous environment 

The above discussed the mechanisms of single crystal formation and growth of ZnO in 

aqueous solution environment. Another process occurring concurrently with the 

nucleation and growth of ZnO single crystals in the aqueous solution environment that 

affect directly on the structure and morphology of the final products is self-assembling 

of the single crystal particles. The assembly of the ZnO nano crystals is largely 

facilitated, driven and controlled by electrical charge polarity of the exposed 

crystallographic planes.  

A typical example of this type of assembly caused by static attraction is the ZnO single 

crystal nanoring [186], as shown in Figure 3.35. The single crystal ZnO nanorings were 

produced via ZnO vapour condensation at 1975 ºC in a pure Argon atmosphere. The 

direct products of the deposition process are ZnO single crystal long nanobelts. The thin 

and long belts coil up by the attraction between the top edge and the bottom edge (the 
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opposite edges), which are the (0001) surfaces, into nanorings, as shown in Figure 3.35 

(c). The axial direction is [0001].  

Figure 3.35 The nanoring coiled by nanobelt ZnO single crystal. (a) the SEM 
micrograph of the ZnO nanoring [187] ; (b) the TEM micrograph of the coiling nanobelt 

[187]; (c) the schematic of self-coiling of a belt into a ring [188].   

The above mechanism of electrostatic  attraction can explain perfectly the formation by 

assembly of ZnO single crystal nanorings from nanobelts. However, in this thesis, 

various self-assembled complex 3D structures of ZnO particles have been formed, such 

as the ones shown in Figure 3.27 (c), (d), (e) and (f). It is evident that many of the 

assembled structures do not conform to the (0001)− − (0001)+ static attraction scenario. 

In this regard, further mechanisms to explain the morphology formation of the complex 

microstructures of the synthesized ZnO particles are yet to be established.  

3.4 ZnO obtained via ZCHs thermal decomposition 

Besides the ZnO particles obtained through the direct reaction between Zn2+ and OH− in 

aqueous solutions, ZnO particles have also been obtained through calcination of ZCHs 

produced from the reaction between Zn2+ and OH− in aqueous solutions. This section 

reports on the experimental observations of thermal decomposition behaviour of ZCHs.      

3.4.1 Thermo decomposition of Zn5Cl2(OH)8·2H2O 

Thermal decomposition of Zn5Cl2(OH)8·2H2O was investigated by means of 

thermogravimetric analysis (TGA), XRD analysis and SEM examination. Figure 3.36 

shows the weight loss of a Zn5Cl2(OH)8·2H2O sample with temperature at a heating rate 
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of 10 °C/min from the ambient temperature to 550 °C in air. Two stages of weight loss 

were observed. The first weight loss between ~ 170 °C and ~ 200 °C, and accounted for 

~ 13 % of the original weight. The second weight loss occurred within the range of 

400 °C − 500 °C, contributing another ~ 18 % of weight loss.    

Figure 3.36 The weight loss of Zn5Cl2(OH)8·2H2O with increasing temperature. 

The decomposition products for the two stages were collected at 300 °C and 550 °C and 

identified by XRD. Figure 3.37 shows the XRD patterns of Zn5Cl2(OH)8·2H2O and its 

thermal decomposition  products after heating to 300 °C and 550 °C. It is evident that 

the products after stage one weight loss event consisted of two phases of ZnO and 

ZnOHCl, whereas the product collected after heating to 550 °C was mostly ZnO, with a 

minute amount of ZnOHCl still detected, as indicated by the tiny peak located at 2θ ~ 

15°. This implies the following decomposition process of Zn5Cl2(OH)8·2H2O: 

   o300 C
5 2 2 28

Zn Cl OH 2H O 3ZnO + 2ZnOHCl + 5H O    (3.19) 

 
o550 CZnOHCl ZnO + HCl   (3.20) 

The calculated weight losses for these decomposition reactions are 12.8 wt % and 15.8 

wt %, respectively. These values are close to the measured weight losses at the two 

stages shown in Figure 3.36.  
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Figure 3.37 XRD patterns of Zn5Cl2(OH)8·2H2O at ambient temperature and the 
subsequent products obtained at temperatures of 300 °C and 550 °C. 

Figure 3.38 shows the SEM micrographs of the Zn5Cl2(OH)8·2H2O formed in solution 

and its decomposition products obtained by calcination at 300 °C for 1 hour and at 

550 °C for 2 hours. Micrograph (a) and (b) show the plate particles of 

Zn5Cl2(OH)8·2H2O formed from the chemical reaction between 0.1 M ZnCl2 and 0.1 M 

NaOH solution at  = 1. The plate particles are typically 20−30 nm in thickness and 

200−500 nm in lateral dimension. Micrograph (c) and (d) show thin curved sheet 

particles of ZnOHCl and granular particles of ZnO (indicated by the red arrows) in the 

sample heated to 300 °C. The common feature observed is that the ZnOHCl sheets are 

shrank and curved relative to their precursor Zn5Cl2(OH)8·2H2O plates. The average 

sizes of the ZnOHCl sheets are ~ 10 nm in thickness and ~ 200 nm in lateral dimension. 

The granular particles are ~ 20 nm in diameter in average. Micrograph (e) shows the 

product obtained after calcination at 550 °C. It is evident that the thin sheet particles 

have largely disappeared and there is abandonee of discrete granular particles of 20 − 

100 nm in size.   
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Figure 3.38 SEM micrographs of (a) and (b) Zn5Cl2(OH)8·2H2O obtained from 

reaction between ZnCl2 and NaOH at  = 2 in aqueous solution at room temperature;
(c), (d) and (e) the product after calcination at 300 °C for 1 hour; (e) the product 

after calcination at 550 °C for 2 hours. 

Apparently, thermal decomposition of Zn5Cl2(OH)8·2H2O resulted in the shrinkage and 

disappearance of the original plate particles, and produced discrete granular ZnO 

particles. Specifically, during the first step decomposition at 170 − 200 °C, the 

decomposition of Zn5Cl2(OH)8·2H2O caused the shrinkage of Zn5Cl2(OH)8·2H2O plates 

forming ZnOHCl, and meanwhile generated ZnO granular particles. During the second 

step decomposition at 400 − 500 °C, all ZnOHCl formed from Zn5Cl2(OH)8·2H2O 

further decomposed into ZnO granular particles.    
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It is also apparent that the ZnO particles obtained from decomposition of 

Zn5Cl2(OH)8·2H2O plates via calcination are solid nanoparticles, and not the desired 

porous structure. In this regard, Zn5Cl2(OH)8·2H2O cannot be used as precursor to 

produce expected porous ZnO.  

3.4.2 Thermal decomposition of Zn4CO3(OH)6·H2O  

Zn4CO3(OH)6·H2O was obtained from 0.1 M ZnAc2 solution and 1 M urea solution at 

75 °C. Figure 3.39 shows the TGA curve of the Zn4CO3(OH)6·H2O product upon 

heating to 550 °C at a heating rate of 10 °C/min. A single-stage weight loss occurred at 

200−280 °C with a total weight loss of ~ 25 wt %.      

 

Figure 3.39 The weight loss of Zn4CO3(OH)6·H2O with increasing temperature. 

Guided by the TGA curve, a heat treatment of Zn4CO3(OH)6·H2O was carried out at 

300 °C for 2 hours, and the product was analysed by means of XRD. Figure 3.40 shows 

the XRD patterns of the compounds formed from the solution and after calcination at 

300 ºC. Clearly, the heat treatment has resulted in the formation of ZnO, suggesting the 

following decomposition reaction:   

 
o300 C

4 3 6 2 2 2Zn CO (OH) H O 4ZnO+ 4H O + CO     (3.21) 
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Figure 3.40 XRD patterns of Zn4CO3(OH)6·H2O before calcination, and ZnO after 
calcination at 300 ºC. 

The weight loss calculated from the reaction is 26.4 wt %, which is in consistent with 

the TGA result.  

Figure 3.41 shows SEM micrographs of Zn4CO3(OH)6·H2O before calcination and its 

decomposition product ZnO after calcination. Figures 3.41 (a) and (b) show the ribbon-

like Zn4CO3(OH)6·H2O particles obtained from the reaction between 0.1 M ZnAc2 

solution and 1 M urea solution at 75 °C. The dimension of the ribbons is quite uniform, 

and it is ~ 1 m in length, ~ 200 nm in width and ~ 20 nm in thickness. Micrographs (c) 

and (d) show the porous ZnO ribbons formed after 2 hours of calcination at 300 °C. 

Apparently, the profile and dimensions of the ribbon-shaped particles are nearly the 

same before and after calcination, indicating that thermal decomposition did not cause 

shrinkage or fragmentation of the structure of Zn4CO3(OH)6·H2O and the shape was 

perfectly retained by the porous ZnO particles. Figures 3.41 (e) and (f) show SEM 

micrographs of the ZnO sample after calcination of Zn4CO3(OH)6·H2O at  500 °C for 2 

hours. At such temperature, the ribbon-shaped particles of its precursor (Figure 3.41 (a) 

and (b)) have largely disintegrated into discrete smaller equiaxial particles, though some 

traces of alignment or framework of the original ribbons are still visible. The particles 

are uniform in size of ~ 100 nm. Micrographs (g) and (h) show the morphology of the 

ZnO sample obtained after calcination at 700 °C. It is clearly that the original ribbons 

have completed disintegrated into particles which appear to have sintered into a bulk 

body of porous microstructure. The size of the particles has also obviously increased, to 
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150 ~ 200 nm. Among them, some even present certain geometric shapes, as indicated 

by the red arrows. Figure 3.41 (e) shows a TEM micrograph of the porous ZnO particles 

after calcination of ribbon shape Zn4CO3(OH)6·H2O at 300 °C for 2 hours. It can be 

seen that the porous structure is constructed of a large number of granular particles of ~ 

20 nm in size. 

The  Zn4CO3(OH)6·H2O precursor was calcined at 300 °C, 500 °C and 700 °C, for 

duration time 1 hour, 2 hours, 3 hours. The specific surface areas of the samples 

obtained by calcination of Zn4CO3(OH)6·H2O precursor at 300 °C, 500 °C and 700 °C 

were measure via Brunauer–Emmett–Teller (BET) method using a Micromeritics 

Tristar II 3020 surface area and porosity analyser. The results are shown in Figure 3.42. 

The specific surface areas of the samples decreased from ~ 23 m2/g to ~ 10 m2/g and ~ 5 

m2/g, with increasing the calcination temperature from 300 °C to 500 °C and 700 °C. 

This is consistent with the increase of particle size (Figure 3.41). On the other hand, the 

calcination duration has very weak effect on specific surface area.  
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Figure 3.41 SEM micrographs of (a) and (b) Zn4CO3(OH)6·H2O ribbons, formed from 
the reaction between 0.1 M ZnAc2 solution and 1 M urea solution at 75 °C, before 

calcination; (c) and (d) ZnO porous ribbons after calcination at 300 °C for 2 hours; (e) 
and (f) samples obtained after calcination at 500 °C; (g) and (h) samples obtained after 

calcination at 700 °C; (i) TEM micrograph of the porous ribbon after calcination at 
300 °C for 2 hours. 
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Figure 3.42 Specific surface areas (measured via BET method) of the ZnO particle 
samples obtained after calcination on Zn4CO3(OH)6·H2O at 300 °C, 500 °C, 700 °C for 

1 hour, 2 hours and 3 hours respectively.  

Figure 3.43 (a), (b), and (c) shows the XRD patterns of the samples obtained at 300 °C 

to 500 °C and 700 °C after two hours. For comparison, a standard XRD pattern of an 

isotropic powder ZnO sample (JCPDS 036-1451) is also shown. The three peaks with 

the highest intensities are (100), (002) and (101) planes, corresponding to (1010), (0002) 

and (1122) planes in four-index Miller-Bravais indices system. The relative intensities 

of the three peaks are 57 %, 44% and 100 %, obtained using Panalytical X’pert 

Highscore XRD pattern analysis software. 

The ZnO samples obtained after calcination at 300 °C, 500 °C, 700 °C for 1 hour are 

shown in Figure 3.43 (a). It is clear that the peak intensities increased with increasing 

calcination temperature, implying increased crystallinity of the ZnO particles. In 

comparison with the standard isotropic ZnO sample, it is also evident that the intensity 

of the (0002) peak, which is the weakest one among the three low index planes in the 

isotropic sample, is uncharacteristically high. It is also evident that the height of peak 

(0002) relative to that of (1122) increased with increasing calcination temperature. 

These observations imply that the ZnO samples obtained after calcination present strong 

preference to expose (0002) planes. The samples calcined for longer times (Figures 3.43 

(b) and (c)) exhibited similar observations. 

Grain size of the calcined ZnO samples are also estimated using Sherrer equation: 
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K

D
cos


 

   (3.22) 

where D represents the grain size, K represents the shape factor,  is the wavelength of 

the x-ray,  is the Bragg angle, and  is the line broadening at half of the maximum 

intensity in radians. In the calculation,  was measured using Panalytical X’pert 

Highscore XRD pattern analysis software, and the instrumental broadening was 

subtracted.  
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Figure 3.43 XRD pattern of ZnO particle samples obtained after (a) 1 hour calcination, 
(b) 2 hours calcination, (c) 3 hours calcination on Zn4CO3(OH)6·H2O at 300 °C, 500 °C, 
700 °C respectively. (d) XRD pattern of an isotropic powder ZnO sample (JCPDS 036-

1451).   

Figure 3.44 shows the effect of calcination temperature on the grain size of the ZnO 

samples, estimated from the three diffraction peaks of (1010) (Figure 3.44 (a)), (0002) 

(Figure 3.44 (b)) and (1122) (Figure 3.44 (c)). It is seen that the grain size increased 

with increasing calcination temperature in all three directions normal to (1010), (0002) 

and (1122) planes. It is also seen that the grain size is nearly the same at ~ 50 nm in all 

three dimensions after calcination at 300 °C, indicating that the grains are generally 

equiaxial. With increasing calcination temperature to 700 °C, the grains appear to have 

grown more in the direction normal to (1122) than in the other two. Figure 3.44 (d) 

shows a comparison of the calculated grain size on the three planes. It is evident that the 

growth in (1122) is fastest, followed by (0002) and (1010). 
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Figure 3.44 The plot of calculation results of the grain size on (a) (1010) plane, (b) 
(0002) plane and (c) (1122) plane of ZnO particle samples obtained after calcination on 

Zn4CO3(OH)6·H2O at 300 °C, 500 °C, 700 °C for 1 hour, 2 hours and 3 hours 
respectively. (d) The grain size comparison on (1010) plane, (0002) plane and (1122) 
plane after calcination on Zn4CO3(OH)6·H2O at 300 °C, 500 °C, 700 °C for 3 hours. 

3.4.3 Thermal decomposition of Zn5Ac2(OH)8·H2O  

A Zn5Ac2(OH)8·H2O sample was synthesised from the reaction between ZnAc2 and 

HMT with presence of tri-sodium citrate at the molar ratio of 1:1:0.1 in aqueous 

solution at 95 ºC for 4 hours. Figure 3.45 shows the weight loss curve of the 

Zn5Ac2(OH)8·H2O sample upon heating at the rate of 10 °C/min. The sample showed a 

progressive weight loss from the ambient up to ~ 340 °C, accumulated a weight loss of 

~ 14 %. Following that a major weight loss event occurred at between 340 °C and 

450 °C, resulting in a further ~ 18 % weight loss. XRD analysis of the decomposition 

product collected at 500 °C confirmed that it is ZnO, as shown in Figure 3.46. 
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Figure 3.45 The weight loss of Zn5(OH)8Ac2·H2O with increasing temperature. 

The thermal decomposition reactions of Zn5(OH)8Ac2·H2O may be described as 

following: 

5 8 3 2 2 3 4 3 2 2Zn (OH) (CH COO) H O Zn (OH) (CH COO) + 3H O +2ZnO    (3.23) 

 3 4 3 2 3 2 2Zn (OH) (CH COO) Zn(CH COO) + 2H O + 2ZnO   (3.24) 

 3 2 3 2Zn(CH COO) (CH CO) O + ZnO  (3.25) 

The calculated weight loss for dehydration in reactions (3.23) – (3.25) is 15.5 wt %, in 

close agreement with the weight loss of 14 wt % observed up to 340 °C.  With the 

temperature further increased to above 340 °C, (CH3CO)2O decomposed into CO2 and 

H2O gases in the presence of air as described by reaction 3.26: 

 
o500 C

3 2 2 2 2(CH CO) O + 4O 4CO + 3H O    (3.26) 

The weight loss of reaction (3.26) for the decomposition of (CH3CO)2O is 17.6 wt % 

relative to the original weight of Zn5(OH)8Ac2·H2O precursor.  This is again very close 

to the observed weight loss of ~ 18 % between 340 °C to 500 °C, further confirming the 

multi-stage decomposition reactions of (3.23) – (3.26) for this complex hydroxide. 
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Figure 3.46 XRD patterns of Zn5(OH)8Ac2·H2O at ambient temperature and ZnO after 
calcination at 500 °C. 

Figure 3.47 shows SEM micrographs of the Zn5(OH)8Ac2·H2O particles synthesised and 

its decomposition product after calcination at 500 °C. Micrograph (a) and (b) show the 

morphology of the synthesized Zn5(OH)8Ac2·H2O particles before calcination. The 

particles are spherical and assembled by planar thin sheets. The diameter of the particles 

ranges from 2 to 3 m. The thickness of the sheets is quite uniform and it is 

approximate 20 nm. Micrograph (c) shows a spherical ZnO particle after calcination at 

500 °C for 2 hours. Apparently, the porous ZnO particle retained the shape of its 

precursor. Figure 3.47 (d) shows a TEM micrograph of the details of a sheet in the 

spherical ZnO after calcination at 500 °C for 2 hours. It is evident that the sheet in the 

spherical particle is constructed of primary ZnO particles of ~ 20 nm in size, and is 

porous.  
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Figure 3.47 SEM micrographs of (a) and (b) the synthesized Zn5(OH)8Ac2·H2O at room 
temperature; (c) the spherical ZnO porous particle after calcination at 500 °C; (d) the 

TEM micrograph of the edge of the synthesized spherical porous ZnO particle. 

3.5. Summary comments of the synthesis of porous ZnO  

Summarising the above, we can see that the chemical synthesis of porous ZnO via 

aqueous solution method may follow the direct synthesis routes and indirect synthesis 

routes as following: 

(1) Direct synthesis routes of ZnO synthesis from Zn2+ solutions are listed in Table 

3.11. When the OH− solution is gradually added into Zn2+ solution up to  = 3, 

rice-grain shaped ZnO particles form. When the OH− solution and Zn2+ solution 

are shock mixed, small clusters constructed of small granular ZnO single crystals 

form at  = 2; clusters of plates form at  = 4; and cabbage-like ZnO particles 

forme at  = 8.  

  

(c) (d)

20 nm1 m 
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Table 3.11 The direct synthesis route from Zn2+ aqueous solutions with addition of OH− 
at ambient temperature. 

Gradually addition of 
OH− solution into 

Zn2+ solutions 

Shock addition OH− solution into Zn2+ solutions 

 

 
 = 3  = 2  = 4  = 8 

 

(2) Indirect synthesis routes of ZnO are listed in Table 3.12. The ZnO is obtained 

from calcination of ZCHs precursors, including Zn5Cl2(OH)8·2H2O, 

Zn4CO3(OH)6·H2O and Zn5(OH)8Ac2·H2O. All these three precursors are 

synthesized in aqueous solutions. Zn5Cl2(OH)8·2H2O is obtained from the reaction 

between ZnCl2 and NaOH at ambient temperature with molar ratio of 1:1. 

Zn4CO3(OH)6·H2O is synthesized using ZnAc2 and urea with molar ratio of 1:10 

in aqueous environment at 75 ºC. Zn5(OH)8Ac2·H2O is the product of the reaction 

between ZnAc2 and HMT with presence of trisodium citrate at 95 ºC. The molar 

ratio of the reactants is 1:1:0.1. Calcination of Zn5Cl2(OH)8·2H2O at 550 ºC leads 

to the formation of granular ZnO nanoparticles. Calcination of Zn4CO3(OH)6·H2O 

at 300 °C leads to the formation of porous ribbon shaped particles. Calcination of 

Zn5(OH)8Ac2·H2O at 500 °C leads to the formation of porous spherical ZnO 

particles.  
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Table 3.12 The indirect routes for ZnO synthesis via ZCHs precursors synthesis and 
calcination on ZCHs precursors. 

Precursors to 
synthesize ZnO 

Zn5Cl2(OH)8·2H2O Zn4CO3(OH)6·H2O Zn5(OH)8Ac2·H2O 

E
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Reactants ZnCl2+NaOH 
 

ZnAc2+Urea 
 

ZnAc2+HMT 
tri-sodium citrate as 

additive 

Molar ratio 
of reactants 

1:1 
 

1:10 
 

1:1:0.1 

Temperature ambient 75 ºC for 2 hours 95 ºC for 4 hours 

Calcination of 
precursors 

550 ºC for 2 hours 300 ºC for 2 hours 500 °C for 2 hours 

Morphology of 
synthesized ZnO 

Granular discrete 
particle 

Porous ribbon 
shape particle 

Porous spherical 
particle 

 

It is also clear from the above discussions that the shape and morphology of ZCHs and 

ZnO single crystals formed in aqueous environments are largely dominated by the 

intrinsic crystal structure features, such as crystal structure surface energy of 

crystallographic planes, electrical polarity, planar coordination number. Altering the 

external conditions, such as the molar ratio of [OH−]/[Zn2+], mixing manner of Zn2+ and 

OH− solutions, and the use of additives (e.g., tri-sodium citrate) can also influence the 

shape and morphology of the ZnO or ZCH crystals formed.   

Some of the synthesized ZnO particles are solid and some are porous. The most 

desirable product for the intended application for high visible light transparency in 

dispersed particle systems is the porous spherical particles obtained from calcination of 

Zn5(OH)8Ac2·H2O at 500 °C. In following chapter, the visible light transparency of the 

synthesized Zn powder samples is evaluated.    
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Chapter 4 

Evaluation of Visible Light 

Transparency of Dispersed Particle 

Systems 

 

UV-Vis transmittance measurement is an effective method to evaluate the visible light 

transparency of dispersed particle systems. In this method, a sample is put under 

irradiation of a single wavelength light scanning through the full spectrum from UV 

light to visible light. Since the interaction (such as scattering and absorption) of the light 

with the sample attenuates the intensity of the light, the detected intensity of the 

transmitted light is lower than the intensity of the incident light. Thus the measured 

result is often presented in the form of percentage of the intensity of transmitted light to 

that of the incident light, known as transmittance. For the ZnO particle dispersed 

aqueous systems used, both ZnO and the medium are non-absorbers of visible light, 

thus the measured visible light transmittance of the system can be used to evaluate the 

transparency of the dispersed ZnO particles.  

4.1 Establishing the basis of UV-Vis transmittance measurement 

Evaluation of visible light transparency of dispersed ZnO particle aqueous systems 

relies on the measurement of UV-Vis transmittance by means of UV-Vis spectroscopy. 

The measured values are dependent on the loading amount of particles into the aqueous 

system. In addition, the loading amount needed to perform the UV-Vis measurement is 

very small (e.g., 0.05 mg/mL to 2 mg/mL). Thus the factors that influence the actual 

loading of particles may result in inaccurate measurement results. These factors include 
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operational error during sample preparation, the uniformity of the particle dispersion in 

the aqueous solution system, and the sedimentation rate of the particles in aqueous 

solution.  In this section, the methods to avoid the influences of these factors on UV-Vis 

measurement are considered. 

4.1.1 Instrument for UV-Vis measurement 

A UV-Vis spectrometer (Agilent technologies, Carry 300) is used in this study, as 

shown in Figure 4.1 (a). This instrument can irradiate monochromatic light with 

wavelength from 200 nm (UVC) to 1000 nm (IR), covering the studied UV-Vis range 

from 290 nm (UVB) to 600 nm (white visible light). A schematic of the instrument is 

shown in Figure 4.1 (b). The light is generated from a lamp (the source). Using the 

entrance slit to select a parallel beam and the triangular prism dispersion device, the 

white light from the source is dispersed into a continuous spectrum with different 

wavelengths over a range of irradiation angles. Controlled by the exit slit, only the 

needed monochromatic light with certain wavelength is allowed to pass the slit, and this 

is the incident light to the sample. After the light penetrates the sample, the transmitted 

light is detected by the detector.   

Figure 4.1 The UV-Vis spectrometer (Agilent technologies, Carry 300). (a) The photo 
of the spectroscopy, (b) the schematic of working principle of the instrument. 

For a dispersed particle system, the passage direction of the light will be changed due to 

refractive scattering. Thus the transmitted light irradiates over a much wider divergence 

angle, in an extreme case over the entire hemisphere behind the sample. In terms of 

instrumental measurement, the transmitted light is divided into two parts: the central 

forward transmittance which occurs within a low divergent angle conical space and the 

scattered transmittance which occurs with large divergent angles within the entire 

(a) (b)
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hemisphere excluding the forward transmission. It is clear that the summation of the 

two constitutes the total transmittance.  

The instrument Carry 300 is able to measure both the total transmittance and the 

scattered transmittance separately by using different measurement options, as illustrated 

in Figure 4.2. Figure 4.2 illustrates the situation when using the spherical detector unit, 

which has a maximum measurement range of 160° conical angle. That means the total 

transmittance within 160° conical angle can be detected. When using the spherical 

detector, there is the option to block the central forward (range of 15° conical angle) 

light so that only the scattered light beyond 15° conical angle can be detected. 

Correspondingly, the central forward transmittance can be obtained via deduction of the 

detected scattered transmittance by the detected total transmittance.  

In this study, the transmitted light within the range of 15° conical angle is defined as 

central forward transmission. The transmitted light beyond 15°conical angle but in the 

range of 160° conical angle is defined as scattered transmission. The ratio of the the 

forward transmission light to the total transmission light defines the clarity of the image 

formed.  Thus the clarity of the formed image by the light transmitted through different 

dispersed ZnO particle systems can be quantified and compared.   

 

Figure 4.2 Schematic of the measurement units of the UV-Vis spectrometry. The 
spherical detector for total transmission light (conical angle is 160°) measurement, and 

the flat circular blocker for scattered transmission (conical angle is 15°− 160°) 
measurement. 

The sample of dispersed ZnO system to be measured is loaded into a cuvette, as shown 

in Figure 4.3 (a). The dimension of the cavity inside the cuvette is 1 cm (width) × 1 cm 

  

sample

detector

Integrating sphere

°

Incident light

°

blocker
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(width) × 4 cm (height). The entire front face of the cuvette is illuminated by the 

incident light during measurement, i.e., having a net projected area of 1 cm (width) × 4 

cm (height) = 4 cm2. During the measurement, the cuvette is inserted into a fixed slot of 

the measurement unit, as shown in Figure 4.3 (b).  

For the aqueous dispersed ZnO particle systems, given that only 4 mL of the sample can 

be loaded into the cuvette and that the solid particle concentrations of the samples are in 

the range from 0.05 mg/mL to 2 mg/mL, the accuracy of mass loading of ZnO particles 

needs to be carefully controlled to ensure measurement accuracy.    

 

Figure 4.3 The cuvette and the sample used for UV-Vis measurement. (a) The cuvette 
with loaded sample, (b) the cuvette being inserted to the slot for measurement.  

4.1.2 Sample preparation for UV-Vis transmittance measurement 

For UV-Vis transmittance measurement, the accuracy of particle loading in the sample 

in the form of mg/mL is controlled through the following procedure. Taking a 0.2 

mg/mL ZnO loaded sample for example, 200 mg of ZnO particles was first weighed and 

dispersed into 100 mL deionized water to make a stock solution (concentration 2 

mg/mL). The stock solution was mechanically stirred and ultrasonicated for 20 minutes. 

Then 1 mL of the stock solution was taken using glass pipette and was scaled with scale 

cylinder of 10 mL capacity (with minimum scale of 0.2 mL). Then the scaled solution 

was added into 9 mL deionized to dilute the solution to 0.2 mg/mL in a sealable glass 

container of 20 mL capacity. The mixed solution was ultrasonicated again within the 

sealed glass container preventing from water splashing in. The solution was 

ultrasonicated at least for 20 minutes prior to immediately uploading into the cuvette for 

measurement.  

(a) (b)
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To help with particle dispersion, Dispex® A40 (BASF, the chemical company) was used 

as a dispersing agent in the preparation for samples of dispersed ZnO particle aqueous 

systems. Dispex® A40 is an ionic dispersing agent, a straw-colored aqueous solution of 

an ammonium salt with acrylic polymer ligand. During the sample preparation, one 

drop (approximately 0.01 g) of Dispex® A40 was dripped into each 100 mL stock 

solution, using glass pipette.  

In order to establish measurement confidence, ZnO particle sample (S-3, shown in 

Figure 4.6 (c)) was used to assess the accuracy and consistency of sample preparation 

for UV-Vis measurement. Three separate dispersed S-3 particle system samples were 

prepared under identical conditions with a mass loading of 0.1 mg/mL, labelled as T-1, 

T-2 and T-3. Figure 4.4 shows the UV-Vis total transmittance measurement of the three 

samples. The differences among the three samples are ~ 5 % in both the UV domain and 

the visible light domain. This indicates the measurement error due to the sample 

preparation is ~ 5 %. 

 

Figure 4.4 Repeatability of sample preparation for UV-Vis transmittance measurement. 
The samples T-1, T-2 and T-3 were prepared using ZnO S-1 particles, and the 

concentration of the samples was 0.1 mg/mL. 
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4.1.3 Effect of sedimentation on UV-Vis transmittance measurement 

Another factor that may render the transmittance measurement invalid is sedimentation 

of the solid dispersion particles. The rate of sedimentation is dependent on the size and 

shape of the particles. Generally, small and discrete particles have much slower 

sedimentation rate than large and assembled particles. To assess the effective 

(maximum) time window available for reliable transmittance measurement of each of 

the ZnO powder samples, the following testing was conducted. The ZnO particles of 

sample S-3 (shown in Figure 4.6 (c)) was selected to make a dispersed particle system 

sample. The total UV-Vis transmittance was measured immediately after ultra-

sonication treatment. The sample was left in the instrument undisturbed for 5 and 10 

minutes and measured again after each period of resting. Each UV-Vis measurement 

takes ~ 2 minutes. The UV-Vis transmittance curves are plotted in Figure 4.5. It is seen 

that the visible light transmittance (at 600 nm wavelength) increased by ~ 5 % after 

resting for 10 minutes, or 1 % after 5 minutes of resting.  

 

Figure 4.5 Effect of resting time on total UV-Vis transmittance measurement for a 
dispersed particle system with larger ZnO particles (S-3), immediately after ultra-

sonication treatment and after resting times of 5, 10 and 15 minutes, implying the low 
sedimentation rate. 

Considering that the UV-Vis full spectrum measurement takes only 2 minutes, there is 

negligible effect of sedimentation on the light transmittance during one measurement. It 
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is thus considered that 2 minutes is a reliable time window for transmittance 

measurement for all ZnO particle samples prepared. 

4.2 Evaluation of transparency of dispersed ZnO particle systems   

4.2.1 Synthesized ZnO particle samples for visible light transparency evaluation 

As presented in Chapter 3, several ZnO powder samples with different particle 

structures and morphologies were synthesized. Among them, three types of ZnO 

particles with different microstructures are used for UV-Vis transmittance 

characterisation as dispersed ZnO particle aqueous systems, following the procedures 

presented in section 4.1.   

Figure 4.6 shows a collection of SEM micrographs of the five ZnO particle samples 

selected. Figures 4.6 (a) and (b) show SEM micrographs of ZnO particle samples (S-1 

and S-2) obtained through the chemical reaction between ZnCl2 and NaOH in aqueous 

solution. The samples were synthesized by gradual mixing of NaOH solution into ZnCl2 

solution up to the [OH−]/[Zn2+] molar ratio of  = 3. The concentration of Zn2+ solution 

was 0.05 M for sample S-1 and 0.1 M for sample S-2. As seen in the micrographs, the 

ZnO particles formed are non-porous and are in rice grain shapes for both samples. For 

each sample, the particle size is uniform. The S-1 particles have an average dimension 

of ~ 200 nm in length and ~ 70 nm in diameter, and the S-2 particles are slightly larger, 

~ 300 nm in length and ~ 110 nm in diameter.  

Figure 4.6 (c) shows the morphology of a ZnO particle sample (denoted S-3) 

synthesized from calcination of Zn4CO3(OH)6·H2O at 300 ºC for 2 hours following 

reaction (3.20). The precursor Zn4CO3(OH)6·H2O was obtained from the reaction 

between 0.1 M ZnAc2 and 1 M urea (CH4N2O) in aqueous solution at 75 ºC for 2 hours. 

Figure 4.6 (d) shows an enlarged view of the sample at a higher magnification. The ZnO 

particles are ribbon like with porous internal microstructure. The shape and dimensions 

of the ribbons are uniform. The average dimensions of the ribbons are ~ 1 µm in length, 

~ 200 nm in width, and ~ 20 nm in thickness. The porosity of ribbons is estimated by 

means of image analysis using software Image J to be ~ 20 %. 
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Figure 4.6 The SEM micrographs of ZnO particles with specific typical 
microstructures: (a) and (b) the rice grain shape non porous particle S-1 and S-2; (c) 
the ribbon shape porous particle S-3; (d) amplified micrograph of S-3, indicating the 

profile and dimension of the ribbon; (e) the spherical porous particle S-4; (f) 
amplified micrograph of S-4, illustrating the highly porous microstructure of the 
particle; the inset shows the morphology of Zn5(OH)8Ac2·H2O precursor of S-4. 

Figure 4.6 (e) shows the microstructure of a ZnO sample (denoted S-4) prepared by a 

hydrothermal route followed by heat treatment. The sample was synthesized through the 

chemical reaction between 0.1 M ZnAc2 and 0.1 M HMT (C6H12N4) with 0.01 M tri-

sodium citrate (Na3C6H5O7) in an autoclave at 95 ºC for 4 hours. The final solid product 

was created via thermal decomposition of Zn5Ac2(OH)8·2H2O formed from the reaction 

under the hydrothermal condition. The solid product was then heat treated at 500 ºC for 

2 hours following reactions (3.21−3.24). It is seen that the ZnO particles are spherical in 

100 nm 100 nm

200 nm 200 nm

2 m 500 nm 
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exterior shape and the diameter ranges from 1 μm to 3 μm. The spheres are highly 

porous and are constructed by complex arrangement of nano particles, as shown in 

Figure 4.6 (f). In comparison, the microstructure of the spherical Zn5Ac2(OH)8·2H2O 

precursor before heat treatment is also shown in the inset in Figure 4.6 (f).  It is obvious 

that the spherical precursor is constructed by complex arrangement of thin sheet-like 

particles.    

The above information is summarized in Table 4.1. 

Table 4.1 ZnO particle morphologies synthesized via different aqueous reactions. 

Sample 
ID 

Reactants  Reaction conditions Reaction Product Particle 
Morphology

 Concentration 
of Zn2+ 
solution 

Temperature

S-1 

(D-1) 
ZnCl2 + NaOH 3 0.05 M Ambient ZnO 

S-2 

(D-2) 
ZnCl2 + NaOH 3 0.1 M Ambient ZnO 

S-3 

(D-3) 
ZnAc2 + urea * 0.1 M 

75 ºC for 2 
hours 

Zn4CO3(OH)6·H2O 

 Zn4CO3(OH)6·H2O   
300 ºC for 2 

hours 
ZnO 

S-4 

(D-4) 

ZnAc2+HMT 
(tri-sodium citrate 

as additive) 
** 0.1 M 

95 ºC for 4 
hours 

Zn5(OH)8Ac2·H2O 

 Zn5(OH)8Ac2·H2O   
500 ºC for 2 

hours 
ZnO 

* The molar ratio of urea:ZnCl2 was 10:1. 
** The molar ratio of HMT:ZnAc2:tri-sodium citrate was 1:1:0.1. 
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4.2.2 Evaluation based on equal mass loading 

The samples of dispersed ZnO particle aqueous systems were prepared using ZnO 

particle samples S-1, S-2, S-3, and S-4. Correspondingly, the prepared dispersed 

particle system samples are labelled as D-1, D-2, D-3, and D-4. The particle loading of 

all samples are in the form of mg/mL, and the loading for all of the samples are 0.1 

mg/mL. 

Figure 4.7 shows the total UV-Vis transmittance of the samples. Generally, the visible 

light transmittances for all samples are higher than their UV light transmittance, 

apparently due to the UV light absorption property of the ZnO particles. The UV 

transmittance of sample D-3 is the lowest at T = 7 %, followed by D-2 (T = 13 %) and 

D-1 (T = 14 %). The UV transmittances of sample D-4 is above 70 %. In the visible 

light domain, sample D-4 presents the highest transmittance of ~ 85 %, whereas sample 

D-2 presents the lowest transmittance of ~ 63 %.  

 

Figure 4.7 The total UV-Vis transmittance of dispersed ZnO particle systems samples 
D-1, D-2, D-3, D-4, prepared using ZnO particle sample S-1, S-2, S-3 and S-4. The 

mass loadings for all samples in the form of mg/mL are 0.1 mg/mL. 

As discussed in Chapter 2, the desired dispersed ZnO particle system is the one that 

achieves the highest visible light transmittance and at the same time guarantees the 

highest UV absorption (lowest UV transmittance). To evaluate the performances of the 
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systems presented in Figure 4.7, the UV (at  = 290 nm) and the Vis (at  = 600 nm) 

transmittances of the sample are measured and plotted in Figure 4.8 in the sort order 

from the highest to the lowest for the visible light transmittance. It is seen that D-3 is 

the best among all four samples. However, it is imperative to point out that this 

comparison is made on the basis of equal mass loading for all particles.  

 

Figure 4.8 The measured UV ( = 290 nm) and visible light ( = 600 nm) transmittance 
of dispersed ZnO particle systems samples D-1, D-2, D-3, D-4, prepared using ZnO 

particle sample S-1, S-2, S-3 and S-4. The mass loadings for all samples in the form of 
mg/mL are 0.1 mg/mL. 

In a dispersed particle system, the particle loading can be illustrated by three ideal 

(implying absolute uniformity of particle distribution) models as shown in Figure 4.9. 

The three models represent three different particle loading levels. In model 1, the total 

projected area of the particles is less than that of the incident light. Only a fraction of the 

incident light encounters and interacts with the dispersed particles. The rest of the 

incident light passes freely through the voids between the particles. In model 2, the 

particle loading is high and there are multiple layers of particles along the passing 

direction of the light. In model 3, the total projected area of the particles equals that of 

the incident light, and there are no free passages for the incident light. 

Obviously, when conducting UV-Vis transmittance measurement, the particle loading in 

model 1 is too low. In this case the light transmittance is predominately determined by 

the size of the free passage area, and the effect of the particles on transmittance is much 

overwhelmed by the free passing light. In this case total UV absorption is not achieved 

and visible light transmittance is over-estimated for the effect of the dispersed particles.  
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Figure 4.9 Schematics of three models of particle loading and the effect of particle 
loading on light transmission in dispersed particle systems. 

Model 2 is over loaded for UV absorption. Since ZnO is an efficient UV absorber, the 

UV light will be absorbed by the first (upper) layers of particles, thus the lower layers of 

particles have no chance to encounter with incident UV light. Meanwhile, the visible 

light transmittance in this case will be under-estimated, due to the cumulative scattering 

by multiple layers of particles.  

Model 3 is the ideal case, when the particles are able to block the entire incident UV 

light and meanwhile present the intrinsic visible light transmittance. This case 

corresponds to the minimum particle loading to achieve total blockage of the incident 

light. This condition may be used as a basis for comparison among different particle 

systems, termed the “equal projected area criterion”. 

Revisiting Figure 4.8, considering that in the studied dimension range (sub-micron to 

micron scale) ZnO particulates are efficient UV absorbers, thus it is convincingly 

argued that the high UV transmittance of sample D-4 (70 %) is due to unobstructed free 

passages allowing the UV light to pass through, as illustrated by model 1. The average 

size of the particles of sample S-4 is ~ 2 m, far larger than those of S-1 (70 nm in 

diameter and 200 nm in length), S-2 (110 nm in diameter and 300 nm in length) and S-3 

(20 nm in thickness, 200 nm in width and ~ 1m in length). When these particles are 

dispersed in the medium (e.g., water) for a given mass loading (in the form of 0.1 

mg/mL), larger particles have lower number populations and lower area coverages. This 

introduces difference in total projected areas among the dispersed particle system 
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samples. This renders invalidity for direct comparison of UV-Vis transmittance 

measurements among different samples. 

4.2.3 Evaluation based on equal projected area 

To evaluate the visible light transparency for different dispersed particle systems based 

on equal projected area criterion, the critical level of particle loading to achieve the 

criterion for each system needs to be determined first.   

4.2.3.1 Mass determination based on equal projected area criterion 

From UV-Vis transmittance measurement, the illumination area is the same for all 

samples, as defined by the testing cuvette used. Therefore, the equal (full) projected area 

criterion can be described using parameter 
V ' a

vA
 
 
 

 (derived in Chapter 2). 

Parameter 
V ' a

vA
 
 
 

 expresses the ratio of the total projected area of the particles to that 

of the incident light (illuminated area). In the expression, V’ represents the total volume 

loading of the particles in the dispersed system, a is the projected area of a single 

particle in the path of the incident light, v is the volume of a single particle, and A 

represents the illuminated area on the cuvette (i.e., projected area of the incident light). 

When 
V' a

vA
 
 
 

 = 1, the total projected area of particles is equal to the illuminated area. 

Since 
M

V'


 , where M is the total mass of the particles and ρ is the density of the 

particles, the above condition can also be expressed as 
V' a

vA
 
 
 

=
Ma

vA
 
 
 

. This implies:  

 
vA

M
a


   (4.1) 

Now, the requirement for equal projected area for different dispersed particle systems 

can be achieved via mass loading, which can be determined using equation (4.1), as 

long as parameters , v, a and A in the equation are known. The density (ρ) of ZnO is 

5.61 g/cm3. The volume (v) and the projected area (a) of the particles are estimated 

based on the geometric information obtained from SEM observation. The illuminated 

area (A) on the cuvette is 4 cm2.  
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Samples S-1 (Figure 4.6 (a)) and S-2 (Figure 4.6 (b)) are rice grain shaped non-porous 

ZnO particles. The average volume of the particles can be estimated by assuming the 

rice grain shape as a cylinder with identical diameter and length. However, the projected 

area presented by the particles varies since the particles dispersed in the medium pose 

random orientations to the incident light, rendering varied projected area from particle 

to particle. In resolving this issue, it is assumed that the dispersed particles in the 

medium are not overlapping along the light travel direction (ideal dispersion situation). 

Thus it is possible to determine the upper and lower bound conditions of mass loading 

corresponding to the two extreme alignment manners for these particles, parallel or 

perpendicular to the incident light.   

Figure 4.10 shows schematics of the two extreme particle alignment conditions for 

samples S-1 and S-2 in the medium loaded in the cuvette. Figure 4.10 (a) shows the 

situation when the length direction of all the particles are parallel and aligned in plane 

perpendicular to the incident light. Under this situation, the projected area of each 

particle is the rectangle bounded by the diameter and the length of the particle. For this 

alignment, the cylinders are able to tessellate the illuminated area. One layer of the 

cylinder alignment is sufficient to fully block the passage of the incident light. 

Considering that the actual side projection shape of the particles is approximately an 

ellipse, a compensation factor is applied to the minimum mass loading required, as m/, 

where m is the mass of a single layer cylindrical particles and  = 0.785 (the value of 

/4) is the area ratio of an ellipse to its best fit rectangle. 

Figure 4.10 (b) shows the other extreme alignment situation when the length directions 

of all of the particles are parallel along the direction of the incident light. For this 

alignment manner, the circular shapes of the particles do not tessellate the entire 

illuminated area, i.e., one layer of the particles is insufficient to cover the illuminated 

area. In this case, the minimum solid particle loading mass required to achieve 100% 

coverage is determined as m/, where m is the mass of a single layer cylindrical 

particles in the close packed formation (hexagonal packing) and  is the planar packing 

density (fraction of the area covered by the particles). For circles of equal diameter in 

close packed condition,  = 0.9. Obviously, this is the most optimistic estimate (the 

lowest estimate) of the minimum mass loading required. 
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Figure 4.10 The schematic of two extreme alignment manners of particle samples S-1 
and S-2 in the medium loaded in the cuvette. S-1 and S-2 are assumed as cylinders. (a) 

the alignment that the cylinders are perpendicular to the incident light, (b) the alignment 
that the cylinders are along to the incident light. 

Another aspect to be considered in determining minimum mas loading is that the visible 

light transmittance is irrespective of the distance the light travels through the medium.  

ZnO is a non-absorber of visible light, so is the water medium used. Therefore, the 

visible light transmittance of a ZnO particle dispersed system is only a function of the 

amount of the solid particle per unit area of illumination, i.e.,
M

A
 
 
 

. In other words, the 

projected area of the particles is the only significant factor in determining the mass 

loading for the particle. Therefore, the minimum mass loading required is in the form of 

mg/cm2. 

In this study, for an illuminated area of 4 cm2 as of the cuvette used in the instrument, 

the lower and upper bounds of the minimum mass loadings corresponding to the two 

alignment manners for unity projected area ratio can be determined, as listed in Table 

4.2. 

(a) (b)

Incident light
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Table 4.2 Estimation of minimum mass loading on 100% coverage criterion for 
transmittance measurement. 

ZnO particle sample S-1 S-2 

Diameter (nm) 70 110 

Length (nm) 200 300 

 (mg)* 
Calculated 
(mg/cm2) 

Actual 
(mg/cm2) 

(mg)* 
Calculated 
(mg/cm2) 

Actual 
(mg/cm2) 

Loading mass  
based on alignment (a) 

0.13  0.033 0.1 0.20 0.05 0.1 

Loading mass  
based on alignment (b) 

0.33 0.083 0.2 0.50 0.125 0.2 

* Net mass required for the volume of the solution (4 mL) in the cuvette.  

 

It is necessary to point out that the alignment manners shown in Figure 4.10 (a) and (b) 

are highly simplistic. In reality, for alignment (a), it is impossible that all of the particles 

dispersed in the medium would present their largest projected area to the incident light. 

There must be some particles presenting smaller projected areas. This implies that the 

determined minimum mass loadings of 0.13 mg (for S-1) and 0.20 mg (for S-2) for 4 

mL (the volume of cuvette) solution based on alignment (a) are under estimated. These 

values are the minimum limit of the mass loading of the corresponding particles, thus 

the lower bound values. Also considering that the single layer distribution of the 

particles is an idealised situation, which further underestimates the minimum mass 

loading required, a factor of 3 is applied to determine the actual mass loadings to use. 

For alignment (b), it is also impossible that all of the particles dispersed in the medium 

would present their smallest projected area to the incident light. There must be some 

particles presenting larger projected areas resulting in that lower number population of 

particles is sufficient to cover all the illuminated area. From this point of view, the mass 

loadings determined based on alignment (b) is over estimated, thus they are the upper 

bound values. Also considering that the single layer distribution of the particles is an 

idealised situation, which underestimates the minimum mass loading required, a factor 

of 2 is applied to determine the actual mass loadings to use.     

Given the above consideration, the mass loadings for the actual samples are determined 

to be 0.1 mg/cm2, and 0.2 mg/cm2 for sample S-1, and 0.1 mg/cm2, and 0.2 mg/cm2 for 

sample S-2, as also given in Table 4.2 as the “Actual” mass loading.  
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4.2.3.2 Particle size influence on visible light transmittance 

With the mass loadings determined, the corresponding dispersed particle system 

samples were prepared using particles S-1 and S-2. Table 4.3 lists the prepared 

dispersed particle system samples using particles S-1 and S-2. Sample D-1, D-2, D-1b 

and D-2b are samples of dispersed particle systems prepared using particle sample S-1. 

The particle loading for sample D-1 and D-2 is 0.5 mg/cm2, while the particle loading 

for sample D-1b and D-2b is 1 mg/cm2. 

Table 4.3 The samples of dispersed ZnO particle aqueous systems prepared using 
particle samples S-1 and S-2 at 0.1 mg/cm2 and 0.2 mg/cm2 mass loading. 

Sample ID of particle  S-1 S-2 

Sample ID of dispersed 
particle system 
  

D-1 D-1b D-2 D-2b 

Loading mass in the form of 
mg/cm2 0.1 0.2 0.1 0.2 

 

Figure 4.11 shows the total UV-Vis transmittance of the four dispersed ZnO particle 

system samples presented in table 4.3. The visible light transmittance of all samples in 

the visible light domain is higher than the transmittance in the UV domain, indicating 

that the UV light is absorbed by the dispersed ZnO particles in the systems. In addition, 

samples D-1 and D-2, which have the lower particle loading of 0.1 mg/cm2, reach 

higher transmittance in both the UV domain and the visible light domain compared with 

samples D-1b and D-2b, which have higher particle loadings (0.2 mg/cm2).  

Given that ZnO is an effective UV absorber, total UV transmittance of a ZnO particle 

dispersed system is largely determined by the total projected area of the ZnO particles. 

It is seen that in the UV domain, at 0.1 mg/cm2 particle loading, the UV transmittance of 

D-1 is ~ 14 % and that of D-2 is ~ 12 %, as measured at  = 290 nm, demonstrating 

similar UV absorption abilities between the two. This implies that these two samples 

have very similar statistically effective projected areas in the dispersed system, despite 

the dissimilar mathematical projected areas as presented in table 4.2. It is also evident 

that the transmittances of samples D-1 and D-2 are above 10 %. This implies that 0.1 

mg/cm2 mass loading is insufficient to provide 100% projected area coverage and at this 

concentration level there is still substantial free passage of UV light through the samples.  



	 	131	
 

 

Figure 4.11 The total forward UV-Vis transmittance of dispersed ZnO particle systems 
samples D-1, D-1b, D-2, D-2b, prepared using ZnO particle sample S-1and S-2. The 
particle loadings are 0.1 mg/cm2 in D-1 and D-2, and 0.2 mg/cm2 in D-2 and D-2b. 

When the particle loading is increased to 0.2 mg/cm2, the number population of the 

particles in the samples are doubled, rendering increased total projected area of the 

particles. Correspondingly, the UV transmittances of the two samples are lower than 

those of D-1 and D-2 and are close to zero. The UV transmittance of D-1b is 0 and that 

of D-2b is ~ 5 % at  = 290 nm. This means that the particle loading in D-1b enable 

fully UV blockage. The particle loading in D-2b is close to the condition of fully UV 

blockage. Given that the particle size of S-2 is larger than that of S-1, for equal particle 

mass loading of 0.2 mg/cm2, the number population of S-2 particles is smaller than that 

of S-1. This is the reason of the slightly higher UV transmittance of D-2b. 

In the visible light domain, total projected area of particles is not the dominating 

factoring affecting transmittance, because ZnO is not a visible light absorber. In this 

case, the only effective parameter for the system is particle size, as related to light 

scattering. It is seen in Figure 4.11 that at particle loading of 0.1 mg/cm2, the 

transmittance of D-1 is ~ 73 % and that of sample D-2 is ~ 64 % at  = 600 nm. At 0.2 

mg/cm2 particle loading, the transmittance of sample D-1b is ~ 55 % and that of sample 

D-2b is ~ 47 % at  = 600 nm. At both particle loading levels, the samples (D-1 and D-

1b) containing smaller particles present higher visible light transmittance than the 
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samples (D-2 and D-2b) containing larger particles. This demonstrates the particle size 

effect on visible light transmittance.   

To reveal the effect of particle size on visible light transmittance, transmittance ratios of 

TD-1/TD-2 and TD-1b/TD-2b are computed, as shown in Figure 4.12. It is seen that both 

ratios are greater than unity (implying higher transmittance for smaller particles), and 

both increase with increasing light wavelength.  

For samples D-1 and D-2, according to equations (2.14) and (2.15), since the particle 

mass loading (M), the illuminated area (A), the refractive index ratio (n) of the particles 

to that of the medium (i.e., water) of two systems are identical, it is thus apparent that 

the transmittance is determined by the particle size (d) of the two systems and the 

wavelength of the incident light (). Given a specific wavelength, the transmittance is 

only determined by the particle size, resulting in smaller particle dispersed system 

achieving higher transmittance of the light with the given wavelength.  

Referring to equations (2.14) and (2.15), the ratio of transmittance of two systems 

(denote as T1 and T2) is expressed as: 
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When MD-1 = MD-2, since dS-1 < dS-2, the transmittance ratio of TD-1/TD-2 increases with 

increasing wavelength. Similarly, the transmittance ratio of TD-1b/TD-2b of samples D-1b 

and D-2b increases with increasing wavelength for the same reason. 

Since the UV absorption behaviors of the dispersed particle system cannot be described 

by equations (2.14) and (2.15), thus the transmittance ratios in the UV domain are not 

included in Figure 4.12. 
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Figure 4.12 The visible light transmittance ratios of D-1 to D-2, and of  D-1b to D-2b 
respectively in the wavelength range from 400 nm to 600 nm. TD-1/TD-2 is the ratio when 
the particle loading is 0.1 mg/cm2.  TD-1b/TD-2b  is the ratio when the particle loading is 

0.2 mg/cm2. 

4.2.4 Evaluation based on zero UV transmittance 

The above discussed total light transmittance of dispersed particle systems of two non-

porous ZnO particle samples with similar external shapes but different particle sizes. 

The comparison can be made on the basis of equal particle mass loading to meet the 

requirement equal projected areas. The particle loading can be determined using 

equation (4.1). However, for more complex particles, e.g., porous particles of different 

porosities or with varied assembled geometries and structures; it is difficult to estimate 

the volume (v) and the projected area (a) for these particles. Thus the particle loadings 

for these particles cannot be determined using equation (4.1). In order to provide a valid 

basis for comparison of visible light transmittance for dispersed ZnO particle systems 

with particles of complex structures, a zero UV absorption criterion is adopted.      

The primary function of a dispersed ZnO particle system is UV absorption. To 

guarantee adequate UV absorption of the system, a minimum loading of ZnO particles 

is required. For this reason, the visible light transmittance of the various systems may 

also be compared on the basis of minimum particle loading to achieve zero UV 

transmittance, in other words, to achieve total absorbance of UV light.  
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Three particle samples of different physical structures are used for this study, including 

particle S-1 (rice grain shape), S-3 (ribbon shape porous structure) and S-4 (spherical 

porous structure). Dispersed particle system samples created using these three particle 

samples are denoted A-1, A-3 and A-4, respectively. In order to determine the minimum 

mass loading required to achieve zero UV transmittance, different mass loadings for 

sample A-1, A-3 and A-4 were used, as listed in Table 4.4. 

Table 4.4 Dispersed ZnO particle aqueous system samples prepared using particle 
samples S-1, S-3 and S-4 with different mass loadings. 

Sample ID of ZnO 
particle 

Sample ID of 
dispersed particle 

system 

Mass loading of particles (mg/cm2) 

S-1 A-1 0.05 0.1 0.2 0.4 0.8 1.6 

S-3 A-3 0.05 0.1 0.2 0.4 0.8 1.6 

S-4 A-4  0.1 0.2 0.4 0.8  

 

4.2.4.1 Evaluation of total transmittance of visible light 

The absorbance is the common gauge that used to evaluate the UV absorption ability of 

dispersed particle systems. The absorbance () is in fact a value that calculated from the 

measured light transmittance, expressed as 

  
lnT

l
 
  (4.4)  

In this expression, T denotes the light transmittance and l represents the length of the 

light path through the absorbing medium (in cm). In essence,  is the specific quantity 

of absorbance of the light absorbing material.  

In this study, the UV light absorbing material is the ZnO particles dispersed in the 

sample. However, our objective is to evaluate the UV absorbing capability of the 

dispersed particle system and to delineate the effects of different particle loading and 

particle morphology. Therefore, the length of the light path used in the below analysis is 
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the thickness of the cavity in the cuvette (1 cm). The cuvette wall is made of quartz (its 

band gap is ~ 10 eV and it is a non-absorber of UV and visible light), thus the thickness 

of the cuvette wall is ignored.  

Figure 4.13 shows the total UV-Vis transmittance of sample A-1 at different mass 

loading levels from 0.05 mg/cm2 to 1.6 mg/cm2 within the wavelength range of 290 ~ 

600 nm. It is clear that the total UV-Vis transmittance decreases systematically with 

increasing mass loading of the ZnO particles in the system. 

Figure 4.14 shows the absorbance curves of the A-1 samples as calculated from the UV-

Vis transmittance measurements (Figure 4.13) using equation (4.4). The visible light 

absorbance, which increases with increasing mass loading, is attributed to effect of 

refractive scattering of the dispersed ZnO particles, which are non-absorbers of the 

visible light.  

Figure 4.13 Effect of mass loading on the UV-Vis transmittance of dispersed particle 
aqueous system sample A-1, prepared using particle sample S-1. The mass loading used 

is from 0.05 mg/cm2 to 1.6 mg/cm2 
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Figure 4.14 Effect of mass loading on the UV absorbance of dispersed particle aqueous 
system sample A-1, prepared using particle sample S-1. The mass loading used is from 

0.05 mg/cm2 to 1.6 mg/cm2. 

Figure 4.15 shows the effect of mass loading on the system UV absorbance at  = 290 

nm and the system transmittances at  = 290 nm and  = 600 nm of sample A-1. It is 

seen that the UV absorbance increases rapidly with increasing mass loading from 0.05 

mg/cm2 to 0.4 mg/cm2 and then saturates at a maximum of ~ 4.6 with further increasing 

the level of mass loading. As per equation (4.4) and for l = 1 cm, absorbance  = 5 is 

equivalent to UV transmittance T = 0.67 % and  = 3 corresponds to T = 5 %. At  = 

4.6, the UV transmittance is T = 1 %.  

The UV transmittance of the samples decreases with increasing mass loading, to T = 

3.4 % at 0.2 mg/cm2 mass loading. Further increase mass loading is able to further 

diminish UV transmittance, to T = 1.0 % at 0.4 mg/cm2. The increase of mass loading is 

significant (100%) and the reduction of transmittance is minimal (2.4 %). Considering 

this, 0.2 mg/cm2 is considered the actual minimum mass loading required to achieve 

total UV absorbance.  

The visible high transmittance also shows a continuous decrease with increasing mass 

loading, within the entire range from 0.05 mg/cm2 to 1.6 mg/cm2. At 0.2 mg/cm2 mass 

loading, the visible light transmittance is 52 % and at 0.4 mg/cm2 mass loading it is 

30 %. This means a further reduction of UV transmittance of 2.4 % by increasing the 
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mass loading from 0.2 to 0.4 is accompanied by a loss of visible light transmittance by 

22 %. Considering this, 0.2 mg/cm2 is adopted as the effective threshold mass loading 

for total UV absorption for sample A-1. 

Figure 4.15 Effects of mass loading on absorbance and transmittance of dispersed ZnO 
particle aqueous system sample A-1. 

Using the same method, the effective threshold mass loading levels for total UV 

absorption for samples A-3 and A-4 were also determined for visible light transmittance 

comparison. The UV-Vis transmittances for sample A-3 at different mass loadings from 

0.05 mg/cm2 to 1.6 mg/cm2 were measured. Figure 4.16 (a) shows the measured UV-

Vis transmittance of sample A-3 at different mass loading levels. Figure 4.16 (b) shows 

the absorbance of sample A-3 as calculated from the data shown in Figure 4.16 (a). 

Figure 4.16 (c) plots the absorbance and transmittance of sample A-3 as functions of 

mass loadings from 0.05 mg/cm2 to 1.6 mg/cm2. It is seen that this particle sample (S-3) 

shows a very similar effect to particle sample S-1 (A-1). Considering both of the UV 

transmittance and the visible light transmittance, 0.2 mg/cm2 is adopted as the threshold 

mass loading for total UV absorbance for sample A-3. 
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Figure 4.16 Effect of mass loading on UV-Vis transmittance of sample A-3 (prepared 
using particle sample S-3). (a) UV-Vis transmittance of sample A-3 at different mass 
loadings from 0.05 mg/cm2 to 1.6 mg/cm2. (b) UV-Vis absorbance of sample A-3 at 

different mass loadings from 0.05 mg/cm2 to 1.6 mg/cm2. (c) Effects of mass loading on 
absorbance and transmittance of sample A-3. 

Figure 4.17 (a) shows UV-Vis transmittance of sample A-4 at different mass loadings 

from 0.1 mg/cm2 to 0.8 mg/cm2 (using particle sample S-4). Figure 4.17 (b) shows the 

absorbance of sample A-4 calculated from the data shown in Figure 4.17 (b). Figure 

4.17 (c) shows the effects of mass loading on the UV absorbance and UV and visible 

light transmittances of sample A-4. It is evident that a minimum of 0.8 mg/cm2 mass 

loading is required to achieve total UV absorption. At this level of mass loading, the UV 

transmittance (at 290 nm wavelength) is T = 2.7 % ( = 3.6) and the visible light 

transmittance (at 600 nm) is 26.8 %. The higher mass loading required implies that the 

UV absorption ability (per unit mass) of sample A-4 is weaker in comparison with 

samples A-1 and A-3. The lower visible light transmittance at the threshold level of 

mass loading suggests that this particle sample (S-4) is not a desirable candidate for 

achieving high visible light transparency of dispersed particle systems. 
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Figure 4.17 Effect of mass loading on UV-Vis transmittance of sample A-4 (prepared 
using particle sample S-4). (a) UV-Vis transmittance of sample A-4 at different mass 
loadings from 0.1 mg/cm2 to 0.8 mg/cm2. (b) UV-Vis absorbance of sample A-4 at 

different mass loadings from 0.1 mg/cm2 to 0.8 mg/cm2. (c) Effects of mass loading on 
absorbance and transmittance of sample A-4. 

With the minimum mass loading levels for achieving total UV absorbance determined, 

the visible light transmittance of the three samples can be evaluated and compared. 

Figure 4.18 shows the UV-Vis transmittance of sample A-1 (using rice grain shaped 

particle sample S-1), A-3 (using ribbon shaped porous particle sample S-3) and A-4 

(using spherical porous particle sample S-4) at their respective threshold mass loading 

levels of 0.2 mg/cm2, 0.2 mg/cm2 and 0.8 mg/cm2, respectively. With these mass 

loadings, the UV transmittance (at  = 290 nm) of samples A-1, A-3 and A-4 are 3 %, 

5 % and 2.7 %, respectively. Among these three samples, the visible light transmittance 

(at 600 nm) of sample A-3 is the highest, reaching 63 %, followed by A-1 and A-4 at 

52 % and 28 %, respectively. With this, it can be concluded that the dispersed ZnO 

particle system with ribbon shaped porous particles (particle sample S-3) achieves the 

highest total visible light transmittance under the condition of total UV absorbance. In 

other words, particle sample S-3 is the most desirable candidate for dispersed particle 

systems for high visible light transparency UV blocking applications. 
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Figure 4.18 The UV-Vis measurement results of dispersed systems samples (A-1, A-3 
and A-4) with ZnO particles (S-1, S-3, and S-4) of different microstructures. 

4.2.4.2 Evaluation of central forward transmittance of visible light 

As discussed in Chapter 2, visible light transparency of dispersed ZnO particle systems 

needs to be evaluated from two aspects. One is the total visible light transmittance and 

the other is clarity of images formed.  The image clarity is influenced by the degree of 

scattering of the transmitted light, thus can be evaluated by the ratio of the central 

forward transmittance to the total transmittance. In this regard, the central forward 

transmittance of dispersed ZnO particle systems also needs to be determined. This is 

achieved by independently measuring the total forward transmittance (Ttotal) and the 

scattered transmittance (Tscattered), and the central forward transmittance (Tforward) can 

thus be obtained as: 

 Tforward = Ttotal − Tscattered (4.5) 

Figure 4.19 shows the total transmittance, the central forward transmittance, and the 

scattered transmittance of sample A-1 (using particle sample S-1) at different mass 

loadings. At the threshold mass loading of 0.2 mg/cm2, the central transmittance of 

sample A-1 is 15.5 % at  = 600 nm. 
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Figure 4.19 The total transmittance, central transmittance and scattered transmittance of 
sample A-1 at different mass loadings: (a) 0.05 mg/cm2, (b) 0.1 mg/cm2, (c) 0.2 

mg/cm2, (d) 0.4 mg/cm2, (e) 0.8 mg/cm2 and (f) 1.6 mg/cm2.  

The three transmittance values at = 600 nm are determined from the curves and shown 

in Figure 4.20 as functions of mass loading. It is seen that both the total transmittance 

and the central transmittance decreased with increasing mass loading, and the scattered 

transmittance increased slightly with increasing mass loading at low levels and then 

decreased with the decrease of total transmittance at high mass loading levels. The 

scattered transmittance became equal to the total transmittance at above 0.8 mg/cm2 of 

mass loading when the central transmittance was practically zero.  
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Figure 4.20 Effect of mass loading on the total transmittance, central transmittance and 

scattered transmittance of sample A-1 at = 600 nm. 

The above observations are explained as following. When the mass loading is relatively 

low, the number population of S-1 particles in the dispersed particle system A-1 is low, 

allowing the incident light to pass through relatively freely, resulting in high central 

forward transmittance (and high total transmittance) and low scattering. With increasing 

the mass loading, the number population of the particles increases, thus the increase of 

the scattered transmittance, as described by equations (2.14) and (2.15), even when the 

total transmittance decreases. Further increase of mass loading (this increase of number 

population of particles) rapidly enhances light interaction among particles such as 

secondary (and reflective) scattering and reflection, leading to decrease of total. It is 

important to note that at above 0.8 mg/cm2 the scattered transmittance equals the total 

transmittance, implying that all transmittance is due to scattering. At this moment, when 

the central forward transmittance is zero, no transmission image can be formed, 

resulting in the dispersed particle system being translucent.  

Figure 4.21 shows the total transmittance, the central transmittance, and the scattered 

transmittance of sample A-3 (using particle sample S-3) at different mass loadings from 

0.05 mg/cm2 to 1.6 mg/cm2. At the threshold mass loading of 0.2 mg/cm2, the central 

transmittance of sample A-3 is 19.8 % at  = 600 nm.  
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Figure 4.21 Total transmittance, central transmittance and scattered transmittance of 
sample A-3 (using particle sample S-3) at different mass loadings: (a) 0.05 mg/cm2 , (b) 

0.1 mg/cm2, (c) 0.2 mg/cm2, (d) 0.4 mg/cm2, (e) 0.8 mg/cm2 and (f) 1.6 mg/cm2.  

Figure 4.22 shows the three transmittance values at  = 600 nm determined from the 

curves as functions of mass loading. At the threshold mass loading of 0.2 mg/cm2, the 

scattered transmittance reaches the peak value of 42.7 %. The central forward 

transmittance decreased to zero when the mass loading was 0.8 mg/cm2. 

Figure 4.23 shows the total transmittance, the central forward transmittance, and the 

scattered transmittance of sample A-4 (using particle sample S-4) at different mass 

loadings from 0.1 mg/cm2 to 0.8 mg/cm2. At the threshold mass loading level of 0.8 

mg/cm2, the central forward transmittance is 3.8 % at  = 600 nm. 
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Figure 4.22 Effect of mass loading on the total transmittance, central transmittance and 

scattered transmittance of sample A-3 at = 600 nm. 

Figure 4.23 Total transmittance, central transmittance and scattered transmittance of 
sample A-4 (using particle sample S-4) at different mass loadings: (a) 0.1 mg/cm2 , (b) 

0.2 mg/cm2, (c) 0.4 mg/cm2 and (d) 0.8 mg/cm2.   

Figure 4.24 shows the three transmittance values at  = 600 nm determined from the 

curves as functions of mass loading. At the threshold mass loading of 0.8 mg/cm2, the 

scattered transmittance is nearly equal to the total transmittance, and the central forward 

transmittance is 3.8 %. 
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Figure 4.24 Effect of mass loading on the total transmittance, central transmittance and 

scattered transmittance of sample A-4 at = 600 nm. 

The ratio of the central forward transmittance to the total transmittance at ( = 600 nm) 

is determined for samples A-1, A-3 and A-4 from the data presented above. The results 

are plotted in Figure 4.25 as functions of mass loading. It is seen that the transmittance 

ratios of all three systems decrease with increasing mass loading of ZnO particles in the 

system. The transmittance ratios of samples A-1 and A-3 are very close with each other. 

Sample A-4 presents higher transmittance ratio compared to samples A-1 and A-3; 

apparently due to the much lower total transmittance of A-4. The relatively low 

contribution of scattering to transmission of A-4 (higher forward transmission ratio) is 

consistent with the expectation for its lower number population of the larger S-4 

particles. At their respective threshold mass loading for total UV absorption, the 

transmittance ratio is 0.31 for A-1 (at 0.2 mg/cm2), 0.32 for A-3 (at 0.2 mg/cm2) and 

0.14 for A-4 (at 0.8 mg/cm2), as indicated by red circles in Figure 4.25. 

Summarizing the above, it is seen that the synthesized porous ribbon shaped ZnO 

particles (S-3) present the highest total transmittance (63 %) and relatively high ratio 

(0.32) of the central forward transmittance to total transmittance, when it is dispersed at 

a mass loading of 0.2 mg/cm2 in water. This sample represents the best candidate for the 

intended application as transparent dispersed particle systems. The individual grain 

shaped non-porous ZnO particles (S-1) also exhibit a total transmittance of 52 % and a 

transmittance ratio of 0.31 at 0.2 mg/cm2 loading in water, also a good candidate for the 

intended application. In comparison, the large spherical porous ZnO particles of S-4 
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exhibit the lowest total transmittance of 28 % and the lowest transmittance ratio of 0.14 

at 0.8 mg/cm2 loading, and is considered unsuitable for the intended application. 

 

Figure 4.25 Effect of mass loading on transmittance ratios of samples A-1, A-3 and A-4.

To demonstrate the level of visible light transparency, water and a number of dispersed 

particle system samples are prepared using the different ZnO particle samples 

synthesized. Figure 4.26 shows a photograph of the samples, demonstrating their visual 

effect comparison. Photograph (a) shows the deionized water in the cuvette, 

representing 100 % total transmittance of visible light. The transmittance ratio 
Tcentral 

Ttotal
 of 

water is 1. Photograph (b), (c) and (d) shows the dispersed ZnO particle system sample 

A-3 (using ZnO particle sample S-3) when the mass loading is 0.05 mg/cm2, 0.1 

mg/cm2 and 0.2 mg/cm2 respectively, representing 89 %, 78 % and 63 % total 

transmittance of visible light. Correspondingly, the transmittance ratio of these samples 

are 0.71 (Ttotal = 89 %), 0.54 (Ttotal = 78 %), and 0.32 (Ttotal = 63 %). Photograph (e) 

shows the dispersed ZnO particle system sample A-1 (using ZnO particle sample S-1) 

when the mass loading is 0.2 mg/cm2, representing 52 % total transmittance. The 

transmittance ratio of this sample is 0.31. Photograph (f) shows the dispersed ZnO 

particle system sample A-4 (using ZnO particle sample S-4) when the mass loading is 

0.8 mg/cm2. The total visible light transmittance of this sample is 27 %, and the 

transmittance ratio of this sample is 0.14. Photograph (g) shows the dispersed ZnO 

particle system sample A-3 when the mass loading is 1.6 mg/cm2. The total visible light 

transmittance of this sample is only 12 %, and the transmittance ratio of this sample is 

0.01. 
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Apparently, when the total visible light transmittance level is 100 %, the transmittance 

ratio is 1, thus allow the transmitted light to form a clear image (The letter “T” on the 

background). With decreasing of the total transmittance from 89 % to 27 %, the 

transmittance ratio decreases from 0.7 to 0.14. Correspondingly, the clarity of the 

forming image becomes weaker. As the total transmittance is 12 %, the transmittance 

ratio is close to zero, and no image can be seen.  

 
Ttotal 100 % 89 % 78 % 63 % 52 % 27 % 12 % 

Loading 
(mg/cm2) 

DI water 0.05  
(S-3) 

0.1  
(S-3) 

0.2  
(S-3) 

0.2  
(S-1) 

0.8  
(S-4) 

1.6  
(S-3) 

Tcentral 

Ttotal
 1 0.7 0.5 0.32 0.31 0.14 0.01 

 

Figure 4.26 The level of visible light transparency, demonstrated by deionized water 
and dispersed ZnO particle systems: (a) deionized water; (b), (c), (d) sample A-3 when 

mass loadings of  particle S-3 are 0.05 mg/cm2,  0.1 mg/cm2,  0.2 mg/cm2; (e) sample A-
1 when mass loading of particle S-1 is 0.2 mg/cm2; (f) sample A-4 when mass loading 
of particle S-4 is 0.8 mg/cm2; (g) sample A-3 when mass loading of particle S-3 is 1.6 

mg/cm2. 

For a typical ‘opaque’ sunscreen product with average ZnO particle size of 260 – 300 

nm, with the particle loading of 0.12 mg/cm2, the total transmittance is typically 8 – 12 % 

(Figure 2.18). For a typical transparent sunscreen product with average ZnO particle 

size of 20 – 30 nm with the particle loading of 0.12 mg/cm2, the total transmittance is 

typically above 95 % (Figure 2.12). The total transmittance of 63 % for S-3 dispersed 

particle system at the particle loading of 0.2 mg/cm2 represents a significant 

improvement relative to the non-transparent sunscreen products in the market (and this 

is at a higher particle loading, implying higher UV blocking capability). This value is 

obviously still below the transparency levels of transparent sunscreen products, but with 

clearly much improved nano-safety for sunscreen applications. Referring to the visual 

effect presented in Figure 4.26, it is reasonable to recognise that a total transmittance of 
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63 % achieved by sample S-3 is a promising transparency level for sunscreen products, 

though obviously much improvement needs and can be achieved by optimising the 

microstructure of the porous ZnO particles. 

Conclusions 

For UV-Vis transmittance measurement for different dispersed particle systems, it is 

important to establish a valid basis for comparison of measurement results from 

different systems. In this work, the following criteria for particle mass loading have 

been adopted: 

(1) Equal particle mass loading; 

(2) Equal particle projected area loading; 

(3) Minimum particle loading to achieve zero UV transmittance.  

According to these criteria, the mass loading for dispersed ZnO particle systems with 

particles of different microstructures were determined. The practical issues such as 

dispersion and sedimentation rate of particles in the dispersed particle systems, and 

operation errors were also carefully considered. On the basis of these, the following 

conclusions can be drawn: 

(1) Equal particle mass loading introduces differences in projected areas of the ZnO 

particles among different systems, rendering invalidity for direct comparison of 

UV-Vis transmittance measurement among ZnO particle samples with different 

microstructures.  

(2) On the basis of equal projected area criterion determined particle loading, the 

particle S-1 with smaller size (70 nm in diameter and 200 nm in length) achieves 

higher total visible light transmittance of 72 % and 52 %, in comparison against 

that of 64 % and 48 % of the particle S-2 with larger size (110 nm in diameter and 

300 nm in length), at the particle loading level of 0.1 mg/cm2 and 0.2 mg/cm2 

respectively. This confirms the theoretical analysis result that smaller particle 

achieves higher visible light transmittance. 

(3) For the specific aim for visible light transparency evaluation for dispersed ZnO 

particle systems, on the basis of UV protection performance, the minimum 

loading mass to achieve zero UV transmittance for dispersed ZnO particle 

systems with particles of different microstructures were determined: 0.2 mg/cm2 

for sample S-1(rice grain shape non-porous ZnO particle), 0.2 mg/cm2 for sample 
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S-3 (ribbon shape porous ZnO particle), and 0.8 mg/cm2 for sample S-4 (spherical 

porous ZnO particle). The UV transmittance of the systems is close to zero: 3 % 

for the system with S-1, 5 % for the system with S-3, and 1 % for the system with 

S-4. 

(4) With the determined mass loading, the visible light transparency of the dispersed 

particle systems was evaluated. The total forward visible light transmittance of the 

dispersed particle system with particle sample S-3 is 63 %. The system with 

particle sample S-1 reaches the visible light transmittance of 52 %. The system 

with particle sample S-4 shows the visible light transmittance of 27 %. The 

transmittance ratios (
Tcentral 

Ttotal
) of these three systems are 0.32, 0.31 and 0.14. Sample 

S-3 achieves the highest visible light transparency both in total transmittance and 

transmittance ratio (image formation clarity). 

(5) In comparison with commercial ‘opaque’ sunscreen products, the visible light 

transmittance of 63 % of S-3 is a promising first step success towards creating 

nano-safe, large particle sunscreen products. This transparency level is achieved 

using porous ribbon shaped ZnO particles of ~ 1 μm in length, ~ 200 nm in width 

and 20 nm in thickness and at a particle loading of 0.2 mg/cm2. This is a clear 

contrast to the 8 – 12 % transmittance levels of most commercial ‘opaque’ 

sunscreen products at a lower ZnO particle loading of 0.12 mg/cm2 (implying 

lower UV blocking efficiency). In comparison with commercial transparent 

sunscreen products, the total visible light transmittance of 63% of S-3 at a particle 

loading of 0.2 mg/cm2 is lower than that the  95 % transmittance of the transparent 

sunscreen product at 0.12 mg/cm2 loading. At 0.1 mg/cm2 loading, S-3 fetched a 

visible light transmittance of 78% (Figure 4.26). However, the benefit of having 

the large particle sizes of S-3 well over weighs the benefit of the extra gain in 

visible light transparency by using the 20 − 30 nm ZnO particles found in 

transparent sunscreen commercial products. In these regards, sample S-3 is a 

promising candidate for transparent sunscreen applications.  
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Chapter 5 

Conclusions 

 

5.1 Scope of the study 

It has been more than 140 years since the phenomenon of light scattering by a single 

particle was studied for the first time by Lord Rayleigh in 1871. Extensive research 

work has since been carried out on Rayleigh’s scattering theory, leading to the 

establishment of a comprehensive understanding of scattering by particles in various 

media and natural phenomena.    

Based on the established theories on particle scattering of light, this PhD study attempts 

to engineer a dispersed particle system of specific requirements, including high 

efficiency UV absorption, high visible light transparency, and large dispersed particle 

sizes, on a new concept of light scattering behaviour through a porous body. The 

particular system concerned is porous ZnO particle dispersed system in water. The 

application implication of this study is to develop high visible light transparency 

sunscreen products, as opposed to conventional opaque sunscreen products or 

nanotechnology based transparent sunscreen products, to meet market requirements in 

both aesthetics and nanoparticle safety regulations.  

In a scientific context, this study involves the following aspects: 

(1) To establish a theoretical framework for achieving high visible light 

transparency of dispersed particle systems containing large particles.  

(2) To investigate the formation chemistry for fabrication of ZnO particles in 

aqueous solutions and post synthesis treatment conditions, and to characterise 
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the morphology formation of ZnO particles synthesized in aqueous chemical 

environment. 

(3) To evaluate the UV absorption and visible light transparency characteristics of 

dispersed particle systems created using these synthesized ZnO particles. 

5.2 Main findings of the study 

The main findings of this study include the following: 

(1) Theoretical framework for visible light transparency of dispersed particle systems 

containing large particles 

Large ZnO particle dispersed system can achieve visible light transparency by 

creating open porous microstructure for the ZnO particles. The porous 

microstructure allows infiltration of the medium (e.g., water and glycerine) into 

the body of the particle to form a composite. Such composite has a compounded 

refractive index in between those of the medium and the solid particle, thus 

making a particle-medium refractive index ratio close to 1. A closer-to-unity 

refractive index ratio implies low light scattering, thus improving light 

transparency and image clarity for the dispersed porous particle system. Based on 

this concept and subjected to sunscreen product application requirements for UV 

absorption performance and particle size for nano-safety, the ideal ZnO porous 

particle morphology is determined to be 260 － 300 nm in particles size, ~ 75 vol % 

porosity and 15 – 20 nm open pores and pore walls.  

 

(2) Zn compound formation in aqueous solutions 

Zn compound particulate materials can be synthesized in aqueous solutions from a 

range of precursor materials, including ZnAc2, ZnCl2, Zn(NO3)2 and ZnSO4 via 

reactions with [OH−]. The [OH−] can be supplied using simple bases such as 

NaOH, KOH or NH4OH.  Different Zn compounds may be formed in aqueous 

solutions from these precursors, including ZnO or ZCHs. Formation of ZCHs or 

ZnO is intrinsically dictated by Zn2+ solvation and subsequent olation or oxolation 

condensation reactions. ZCHs form through 6-coordination solvation of Zn2+ ions 

and subsequent olation condensation reaction. ZnO forms through 4-coordination 

solvation of Zn2+ ions and subsequent oxolation condensation reaction. In aqueous 

solution, Zn2+ solvation is governed by [OH−]/[Zn2+] molar ratio, which can be 

used to control the synthesis of desired products. At [OH−]/[Zn2+] < 1.5 (for 2
4SO   
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anion) or 1.6 (Ac−, Cl− and 3NO  anions), the root anions can participate in the 

olation condensation reactions, leading to the formation of ZCHs. At 

[OH−]/[Zn2+] > 2, no root anions can participate in the oxolation condensation 

reaction. In this case, only ZnO forms. ZnO synthesis in aqueous solution system 

is irrespective of the type of zinc salt precursors. 

 

(3) Morphology formation of ZCHs 

Four ZCHs are synthesized using zinc salts and simple bases in this study, 

including Zn5Ac2(OH)8·2H2O, Zn5Cl2(OH)8·H2O, Zn4SO4(OH)6·5H2O and 

Zn5(NO3)2(OH)8·2H2O. All four ZCHs show similar planar morphologies (thin 

sheet or thin plate particles) of their base units. Zn5Ac2(OH)8·2H2O, 

Zn5Cl2(OH)8·H2O, Zn4SO4(OH)6·5H2O sheets have the same normal direction of 

[001], and the normal direction of Zn5(NO3)2(OH)8·2H2O plate is [100]. This 

morphology formation is dictated by their respective crystallographic features. For 

Zn5Ac2(OH)8·2H2O, Zn5Cl2(OH)8·H2O and Zn4SO4(OH)6·5H2O, the [001] edge 

length of the unit cells is the longest among <100>, implying the weakest inter-

atomic bonding in the [001] direction. For Zn5(NO3)2(OH)8·2H2O, the [100] edge 

length of the unit cell is the longest, implying the weakest atomic bonding in the 

[100] direction. Weaker inter-atomic bonding implies slower growth rate in the 

direction. Therefore, Zn5Ac2(OH)8·2H2O, Zn5Cl2(OH)8·H2O and 

Zn4SO4(OH)6·5H2O crystallites have preferential growth in [100] and [010] 

directions to [001] direction, whereas Zn5(NO3)2(OH)8·2H2O crystallites have 

preferential growth in [010] and [001] direction to [100] direction. External 

factors such as solution concentration and temperature only alter the dimensions 

and aspect ratios of the formed ZCHs particles but do not change the basic planar 

morphology. 

 

(4) Morphology formation of ZnO particles  

The morphology formation and growth of ZnO crystals in [OH−]-[Zn2+] aqueous 

solution is found to be influenced by [OH−]/[Zn2+] ratio. For [OH−]/[Zn2+] = 2, the 

ZnO stoichiometry, small equiaxial ZnO crystals are formed. At [OH−]/[Zn2+] = 4, 

ZnO forms into thin (1120) sheet crystals, with the largest dimension being in 

[0001] direction. At [OH−]/[Zn2+] = 8, thin ribbon shaped ZnO crystals along 

[0001] direction, with a normal direction of [1120] and a width direction of 

[1010]. This is in essence an over-grown morphology along [0001] direction of 
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the plate crystals formed at [OH−]/[Zn2+] = 4. At low [OH−]/[Zn2+] levels (low 

supply of species), formation of nanocrystallites is governed by minimum surface 

energy criterion. At medium [OH−]/[Zn2+] levels, ZnO crystal formation is 

governed by site coordination number criterion. At high [OH−]/[Zn2+] levels, ZnO 

crystal growth is influenced by absorption of OH− ions on (0001) due to electrical 

static attraction. 

 

(5) Self-assembly of ZnO particles  

ZnO nanoparticles have tendency to self-assemble in the solution, driven by static 

attraction between oppositely charged crystal planes. The assembling of ZnO 

particles is found to be influenced by [OH−]/[Zn2+] ratio. When [OH−]/[Zn2+] = 2, 

small equiaxial ZnO single crystals self-assemble into equiaxial larger particles. 

When [OH−]/[Zn2+] = 4, the thin sheet-like ZnO crystals assemble to larger 

particles with “house of card” appearance. When [OH−]/[Zn2+] = 8, the thin 

ribbon-like ZnO crystals formed assemble to cabbage-like large particles. The 

static charge attraction theory is applicable to assembling on (0001) planes, which 

is the only plane with electrical polarity, and is unable to explain the complex 

structures observed in this study.  

 

(6) Synthesis of porous ZCHs 

Two porous ZCH products are also synthesized, including spherical porous 

Zn5Ac2(OH)8·2H2O particles and ribbon shaped Zn4CO3(OH)6·H2O particles. 

Zn5Ac2(OH)8·2H2O 1 ~ 3 m spherical porous particles are synthesized via the 

reaction between ZnAc2 and HMT with tri-sodium citrate at a molar ratio of 

1:1:0.1 at 95 °C. The particles are assembled of ~ 20 nm thin-sheet primary 

particles. Ribbon shaped Zn4CO3(OH)6·H2O particles are synthesized via the 

reaction between ZnAc2 and urea at a molar ratio of 1:10 at 75 °C. The 

dimensions of the ribbons are ~ 1 m in length, 200 nm in width, and 20 nm in 

thickness.  

 

(7) Calcination of porous ZCHs 

ZnO porous particles can be obtained by calcination of Zn5Ac2(OH)8·2H2O and 

Zn4CO3(OH)6·H2O. Calcination of spherical Zn5Ac2(OH)8·2H2O at 500 °C caused 

decomposition and 32 % of weight loss of the compound, leaving behind 

spherical porous ZnO particles. Porous ribbon shaped ZnO particles can be 



	 	156	
 

obtained via calcination of ribbon shaped Zn4CO3(OH)6·H2O  at  300 °C, which 

incurs a weight loss of ~ 25 wt %. Both the spherical porous ZnO particle and the 

porous ribbon shape particle retain the shape of their precursors. 

 

(8) Evaluation of visible light transparency of dispersed particle systems 

In this study UV-Vis transmittance measurement was used as a means to evaluate 

the visible light transparency of ZnO particles by measuring the performance of 

dispersed particle systems. The UV-Vis transmittance measurement of a dispersed 

particle system is influenced by a number of factors, including particle loading in 

mass or volume, projected area of dispersed particles, particle shape and size, and 

particle internal structure (e.g., porosity). Thus the UV-Vis transmittance 

measurement of systems using different particle types cannot be directly 

compared without careful consideration of the influences of these parameters. In 

this study the following criteria have been considered:  

(i) Equal mass loading criterion: This is the most rudimental comparison. 

Sample systems prepared using different particles will have different total 

volume and different total projected area of the particles.  

(ii) Equal projected area criterion: This criterion implies different mass loading 

for particles of different shapes, sizes and internal structures.  This criterion 

assures same (similar) UV absorption conditions, thus allowing comparison 

of visible light transmittance of different systems under equal UV blocking 

performance conditions. This is a more desirable criterion for the intended 

application. The limitation of this criterion is determination of mass loading 

for a given projected area requires the geometry of the particles known.  

(iii) Zero UV transmittance criterion. This criterion requires experimental 

determination of the minimum particle loading to achieve zero UV 

transmittance, thus to allow comparison of visible light transmittance among 

different systems. This method clearly overcomes the limitations of criterion 

(ii), but requires large number of experiments for each system in order to 

determine the critical mass loading for comparison.   

  

(9) Visible light transparency of dispersed ZnO particle systems 

The visible light transparency performances of four ZnO particle samples (S-1, S-

2, S-3 and S-4) synthesized via solution chemistry route were evaluated by means 

of UV-Vis transmittance measurement. On the basis of equal mass loading 
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criterion, particle S-1 achieved higher total visible light transmittance of 72 % and 

52 %, in comparison against 64 % and 48 % for particle S-2 at particle loading of 

0.1 mg/cm2 and 0.2 mg/cm2, respectively. This is consistent with the theoretical 

prediction that smaller particles have higher visible light transmittance. On the 

basis of the zero UV transmittance criterion, ribbon shaped porous ZnO (S-3) 

showed the highest total visible light transmittance of 63 % and the highest ratio 

of the central forward transmittance to the total transmittance of 0.32, at a particle 

loading of 0.2 mg/cm2. This represents a significant improvement relative to the 

current ‘opaque’ sunscreen products in the market, typically exhibiting 8 – 12 % 

total visible light transmittance with a typical particle loading of 0.12 mg/cm2. 

Although the total visible light transmittance of S-3 (63 %) with 0.2 mg/cm2 is 

lower than that of the transparent sunscreen products (~ 95 %) with a typical 

particle loading of 0.12 mg/cm2, S-3 represent a valid nano-safe alternative to the 

nano-particle based transparent sunscreen products. 

5.3 Continuation of the study 

In this study, the designed ideal morphology for porous ZnO particles, i.e., 260 – 300 

nm in particle size with 75 vol % porosity of 15 – 20 nm sized open pores and walls, is 

not achieved. The closest match is the ribbon shaped porous ZnO particles (sample S-3). 

Consequently, the new concept that porous microstructure of ZnO particle can achieve 

high visible light transparency for dispersed particle systems has not been fully assessed, 

though the porous ribbon shaped ZnO particle sample appears to have provided a 

qualitative support to the concept. Therefore, future work is required to consolidate this 

hypothesis and the preliminary findings, with specific foci of: 

(1) Synthesis of porous ZnO particles of close to ideal morphologies 

(2) Characterisation of its light transparency performances in dispersed particle 
systems  

The key to control the morphology and structure of porous ZnO particles via solution 

synthesis is the behaviour of particle assembly. In the field, the understanding of crystal 

growth of the single crystal (the building unit of assembled structure) is well established, 

and the fact that the polarized charging caused attraction among the single crystals is 

widely accepted. On this basis, the understanding of one dimension assembly or simple 

shaped assembled particle was established. However, when confronting the combination 

of crystal growth, assembly of a complex assembled microstructure (e.g., the desired 
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porous ZnO particle), and a series of external constrain factors that normally 

represented by reactants ratio, temperature or additives, the comprehensive 

understanding of the behaviour of ZnO nanoparticle assembly in solution has not been 

well established. Thus the future work needs to focus on revealing the mechanism of the 

assembly of ZnO particles in solution environment. 

The hypothesis established in Chapter 2 of the improved visible light transparency of 

the porous ZnO particles relative to non-porous ZnO particles can be evaluated, by 

comparing against the performance of non-porous ZnO particles, by means of UV-Vis 

transmittance measurement, as adopted in this study. The ideal experiments would 

involve using the following two strategies: 

(1) Using ZnO particles with different porosity and non-porous ZnO particles of 

identical (similar) exterior shapes and external dimensions to prepare dispersed 

particle systems under equal projected area criterion (thus equal gross volume 

and equal particle number population). Under this condition, the UV-Vis 

transmittance measurement will allow a series of comparisons of UV 

transmittance of the two systems using porous particles and non-porous particles. 

These comparisons will help to reveal the effect of the porosity on UV 

absorption ability of the dispersed porous particle systems. With these 

comparisons, the maximum porosity for sufficient UV absorption will be 

extracted and the validity of the designed 75 vol % porosity for sufficient UV 

absorption will be assessed.     

(2) Using ZnO particles with different porosity and non-porous ZnO particles of 

identical (similar) exterior shapes and external dimensions to prepare dispersed 

particle systems under zero UV transmittance criterion (thus equal gross volume 

and equal particle number population). Under this condition, the UV-Vis 

transmittance measurement will allow a series of comparison of the visible light 

transmittance of the two systems using porous particles and non-porous particles. 

These comparisons will help delineate the measured total visible light 

transmittance depending on different porosity (the refractive index ratio of the 

porous particle to the medium) or external dimension of porous particle. 

Comparing the transmittance results from the practical measurement with the 

calculated transmittance, the concept that large porous ZnO particle can achieve 

visible light transparency can be fully assessed.    
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