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THESIS OUTLINE 

 

 

 

In this work, the preparation and characterization of several kinds of anatase TiO2 

coatings was carried out with the aim of promoting the application of these materials 

inside the Italian building sector. One of the benefits of these materials is their so-

called self-cleaning effect, which is based in two phenomena that occurs in the TiO2 

surface when irradiated with UV light: the photo-oxidation of pollutants and the 

superhydrophilicity. Since this self-cleaning effect can keep buildings clean 

effortlessly, it can reduce the amount of detergents and cleaning water needed for 

maintenance and improves environmental conservation. Although much research has 

been carried out in this field and several companies have released self-cleaning 

materials, their practical integration in buildings is still an open issue. The production 

costs associated to the existing deposition technologies and the difficulties correlated 

with the performance of these materials when exposed to real conditions, represent to 

date the main limitations to their diffusion on a large scale. In this thesis, the study 

and development of advanced (functional) materials for architecture and construction 

was carried out. Particularly, the research was divided in two principal aspects: (i) 

issues associated with the production of TiO2 self-cleaning materials and (ii) 

limitations associated with the utilization of self-cleaning coatings at real conditions.  
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CHAPTER 1 

INTRODUCTION 

 

 

 

1. Introduction 

 

Since the discovery of the phenomenon of photo-splitting of water in a titanium 

dioxide (TiO2) anode photochemical cell by Fujishima and Honda [1], the 

fundamentals and applications of photocatalytic oxidation (PCO) reaction have 

received significant attention. As a consequence, the research in the photocatalysis 

field has derived in the development of new technologies that have proved to possess 

great potential in sectors such as environmental remediation or building industry [2-

5]. In this latter, several semiconductor photocatalytic oxides such as titanium 

dioxide, zinc oxide or doped-titanium dioxide [2, 4, 6-9] have been combined with 

building materials with the aim of obtaining functional construction components with 

self-cleaning characteristics. These materials are expected not only to improve the 

quality of the surrounding environment by gradual degradation of pollutants, but also 

to keep the aesthetic characteristics of the facades of buildings for long periods of 

time without the need of the actual (usually expensive and dangerous) maintenance 

procedures.  
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It is clear that functional semiconductor-based building materials have a huge 

potential as commercial products. Indeed, some of this potential is already being 

realized: several self-cleaning building products prepared from semiconductor 

photocatalysts are currently being commercialized by multinational companies such 

as TOTO, Pilkington, Pittsburgh Plate Glass (PPG) Industries, Cardinal Glass 

Industries, Saint-Gobain, Nippon Sheet Glass (NSG), etc. 

 

Although all these companies have released self-cleaning materials, their practical 

integration in buildings components is still an open issue. The high production costs 

associated to the existing vacuum deposition technologies, as well as the difficulties 

correlated with the efficiency of these materials when exposed to real conditions, 

represent to date the main limitations to their diffusion on a large scale [3, 10, 11]. 

Therefore, in this research, the study and development of advanced (functional) 

materials for architecture and construction was carried out. Particularly, the attention 

was focused on the preparation and characterization of TiO2 coatings for building 

materials.  

 

1.1. Basic principles of semiconductor photocatalysis 

 

Semiconductors such as TiO2, ZnO, Fe2O3, CdS and ZnS can act as sensitizers for 

light-reduced redox processes due to their electronic structure. This is characterized 

by a manifold of electron energy levels filled with electrons and, at higher energy, a 

manifold of largely vacant electron energy levels. These energy levels are called the 

valence band (VB) and the conduction band (CB), respectively. The energy 
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difference between these two bands is called the bandgap, Eg [2, 12]. Figure 1.1 

illustrates the basic electron energy features of a semiconductor material.  

 

Figure 1.1. Schematic illustration of the major processes that occur on a semiconductor particle upon 

absorption of an ultra-bandgap light. (a) Adsorption of a photon and creation f an electron-hole pair; 

(b) bulk recombination; (c) surface recombination; (d) oxidation of an electron donor (D) adsorbed on 

the surface by the photogenerated hole and (e) reduction of an electron acceptor adsorbed on the 

surface by the photogenerated electron. Taken from Mills and Lee, J. Photochem. Photobiol. A 

2002;152:233-247 [2]. 

 

The adsorption of a photon of ultra-bandgap light, i.e. hv ≥ Eg, promotes the transfer 

of an electron from the valence band to the conduction band (e-), leaving behind a 

positive hole (h+), as observed in the process (a) from Figure 1.1. After its 

generation, the electron-hole pair can recombine in the bulk or in the surface to 

generate heat (processes (b) and (c) in Figure 1.1) or interact with adsorbed surface 

species. If an electron donor, i.e. D, is present at the surface, then the photogenerated 

hole can react with it to generate an oxidised product, D+ (process (d) in Figure 1.1). 

Similarly, if there is an electron acceptor present at the surface, i.e. A, then the 

- +

- +

+

* 

- ++- +
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+
+
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photogenerated conductance band electron can react with it to generate a reduced 

product, A- (process (e) in Figure 1.1) [2, 4, 13, 14]. The overall reaction can be 

summarised as follows: 

 

𝐴 + 𝐷
!"#$%$&'(%)*+,!!!!!" 𝐴! + 𝐷!                 [1.1] 

 

If the change in Gibbs free energy for Reaction [1.1] is positive, the overall process 

is an example of semiconductor photosynthesis. If, as is more usually the case, the 

change in Gibbs free energy is negative, then it is an example of semiconductor 

photocatalysis [2].  

 

As mentioned above, semiconductor photocatalysis is currently undergoing heavy 

commercial exploitation [2-9]. Many of the current systems that utilise Reaction 

[1.1] employ the semiconductor photocatalyst to drive oxidation of organic 

pollutants by oxygen, i.e. 

 

𝑜𝑟𝑔𝑎𝑛𝑖𝑐 +   𝑂!
!"#$%!"#$%&'(,!!!!!" 𝐶𝑂! + 𝐻!𝑂 +𝑚𝑖𝑛𝑒𝑟𝑎𝑙  𝑎𝑐𝑖𝑑𝑠     [1.2] 

 

If organic oxidation drive by illuminated TiO2 is completed up to obtaining carbon 

dioxide, water and mineral acids, the process is called photomineralisation or 

photocatalytic activity (PCA).  
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Although there are many semiconducting materials in this world, only a few are very 

effective as semiconductor photocatalysts. Ideally, a semiconductor photocatalyst 

should be chemically and biologically inert, photocatalytically active, easy to 

produce and use, activated by sunlight and cheap [2]. In fact, not surprisingly, no 

semiconductor fits this list of ideals, although one semiconductor, titanium dioxide, 

comes close. Then, this work was focused on the use of TiO2 as photocatalyst 

semiconductor for building materials. 

 

1.2. TiO2 semiconductor photocatalyst 

 

In photocatalysis, TiO2 is by far the most widely studied semiconductor due to its 

high activity, desirable physical and chemical properties, low cost, and availability. 

Of three common TiO2 crystalline forms, anatase and rutile forms have been 

investigated extensively as photocatalysts. Anatase has been reported to be more 

active and easy to produce as a photocatalyst than rutile [2, 15]. It large band gap, Eg 

∼ 3.2-3.0 eV, permits it only to absorb UV light and, as a consequence, is limited to 

absorbing a small fraction (ca. 5%) of the solar spectrum [2].  

 

Despite this substantial limitation, its positive features far outweigh this one 

negative, and so anatase TiO2 has become the semiconducting material to use in the 

field of semiconductor photocatalysis [2]. Indeed, TiO2 photocatalysis technology 

can be applied even using solar light, since there exists typically several hundred 

W/cm2 of UV light even in outdoor shade in the daytime. Although this is low from 

the viewpoint of energy density, corresponds to about 1015 of photons/cm2 per 
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second (with a typical UV flux of 20-30 W m-2) which is a huge amount compared to 

the number of pollutant molecules adsorbed on the surface [5, 15]. 

 

1.2.1. Photocatalytic oxidation of organics (PCO) 

 

 

Figure 1.2. Schematic illustration of the major processes associated with the photocatalytic oxidation 

of organics sensitized by a TiO2 semiconductor particle. Ultra-bandgap light generates electron-hole 

pairs. Photogenerated holes that make it to the surface can react with surface hydroxyl groups to 

generate adsorbed hydroxyl radicals (TiOH•+) which, in turn, can oxidise the pollutant to its mineral 

form. Photogenerated electrons that make it to the surface can react with adsorbed oxygen to generate 

superoxide, which can be subsequently reduced to hydrogen peroxide and then water. The 

intermediate species produced can act as a further source of hydroxyl radicals, OH•. Taken from Mills 

and Lee, J. Photochem. Photobiol. A 2002;152:233-247 [2]. 

 

In the photooxidation of organic materials sensitised by titanium dioxide, i.e. 

Reaction (1.2), the photogenerated electrons reduce water to oxygen and the 

photogenerated holes mineralise the organic. The latter process appears to involve 

the initial oxidation of adsorbed surface hydroxyl groups on the TiO2 to hydroxyl 

radicals (OH•), which then oxidise the organic and any subsequent intermediate, or 
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intermediates [2]. The reduction of oxygen by the photogenerated electrons generates 

superoxide, O2
- as initial reduction product. The latter specie can be further reduced 

to hydrogen peroxide (H2O2), as an intermediate in the overall reduction of oxygen to 

water. Hydrogen peroxide is, of course, also a possible source of hydroxyl radicals 

and it appears likely that during the course of Reaction (1.2) some of the 

mineralisation of organic pollutant is brought by oxidising species, such as hydroxyl 

radicals, generated via the reduction of oxygen by the photogenerated electrons [2]. 

The overall processes in the photomineralisation of organics pollutants over TiO2 are 

illustrated in Figure 1.2. 

 

1.2.2. Superhydrophilicity 

 

In terms of commercial success, probably the biggest impact of semiconductor 

photocatalysis is in the area of semiconductor photoinduced superhydrophilicity. In 

this process, ultra-band gap generates an electron-hole pair that can either recombine 

or react with surface species. In the case of TiO2, in the absence of any appreciable 

level of adsorbed competing species such as an organic, the surface species available 

for reaction appear to be Ti(IV) and bridging O2- groups. As a consequence, 

hydrophilic surface Ti(III) species are generated via the reduction of the surface 

Ti(IV) species by the photogenerated electrons, and, oxygen vacancies are generated 

via the oxidation of the bridging O2- species to oxygen by the photogenerated holes. 

Hydroxyl ions subsequently absorb and fill the oxygen vacancies, with the result that 

the hydrophilic nature of the surface is increased. The process is reversed, usually 

slowly in the dark, as the Ti(III) are oxidised back to Ti(IV) by ambient oxygen, and 
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the vacancies filled by the O2- ions generated as a consequence of the oxidation 

reaction. Figure 1.3 illustrates these major processes behind the phenomenon of 

superhydrophilicity, which appears to be alms exclusive to titanium dioxide [2].  

 

 

Figure 1.3. Schematic illustration of the major processes associated with the photoinduced 

superhydrophilic property of TiO2. UV excitation of the semiconductor creates electron-hole pairs. 

The holes can oxidise bridging O2- species on the surface to oxygen, thereby creating vacancies. The 

photogenerated electrons can reduce the Ti(IV) atoms to Ti(III). Dissociative adsorption of water onto 

the irradiated surface hydroxylates it and renders it considerably more hydrophilic. The process is 

reversed in the dark as oxygen oxidises the Ti(III) species present and the reduced oxygen fills the 

bridging oxygen vacancies. Taken from Mills and Lee, J. Photochem. Photobiol. A 2002;152:233-247 

[2]. 

 

As a consequence of superhydrophilicity, thin films of titanium dioxide are rendered 

much more wettable upon exposure to UV light. Interestingly, this process appears to 

have a high quantum yield at low light levels and thus can be affected by the low UV 

light levels found indoors (from fluorescent light strips) as well as outside (from the 

sun). Certainly, the component of UV light in sunlight is sufficient to render titanium 
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dioxide coated surfaces very wettable, i.e. the water film contact angle for a TiO2 

film falls from about 60-40° to ca. 0° upon its exposure to ultra-band gap light.  

 

1.2.3. TiO2 self-cleaning property 

 

Nowadays, it is generally accepted that the self-cleaning property of TiO2 is 

explained by the previous two photochemical phenomena that occur on its surface 

under illumination (PCO and superhydrophilicity) [3]. The self-cleaning action arises 

from the fact that any dirt and grime that usually collects on a surface are readily 

washed away on a very hydrophilic surface such as that afforded by UV-activated 

thin (< 30 nm), transparent nanocrystalline film of TiO2 deposited on the surface. In 

addition, such thin semiconductor coatings can also destroy such organic deposits via 

photocatalytic oxidation, which is an additional self-cleaning action since such 

organic deposits usually act as sites of soot and grime to collect. Thus, a thin, 

transparent coating of titanium dioxide on a surface, upon exposure to sunlight, can 

stay cleaner longer than non photocatalyst-coated traditional surfaces. In addition, 

such material will no longer appear to fog, since the latter us characteristic of 

surfaces with high (> 20°) water contact angles [2].    

 

1.3. Application of self-cleaning TiO2 surfaces 

 

Watanabe, Hashimoto and Fujishima were the firsts to demonstrate the self-cleaning 

concept on a titania TiO2-coated ceramic tile in 1992 [16]. A similar idea was 

conceived independently by Heller in 1995 [17].  
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One of the first commercialized products using this technique was the self-cleaning 

cover glass for highway tunnel lamps in Japan. This type of lamp (often a sodium 

lamp in Japan) emits UV light of about 3 mW cm-2 at the position of the cover glass. 

This UV light is of no use for lighting, but it is sufficient to decompose the 

contamination from exhaust compounds. As a result, the cover glass can maintain 

transparency for long-term use [8]. Unfortunately, it is known that the efficiency of 

self-cleaning surfaces is dependent on the relative rates of decontamination vs. 

contamination. This means that the TiO2 photocatalyst can maintain the surface clean 

only when the photocatalytic decontamination rate is greater than that of 

contamination. Wang et al. [18], however, observed that the self-cleaning effect of 

TiO2 surfaces could be enhanced when water flow, such as natural rainfall, is applied 

to the surface and attributed this phenomenon to the superhydrophilic property of 

TiO2 surface. Thus, this phenomenon effectively removed the limitation of the self-

cleaning function of TiO2 photocatalysis set by the number of incident photons. Even 

though the number of photons may be insufficient to decompose the adsorbed stain, 

the surface is maintained clean when water is supplied there. Thus, Wang and co-

workers suggested that the best use of self-cleaning TiO2 surfaces should be exterior 

construction materials, since these materials could be exposed to abundant sunlight 

and natural rainfall. Following this advisement, self-cleaning TiO2 surfaces have 

been applied in a large number of buildings by architects. Some examples include the 

Cowboy Stadium in Dallas (U.S.) [19]; the Glass Tree House in MacMaster Beach 

(Australia) [19, 20]; the Fergammana Officies in Mantova (Italy) [21]; OLIMP 

Shopping Centre in Lublin (Poland) [20] and the MSV Arena in Duisburg (Germany) 
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[20]. However, even today, several practical limitations correlated with the obtaining 

of efficient products and their efficiencies at real conditions still prevent the 

widespread use of photocatalytic self-cleaning materials in the building sector, which 

is strongly commanded by the final consumers.  

In this research, investigations regards these limitations were carried out with the aim 

of promoting a widespread use of TiO2-based self-cleaning materials in the building 

industry. The research was divided in two principal aspects: (i) issues associated with 

the production of TiO2 self-cleaning materials and (ii) limitations associated with the 

utilization of self-cleaning coatings at real conditions.  
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CHAPTER 2 

STATE OF THE ART 

 

 

 

2. State of the art 

 

As stated previously, in this work were identified two principal practical limitations 

that prevent the widespread use of self-cleaning TiO2 surfaces in the building sector: 

 

• Issues associated to the production of TiO2 self-cleaning materials and  

• Limitations associated with the utilization of self-cleaning coatings at real 

conditions.  

 

Between all the types of self-cleaning materials that are being developed for the 

building sector (i.e., glasses, tiles, tents, panels, paints, tunnel walls, etc. [1]), in this 

research the attention was focused in the study of TiO2 coatings deposited over glass 

substrates to develop self-cleaning glasses. 
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2.1. Issues associated to the production of commercial TiO2 self-cleaning 

materials for the building sector 

 

Commercial self-cleaning glasses such as ActivTM (produced by Pilkington), 

Bioclean (produced by Saint Gobain) and Neat Glass (produced by Cardinal Glass 

Industries) are produced using chemical vapour deposition [2, 3] or magnetron 

sputtering [3] techniques. These procedures promote the obtainment of photoactive 

mechanically-robust self-cleaning glasses with good optical characteristics [2]. On 

the other hand, other companies such as LG Electronics, Nanopac Co. Ltd., Nihon 

Parkerizing Co. Ltd., Sukgyung A T Co. Ltd. (Korea) [4] and COLOROBBIA S.p.A. 

(Italia) [5, 6] have commercialized TiO2 photocatalysts coating dispersions that can 

be applied over a wide gamma of substrates. However, the production of self-

cleaning glasses from these already-prepared commercial TiO2 dispersions involves 

a series of difficulties that, if not considered through the production process, can 

affect the efficiency of the final products, limiting their successful commercialization 

worldwide [2, 5, 7-10]. These difficulties include: 

 

• the low adhesion between the coatings and the substrate (glass) [2, 7-9];  

• the use of soda-lime window glasses as substrates, since these could affect 

the photocatalytic activity (hereinafter PCA) [8-10] and  

• the presence of residues from the photocatalysts dispersions that could 

compromise the PCA of the final products [11]. 
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2.1.1. Low adhesion  

 

In contrast to nano-TiO2 aerosols or suspensions, photocatalytic coatings present the 

advantage of immobilizing the nanoparticles on a support and therefore limit their 

spread in the environment. As immobilization is also required in most industrial 

applications, a considerable market has emerged for photocatalytic coatings. 

 

It has been reported that coatings made from powder dispersions of commercial TiO2 

nanoparticles (e.g., Degussa P25) are not mechanically stable, nor highly 

reproducible and typically can be readily wiped off using a cloth or thumb [3, 8, 9]. 

This phenomenon is frequently observed also in the case of coatings made from 

commercial photocatalytic suspensions. Dispersion of nanoparticles through the 

environment due to low adhesion between the photocatalytic coatings and their 

substrates can bring forward damage to aquatic microorganisms by the washing out 

of nanoparticles from the substrate [12]. In addition, risks of health threats due to the 

harmful effects of nanoparticles to human health have been also well documented 

[13]. Thus, development of methodologies that improve the adhesion of 

nanoparticled photocatalyst coatings is of huge importance to the successful 

application of not only TiO2-based self-cleaning materials in the building industry, 

but also any other kind of nanoparticled semiconductor. In addition, less need of 

restoration and a decrease in the maintenance costs (due to coating replacement) is 

another advantage of producing TiO2 self-cleaning glasses with good adhesion. 

Usually, the adhesion of photocatalytic coatings deposited over any kind of substrate 

is enhanced by annealing the coated material. However, heat can promote crack 
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formation, especially when the photocatalyst dispersion media includes large organic 

molecules that evaporate or decompose when heating, leaving behind cracks over the 

entire film [14]. Moreover, in the case of glass substrates, alkaline ion migration 

from the glass to the photocatalytic film has also been reported when subjecting the 

coated glasses to annealing [8-10]. As will be explained in Section 2.1.2, these 

alkaline ions can negatively affect the PCA of the TiO2 coated-glasses [8-10].  

  

In this research, improvements of the adhesion between TiO2 coatings from a 

commercial dispersion and soda-lime glasses were reached through roughness 

modifications of the glasses. This approach was chosen since it has been reported to 

successfully increase the adhesion of Au nanoparticles over soda-lime glasses [15] 

and also because it does not consider annealing procedures. Contrary to the 

procedure reported by Ramos and co-workers [15], in which particle accelerators are 

used to induce roughness, in this work chemical treatments of the glasses were 

carried out with the aim of modifying the glass roughness. This alternative 

methodology did not only facilitate the experimental procedure, but also it was found 

to decreased the concentration of Na+ from the glass surface, avoiding reductions on 

the PCA of the final products due to alkaline ion contamination.  

 

2.1.2. Substrates that affect the PCA  

 

As stated in Section 2.1.1, alkaline and alkaline earth ions such as Na+ and Ca2+ that 

migrate from soda-lime glass substrates to the photocatalyst coating can negatively 

affect the PCA of the coated materials [8-10]. This problem has been partially 
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resolved by applying a protective silicon oxide layer prior photocatalyst deposition 

between the glass substrate and the TiO2 coating. The task of this SiO2 protective 

layer is to avoid ion diffusion [2, 16, 17]. On the other hand, chemical treatments of 

freshly deposited TiO2 coatings with 0.2M HCl and 1M H2SO4 have also proved to 

promote sodium ion exchange between the TiO2 coating and the acid solution, 

removing the alkaline ion from the final self-cleaning materials [10, 18]. 

Furthermore, this approach also enhances the PCA of the acid-treated glasses due to 

an increase in the adsorbed hydroxyl content on the surface of the TiO2 films.  

 

In this work, the chemical treatments at which the glass substrates were subjected 

before TiO2 deposition (Section 2.1.1) accomplished a dual function: enhanced the 

adhesion of the coatings and decreased the surface sodium concentration in the glass 

surface, which further avoided reductions on the PCA of the final products due to 

alkaline ion contamination. Then, no treatment of the self-cleaning glasses to avoid 

alkaline or alkaline earth contamination from the glass were needed.  

 

2.1.3. Residues from the catalyst synthesis that affects the PCA  

 

It has been well documented that contamination of photocatalytic self-cleaning 

coatings with residues from the semiconductor synthesis [11] or reaction 

intermediates build up from the degradation of complex or inorganic-substituted 

organic pollutants [11, 19-21] bring forwards the gradual deterioration of the PCA. 

This effect has been frequently attributed to a phenomenon of competition between 

the original target pollutant and these contaminate species [22, 23]. In these cases, it 
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has been observed that some moisture can improve the PCA since additional 

reactions of water with residual species or intermediates can contribute to enhance 

the overall reaction rate [11, 20]. Moreover, water molecules can block the cation 

sites preventing the bonding of intermediates to the TiO2 surface and also promote 

facile reaction of the target pollutant with hydroxyl radicals [11, 19].   

 

In this work, it was found that sodium chloride, which is used as stabilization agent 

in dispersions containing nanoparticles [24], affect the PCA of the self-cleaning 

glasses prepared from a commercial TiO2 nanodispersion. This task was overcome 

by treatments of the as-prepared products with deionized water (to increase the 

hydroxyl content in the TiO2 surface) and with diluted HCl (to remove the NaCl).  

 

2.2. Limitations associated to the utilization of TiO2 self-cleaning coatings at 

real conditions 

 

Although the initial efficiency of TiO2 building materials is an important aspect for 

their successful commercialization, the efficiency during the life cycle is also a 

crucial factor. In normal household conditions, photocatalytic building materials are 

subjected to both anthropogenic and atmospheric factors that affect their efficiency. 

These variables may greatly differ depending on geographical zone or the season of 

the year. In this work, the principal limitations considered regards the utilization of 

TiO2 self-cleaning coatings at real conditions were: 
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• weathering; 

• the changes in the PCA associated to the relative humidity and 

• the changes in the PCA associated to the substrate temperature. 

 

Furthermore, since the surface characteristics of the photocatalyst coating also 

influence the photocatalytic efficiency of the final self-cleaning materials, three types 

of TiO2 coatings -namely, nanoparticled, mesoporous and non-porous- were 

investigated. 

 

2.2.1. Weathering 

 

Even if different kinds of self-cleaning building materials are already commercially 

available [1, 4] and they may experience severe weathering in most of their 

application, little work has been done to investigate its effects comprehensive way 

[5, 25-29]. Indeed, throughout production, shipping and usage lifetime, self-cleaning 

materials are typically exposed to a variety of environmental conditions such as 

humidity, rain, acid rain, temperature variations, etc. Such conditions can accelerate 

the deterioration of the photocatalytic coatings, changing their characteristics and 

thus affecting the self-cleaning properties of these materials [28]. Therefore, 

evaluating the changes in the photocatalytic efficiency due to weathering is a crucial 

factor in the self-cleaning field that must be considered for proper 

commercialization.  
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Some authors have reported the changes of PCA of self-cleaning glasses after 

weathering. Chabas and co-workers [25, 26] investigated the behaviour of Pilkington 

and Saint-Gobain self-cleaning glasses in urban atmosphere (centre of Paris) during 

2 years. They do not found weathering phenomena on the TiO2-coated self-cleaning 

glasses after the 24 months of exposure. Guo et al. [27] investigated the 

photocatalytic activities of a Degussa P25 TiO2-coated glass subjected to weathering, 

in terms of NO removal and Escherichia coli inactivation. Three types of weathering 

were evaluated: a normal weathering condition (no treatment was applied to the 

samples); a weathering condition by deionized water (rain) and an abrasive 

weathering condition by scraping the samples with a cotton towel. Authors found 

that after abrasive weathering, the TiO2-coated glass almost completely lost the NO 

removal efficiency. Mellott and colaborators [28] investigated the chemical 

durability of two commercial and one laboratory-prepared self-cleaning glasses after 

their immersion in neutral, acid and basic aqueous solutions for 1 month. Authors 

found that these treatments not only cause changes in the surface composition and 

roughness of the films, but also an increase in the PCA of the coatings versus stearic 

acid.   

 

As it can be expected, weathering not only affects the PCA of TiO2-coated self-

cleaning materials, but also promote the release of nanoparticles -due to weakening 

of the adhesion between coating and substrate-, being dangerous for the environment 

[12, 30-35] or the human health [13]. In most of the works dealing with self-cleaning 

materials, the adhesion of the coating to the substrate is usually evaluated directly 

after preparation or after a few cycles of use, and thereby is only representative of 
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relatively new materials. Conversely, photocatalytic coatings are likely to experience 

severe weathering specially in outdoor applications. Hence, it is critical to figure out 

how immobilized TiO2 will endure weathering and if it will keep bound to the 

substrate over time [29]. 

 

Regards the release of TiO2 nanoparticles from self-cleaning coatings, Kaegi et al. 

reported that natural weathering of painted exterior facades promotes emission of 

titania nanoparticles to the aquatic environment, suggesting that a similar release 

may occur on photocatalytic coatings [36, 37].  Olabarrieta et al. [29] investigated 

the aging of Pilkington ActivTM and experimental TiO2 self-cleaning glasses under 

water flow. They observed deactivation after prolonged immersion and alteration of 

the mechanical properties accompanied by TiO2 emissions as high as 150.5 µgL-1. 

Their results suggested that the use of photocatalytic coatings with surface bound 

nanoparticles in environmental applications might entail new entries of 

nanomaterials into aqueous medium.  

 

In the present work, TiO2 thin films were exposed to weathering (using model 

solutions that simulate environmental and domestic weathering such as rain, acid rain 

and cleaning agents) and the changes in the physicochemical, structural and 

electronic characteristics were studied in order to evaluate the effect of this 

phenomenon on the PCA. Furthermore, TiO2 releases from the coatings subjected to 

weathering were also measured. 
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2.2.2. Relative Humidity 

 

When exposed to moisture, the surface of TiO2 becomes hydroxylated as a result of 

dissociative chemisorption of water into the Ti4+ sites [19; 38, 39]. These hydroxyl 

groups or water molecules behave as hole traps [22], forming surface adsorbed 

hydroxyls radicals, according with Equations [2.1] and [2.2] [39].  

 

TiO2 + hv à e- + h+                              [2.1] 

H2O + h+ à OH• + H+                   [2.2] 

 

It is generally accepted that these hydroxyls are adsorption sites acting as the primary 

oxidants of organics [19, 38, 39] and therefore, their presence is critical to the PCA.  

In general, low and in some cases medium humidity levels increase the PCA of TiO2, 

while high levels decrease it, as shown in Figure 2.1.  

 

 

Figure 2.1. General effect of humidity on the photocatalytic degradation rate of pollutants using TiO2.  

 

D
eg

ra
da

tio
n 

ra
te

, r
 

Humidity level 
Low Medium High 

H2O Competition 
for adsorption 

sites 

High availability of 
OH for degradation  

Equilibrium between consumption 
and adsorption of OH 



UNIVERSITÀ DEGLI STUDI DI MODENA E REGGIO EMILIA 
 

Study and Development of Advanced Materials for Architecture and Construction: Preparation and Characterization 
of TiO2 Coatings for Building Materials 

	
   35 

The behaviour of the degradation rate of pollutants reported in Figure 2.1 has been 

principally attributed to a major availability of hydroxyl radicals at low or moderate 

moisture levels [38, 39]. This permits the increase in the degradation of the organic 

pollutants adsorbed on the well-hydrated TiO2. On the other hand, there exists a 

suitable equilibrium between adsorption and consumption of hydroxyl radicals to 

keep a stable photocatalytic degradation rate. If the water vapour content in the 

reaction mixture is raised, such equilibrium can be destroyed and the increase of 

adsorption of water molecules on the catalyst surface will conduct to a decrease in 

the overall degradation rate [40, 41] principally due to competition between the 

water and the pollutant molecules for the TiO2 adsorption sites [21, 22, 38, 39, 42]. 

 

Many reports have attributed the changes in the PCA of TiO2 when varying humidity 

to the previous phenomena [21, 40, 41, 43-47]. However, the changes in the PCA of 

TiO2 coatings not only depend on the level of moisture, but also on other several 

factors that strongly influence its overall effect on the PCA. These factors include:  

 

• The presence of an initial quantity of adsorbed water on the catalyst surface 

[2, 22, 48, 50, 51];  

• The level of humidity: which can promote the increase in degradation rate [21, 

40, 41, 43-47] or e--h+ recombination [22,50]; 

• The pollutant adsorption process affected by water competition [22, 23, 39-

41, 45, 52, 54-63]: these in turn are affected by the pollutant affinity to the 

hydroxylated catalyst surface [19, 21, 23, 38, 55, 62, 64, 65] and the changes 

in the pollutant adsorption modes [61];  
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• The nature of the pollutant molecule [55, 64, 66-68]: water can be necessary 

for stoichiometry [22] or promote additional degradation paths [23, 44, 55, 

69]. Indeed, the nature of the target molecule can define if water is or is not 

necessary for photocatalytic degradation, since the direct attack of pollutant 

by the photogenerated holes [70, 71] or the pollutant self-generation of 

hydroxyl radicals [40, 41, 67] have been proposed as explanations to the 

continuous degradation of pollutants in absence of water; 

 

• The presence of residues and reaction intermediates from incomplete 

degradation [11, 19-21]: they can promote competition between the 

intermediates and the original pollutant for the TiO2 adsorption sites [22, 23] 

or can be degraded by water [11, 20] re-generating the catalyst [40, 41, 50, 

56, 62, 72]; 

 

• The reaction temperature: it promotes water desorption from the catalyst 

surface [42, 65];  

 

• The texture and surface characteristics of the TiO2 sample [19, 73].  

 

Figure 2.2 presents a general summary of how the overall effect of humidity on the 

PCA of TiO2.  
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Figure 2.2. Variables that influence the overall effect of humidity on the photocatalytic activity of 

TiO2. 

As explained above, humidity has a huge influence in the photocatalytic self-

cleaning performance of TiO2 coatings. Even though the effect of humidity on the 

self-cleaning performance of TiO2 coatings has been widely investigated for gaseous 

pollutants [19, 20, 38, 39, 42, 65], the same information using solid pollutants is of 

great importance for the building sector, since it is expected that self-cleaning 

materials not only decontaminate the round ambient but also maintain the aesthetic 

image of building materials such as glasses or tiles.  

 

Regards this aspect, several authors have investigated the effect of humidity on the 
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adsorption process over the coating was carried out at controlled humidity. This 

detail is of great importance as it has been established that the effect of humidity on 

the self-cleaning performance of TiO2 is stronger at the pollutant adsorption stage 

and depends on the humidity level [19, 38, 39].  

 

In this research, the effect of four relative humidity levels on the self-cleaning 

performance of TiO2 coatings was evaluated using SA as a solid pollutant model. 

Since conditions at which pollutants are deposited over self-cleaning surfaces are an 

important factor in the overall self-cleaning process, coatings were pre-conditioned 

at the target humidity prior SA deposition.   

 

2.2.3. Substrate temperature 

 

Another important environmental variable that has proved to affect the PCA of TiO2 

is the reaction temperature (or thermal energy). Moreover, since self-cleaning 

building materials could be also exposed to outdoor environments where 

temperatures may be variable and in some cases extreme, temperature is factor that 

may significantly affect the performance of these materials and therefore it should be 

considered when assessing the proprieties of TiO2-coated building materials.   

 

The impact of the reaction temperature on the photocatalytic decomposition of 

pollutants over TiO2 coatings has not been widely investigated as that of humidity. 

However, some trends in the photocatalytic rate when varying temperature (or when 
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increasing temperature) have been reported and the phenomena correlated to these 

behaviours have been discussed.  

 

In most of these studies, it has been observed that the increase in reaction 

temperature generally enhances the photocatalytic degradation rate [48, 65 74]. This 

enhancement has been mainly attributed to (i) the change of water adsorption affinity 

and its resultant desorption from the TiO2 surface [42, 65]; (ii) the easier degradation 

of reaction intermediates [75] and (iii) the major availability of TiO2 active sites for 

oxidation, as a consequence of the desorption of both reaction intermediates [48] and 

reaction products [63]. On the other hand, in some cases it has been observed that 

photocatalytic degradation rates reach a maximum at a fixed temperature value 

(which depends of the specific target pollutant) and that higher values generally 

promote a decrease in reaction rate  [43, 40, 76]. This decrease has been explained by 

the limited adsorption of pollutants over the TiO2 surface when increasing reaction 

temperature [40, 43, 63, 76].  Figure 2.3 presents a general overview of the 

degradation rate of pollutants over TiO2 coatings, when varying temperature.   

 

 

Figure 2.3. General effect of reaction temperature on the photocatalytic activity of TiO2.  
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Thermal energy applied to photocatalytic degradation of pollutants can not only 

promote water desorption and intermediate degradation, but also can facilitate 

another secondary effects that, as water desorption, are more correlated to physical 

phenomena than to photochemical degradation. In fact, it has been reported that 

evaporation of small or simple organic pollutants at high reaction temperatures [77, 

78] and deaggregation of TiO2 particles inside the coating [79] can have an influence 

on the overall photocatalytic degradation of pollutants. Figure 2.4 shows an 

overview of the effects of temperature on the overall PCA of TiO2 coatings.  

 

Figure 2.4. Effects of temperature or thermal energy on the photocatalytic activity of TiO2. 
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and few works deal with the temperature effects on solid phase contaminants [2, 5, 

48, 75, 77, 78].  

 

As in the case of humidity, information about the performance of photocatalyst-

coated building materials using solid pollutants -as representative models of stains- 

becomes of great importance for the building sector. Therefore, in this work, the 

influence of common ambient temperatures over a year (for example, 0-30 °C in 

West Europe) on the PCA of TiO2 coatings was investigated using stearic acid. 

 

2.2.4. Surface characteristics of the coatings 

 

It is know that the efficiency of photocatalytic coatings is intimately linked to the 

material content, chemical composition, structure and morphology of the oxide layer.  

 

For an efficient reagent distribution (i.e. the organic pollutant and the oxidizing 

hydroxyl radicals), the surface area of the film must be large. On flat surfaces, 

although they could be composed of very small particles (and hence have large 

surface areas), only few monolayers of the organic pollutant can efficiently 

participate in the photo-oxidation process. Furthermore, interaction of the outer 

monolayers of the pollutant is conditioned not only to complete degradation of the 

inner pollutant layers (those in direct contact with the TiO2 surface) but also to the 

release of reaction products. On the other hand, the large surface of porous materials 

not only increases the photocatalytic active area for pollutant adsorption and frees up 

active sites for further pollutant adsorption, but at the same time favours the 
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production of active oxygen species [82]. Furthermore, light penetration over highly 

scattering porous coatings results in multiple light reflections and consequently in 

higher light harvesting than that from non-porous coatings [83]. To provide 

information about the correlation between the morphology of the film and its 

influence in domestic weathering, three different coating morphologies, 

nanoparticled, mesoporous and non-porous were evaluated.  

 

All the information collected in this work permitted to establish the optimal 

conditions at which each one of these materials present better performances. In 

addition, the proposal of some guidelines for an adequate choosing of the kind of 

TiO2 coating depending on their specific performance at determinate conditions and 

the target application make these materials even more interesting for the building 

sector from both commercial and practical point of views. 
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CHAPTER 3 

DESIGN OF EXPERIMENTS 

 

 

 

In this thesis, the Design of Experiments (DOE) approach was used to investigate the 

factors that affect the roughness of soda-lime glasses, with the aim to determine what 

kind of roughness promotes an improvement of the adhesion between glass 

substrates and anatase TiO2 coatings made from commercial nano-suspensions. 

Therefore, this chapter presents a general overview of the DOE methodology, as well 

as an introduction of a special kind of experimental design derived from the DOE 

technique, the D-optimal design. 

 

3.1. Introduction 

 

Experiments are used in nearly every area to solve problems in an effective way. 

Indeed, experimentations can be found both in daily life and in advanced scientific 

areas. It is obvious that if experiments are performed randomly the result obtained 

will be also random. Therefore, it is necessary to plan the experiments in such a way 

that the interesting information can be obtained [1]. Experimental design is a tool 
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that is used to systematically examine different types of problems that arise within, 

e.g., research, development and production.  

 

3.2. Definitions 

 

3.2.1. Experiment 

 

An experiment is an observation that provides characteristic information about a 

studied object. The classical purpose for such an observation is a hypothesis that has 

to be verified or falsified with an investigation. In a classical approach, the 

experimental setup is chosen for the specified problem statement and the 

experimenter tests if the hypothesis is true or false [2]. 

 

3.2.2. Design of experiments 

 

This branch of applied statistics deals with planning, conducting, analysing and 

interpreting controlled tests to evaluate the factors that control the value of a 

parameter or group of parameters [3].  

 

Contrary to the traditional One-Factor-at-a-Time (or OFAT) approach, where certain 

factors are kept constant and only the level of one variable is altered during every 

single experiment, in DOE, a strategically planned and executed experiment provides 

a great deal of information about the effect on a response variable due to one or more 
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factors [3].  Moreover, traditional OFAT experimentation frequently reduces itself to 

no methodology whatsoever – just trial and error and reliance on common sense. In 

contrast, the systematic DOE approach provides information about the interaction of 

variables and the way the total experimental system works, something generally not 

attainable through the OFAT approach [4]. 

 

Considering the costs for a single experiment, minimizing the amount of performed 

experiments is always an aim. With DOE, a maximum of information is gained from 

a minimum of experiments [1]. 

 

3.2.3. Factors and Responses 

 

 

Figure 3.1. A process or a system can be manipulated by one or more different input factors. These 

modifications affect the responses that can be measured. Taken from Triefenbach, F. Design of 

Experiments: The D-optimal Approach and its Implementation as a Computer Algorithm.  Bachelor 

Thesis in Information and Communication Technology, 2008 [2]. 

 

There are always two types of variables when performing experiments in the field of 

DOE: responses and factors. The responses provide information about the 

investigated system, while factors are used to manipulate it, as shown in Figure 3.1.  
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A response can either have a continuous or a discrete value. However, discrete 

values are hard to process and thus it is always recommended to use a continuous 

scale if possible [2]. 

 

Normal factors can be set to two or more values and have a defined range. Factors 

can be divided into three groups, depending on different criteria [2]: 

 

• Controllable and uncontrollable factors: The controllable factors are normal 

process factors that are easy to monitor and investigate. By contrast, an 

uncontrolled factor is hard to regulate because it is mostly a disturbance value 

or an external influence. This latter type of factors can have a high impact on 

the response and consequently should always be considered during the 

experimentation [2, 5]. 

 

• Quantitative and qualitative factors: The values of a quantitative factor have 

a given range and a continuous scale, whereas qualitative factors have only 

distinct values [2]. 

 

• Process and mixture factors: Process factors can be changed independently 

and do not influence each other. They are normally expressed by an amount 

or level. Mixture factors stand for the amount of ingredients in a mixture. 

They are all part of a formulation and add up to a value of 100%. A mixture 

factor cannot be changed independently, so special designs are needed to lead 

with this type of factors [2, 5]. 
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3.3. Basic principles of DOE 

 

As stated above, experimental plans were traditionally designed changing the value 

of one separate factor at time until no further improvement was accomplished [5]. 

Figure 3.2 illustrates how difficult can be finding the optimum with this approach. 

During experimentation, it is not easy to find at which value the changes of factor x1 

should be stopped because a further improvement cannot be observed. However, 

finding the exact value is very important when considering it in combination with the 

later adjusted factor x2 [2].     

 

 

Figure 3.2. Changing all factors simultaneously, as shown in the lower right corner, gives better 

information about the optimum than the traditional OFAT approach where all factors are changed 

successively. Taken from Eriksson, L.; Johansson, E.; Kettaneh-Wold, N.; Wikström, C.; Wold. S. 

Design of Experiments, Principles and Applications. Umetrics Academy, Sweden 2008 [5]. 

 

The given situation from Figure 3.2 can also be investigated with the use of DOE. In 

this case, we create a special set of experiments around a so-called center-point. As 

shown in the lower right corner of the Figure 3.2, we use a uniform set of 
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experiments that allows obtaining a direction for a better result. This basic example 

clearly show the advantages of changing all relevant factors at the same time and 

consequently show the importance of DOE [2, 5]. 

 

3.3.1. Empirical models  

 

It is reasonable to assume that the outcome of an experiment is dependent on the 

experimental conditions. This means that the result can be described as a function 

based on the experimental variables [1]: 

 

y = f(x)                     [3.1] 

 

The function f(x) is approximated by a polynomial function and represents a good 

description of the relationship between the experimental variables and the responses 

within a limited experimental domain.  

 

Three types of polynomial models are here discussed and exemplified with two 

variables, x1 and x2 [1]. Although a model is never 100% right, it simple helps to 

transport the complexity of the reality into an equation that is easy to handle [2,5]. 

 

The simplest polynomial model contains only linear terms and describes only the 

linear relationship between the experimental variables and the responses [1, 2]. In a 

linear model, the two variables x1 and x2 are expressed as: 
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y = b0 + b1x1 + b2x2 + residual                  [3.2] 

 

The next level of polynomial model contains additional terms that describe the 

interaction between different experimental variables [1]. Thus, a second order 

interaction model contains the following terms: 

 

y = b0 + b1x1 + b2x2 + b12x1x2 + residual                 [3.3] 

 

The two models above are used to investigate the experimental system, i.e., with 

screening studies, robustness tests or similar. 

 

To be able to determine an optimum (maximum or minimum) quadratic terms have 

to be introduced in the model. By introducing these terms in the model, it is possible 

to determine non-linear relationships between the experimental variables and 

responses [1]. The polynomial function below describes a quadratic model with two 

variables: 

 

y = b0 + b1x1 + b2x2 + b11x1
2 + b22x2

2 + b12x1x2 + residual              [3.4] 

 

In the polynomial functions described above, b0, b1 and b2 represent the regression 

coefficients and the residual the difference between the calculated and the 

experimental result [1, 2]. This latter is assumed to be normally distributed with 

mean 0 and variance σ2 [2]. 
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3.3.2. Experimental objective 

 

The term experimental objective is generally understood as the purpose for the 

creation of a design and can be divided into three significant types of designs [2].  

 

3.3.2.1. Screening 

 

Screening is normally performed at the beginning of an investigation to characterize 

a process, i.e., determining the main factors and investigating the changes in the 

response when varying each factor [1, 2]. Due to its characteristic of identifying 

significant main effects rather than interaction effects, screening designs are often 

used to analyse designs with a large number of input factors. This identification of 

the critical process factors can be very useful for further optimization processes 

because only a subset of the factors has to be considered [2]. 

 

3.3.2.2. Optimization 

 

This kind of design not only provides detailed information about the influence of the 

factors on the response but also determines the combination of factors that leads to 

the best response. In other words, this design permits to find the optimal 

experimental point by predicting response values for all possible factor combinations  

[2]. This kind of design is usually performed after a screening study of the same 

process has been carried out.  
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3.3.2.3. Robustness Test 

 

Normally a robustness test is the last design that is created before a process is 

brought to completion. Its aim is to figure out how factors must to be adjusted to 

guarantee robustness, i.e., to guarantee that small fluctuations of the factors do not 

affect the response in a distinct way [2, 5]. 

  

3.4. Experimental designs (for regular experimental domains) 

 

Besides the experimental objectives, a statistical experimental design must be chosen 

based in the type of factors and experimental domain to investigate.  

 

3.4.1. Experimental domain 

 

The term experimental domain refers to the experimental “area” that will be 

investigated and is defined by the variation of the experimental variables [1]. The 

single type of each factor, their space and the total amount of factors influence the 

shape of the area (or domain) [2]. Thus, the experimental domain can be regular or 

irregular [5].  
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Figure 3.3. Regular and irregular experimental domains. The four squares represent an experiment 

with two factors. The first column shows a regular experimental domain. The second column has a 

constraint in the upper right corner, and therefore the experimental domain becomes irregular. Taken 

from Eriksson, L.; Johansson, E.; Kettaneh-Wold, N.; Wikström, C.; Wold. S. Design of Experiments, 

Principles and Applications 2008 [5]. 

 

Regular experimental domains lead to designs with uniform geometrical forms such 

as squares or cubes and makes them easy to handle. As observed in Figure 3.3, a 

squared experimental domain has no restriction in the problem formulation. A 

restriction means that a part of the domain is not accessible for experimentation.  

These kinds of restrictions lead to irregular domains, as observed in the Figure 3.3. 

Some reasons for these restrictions include the prevention of special factor 

combinations or the influence of outside factors [2, 5]. 
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3.4.2. Statistical designs for regular experimental domains 

 

3.4.2.1. Full factorial design 

 

 

Figure 3.4. Comparison of Statistical Designs. (a) An example of full factorial design where all 

possible corners are investigated. (b) A fractional factorial design that considers only a fraction of all 

design points. (c) A composite design which has additional six axial experiments. Taken from 

Eriksson, L.; Johansson, E.; Kettaneh-Wold, N.; Wikström, C.; Wold. S. Design of Experiments, 

Principles and Applications 2008 [5]. 

 

It is called full because the whole cube - including all its corners - is investigated. In 

addition to this, some replicated center-point experiments are also investigated. 

Figure 3.4a shows a full factorial design. The factors have two levels of 

investigation, so for k factors we need 2k design runs [2, 5].  

 

3.4.2.2. Fractional factorial design 

 

A fractional design does not consider all possible corners and reduces the number of 

design runs by choosing only a fraction of the 2k runs of the full factorial design. 

Figure 3.5b shows an example, where only four of the possible eight points are 

investigated [2, 5]. 
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3.4.2.3. Composite design 

 

The composite design combines the investigations done by a factorial design, the 

corners and replicated center-points, with the use of axial experiments. The right-

hand cube in Figure 3.4c shows an example of three factors where axial experiments 

are placed on the six squares. The factors normally have three or five levels of 

investigation and due to this, quadratic models are used [2, 5].  

 

Beside the previous design families, there are other design alternatives that are useful 

in certain situations. In the present work, a D-optimal design was used and then, a 

brief introduction to this special experimental design is presented in the next section. 

 

3.5. D-Optimal Design 

 

3.5.1. Uses 

 

D-optimal designs are required when [2, 5]: 

 

• the experimental region is irregular,  

• already performed experiments have to be included, 

• qualitative factors have more than two levels, 

• the number of design runs have to be reduced, 

• special regression models must be fitted, 

• or process and mixture factors are used in the same design. 
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3.5.1.1. Irregular Experimental Regions 

 

There are two ways to handle the irregular experimental domains such as those of the 

second column of Figure 3.3. The easiest is to shrink down the area until it has a 

quadratic form again, but this would distort the whole investigation and is not 

recommended.  

 

A more effective solution is the creation of a computer aided D-optimal design. As 

we can see in the bottom right of the four squares in Figure 3.3, the D-optimal 

algorithm chooses two points on the border of the constraint instead of the excluded 

corner. This increases the number of designs runs but is essential to deal with the 

complexity of the constricted experimental region. In addition to this, the center-

point is manipulated [2, 5].   

 

3.5.1.2. Inclusion of already performed experiments 

 

With the application of D-optimal designs, there is the possibility to include 

additional runs as a part of the design and consider them during the creation [2, 5].  

 

3.5.1.3. The use of qualitative factors 

 

It has been previously stated that a qualitative factor has only discrete values and non 

a continuous scale. If the number of these discrete steps becomes higher than two, 

the number of runs for a normal design increases drastically. Figure 3.5 shows an 
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investigation with two qualitative and one quantitative factor. With three and four 

discrete values for the both qualitative factors, a full factorial design would need 4 × 

3 × 2 = 24 design runs to solve this problem. 

 

 

Figure 3.5. Design with multi-level qualitative factors. Factors A and B are qualitative and have three 

or four discrete levels. Factor C is a normal quantitative factor with values between -1 and +1. The 

filled cicles represent the point chosen by a D-optimal algorithm. A full 4 × 3 × 2 factorial design 

would select all 24 points. Taken from Eriksson, L.; Johansson, E.; Kettaneh-Wold, N.; Wikström, C.; 

Wold. S. Design of Experiments, Principles and Applications 2008 [5]. 

 

The D-optimal approach reduces the number of design runs to only 12 experiments. 

These experiments, shown in Figure 3.5 as filled circles, are chosen to guarantee a 

balanced design that is spread over the whole experimental region [2, 5]. A balanced 

design has the same number of runs for each level of a qualitative factor [5]. 
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3.5.1.4. Reducing the number of experiments 

 

The classical designs are very inefficient if the number of factors increases. The 

needed runs for a D-optimal design are always lower and do not increase as fast as 

the classical design with a growing number of factors as shown in Table 3.1 [2, 5]. 

 

Table 3.1. Minimum number for design runs for screening design. 

Factors Full factorial Fractional factorial D-optimal 
5 32 16 16 
6 64 32 28 
7 128 64 35 
8 256 64 43 
9 512 128 52 

 

3.5.1.5. Fitting of special regression models 

 

D-optimal designs provide the possibility to modify the underlying model in 

different ways. As Equation 3.5 shows, it is possible to delete selected terms if the 

experimenter knows that they are unimportant for the responses. This allows 

reducing the number of runs without having big influence on the investigation [2]. 

 

y = b0 + b1x1 +  b2x2 +  b3x3 +  b12x12 +  b13x13 + b23x23 + residual              [3.5] 

 

The second possible model modification is the addition of single higher order terms. 

With classical designs it is only possible to change the whole model, i.e., from an 

interaction to a quadratic model. In contrast to this, D-optimal designs allow the 
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addition of independent model terms [2]. The following equation gives an example 

of a linear model with an additional interaction term.    

 

y = b0 + b1x1 +  b2x2 +  b3x3 + b23x23 + residual                   [3.6] 

 

3.5.2. The D-optimal approach 

 

A D-optimal design is a computer aided design which contains the best subset of all 

possible experiments. Depending on a selected criterion and a given number of 

design runs, the best design is created by a selection process [2, 5].  

 

3.5.2.1. Candidate set 

 

The candidate set is a matrix that contains all theoretically and practically possible 

experiments. For a simple investigation with two factors, x1 and x2, the candidate set 

has two columns and four rows. Equation 3.7 shows a candidate in the extended 

notation. We get four rows because we only consider the 2k experiments that have a 

minimum or maximum value for the factors (-1 and 1, respectively).  

 

𝜉! =
−1
−1
      1
      1

      
−1
      1
−1
      1

                   [3.7] 
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In the candidate set of Equation 3.7, each row represents an experiment and each 

columns a variable. This so-called matrix of candidate points has N rows and is 

presented by ξN [2]. 

 

3.5.2.2. Design matrix 

 

The design matrix is a n × p matrix that depends on a model with p coefficients. The 

number of rows n can be chosen by the experimenter and represent the number of 

experiments in the design. With a given model and a candidate matrix, the 

construction of the design matrix is easy. Each column contains a combination of the 

factors from the candidate set, depending on the terms in the model [2].  

 

We use the earlier candidate set ξ4 and the model from Equation 3.8 for a simple 

example with n = 4 design runs. 

 

y = b0 + b1x1 +  b2x2 + b12x12 + residual                 [3.8] 

 

As a result, we have a model matrix with four rows and four columns, where all 

candidates from ξ4 are used in the design. Normally, the candidate set contains much 

more experiments and the model matrix is only a small subset [2]. 

 

𝑋 =   
1
1
1
1

    
−1

      −1
            1
          1

      

−1
            1
      −1
            1

      

        1

    
−1
−1
      1

                        [3.9] 
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The first column of X represents the constant term b0, so it only contains ones. 

Columns two and three are the model terms for the investigated factors, x1 and x2, 

taken from the candidate set ξ4. The last column of X represents an interaction 

between the both factors. Hence, we have to multiply the two columns from the 

candidate set. 

 

With a bigger candidate set, the number of possible subsets of ξN increases and the 

selection of the design matrix has to be done depending on a special criterion. The 

best combination of these points is called optimal and the corresponding design 

matrix is called optimal design matrix X* [2].  

 

3.5.2.3. Information and Dispersion Matrix 

 

To use the later described criteria for the selection of the best design, it is necessary 

to define other two types of matrices. The first one is the so-called information 

matrix (X’X). This matrix is the multiplication of the transpose of the design matrix 

X’ and X itself. The dispersion matrix (X’X)-1 is the inverse matrix of this calculation 

[2].  

 

3.5.3. Criteria for the best D-optimal design 

 

In the following section, it is discussed the different criteria for a D-optimal design. 

All of them belong to the group of information-based criteria because they try to 

maximize the information matrix (X’X). 
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3.5.3.1. D-optimality (Determinant) 

 

The D-Optimality is the most common criterion that seeks to maximize 𝑋′𝑋 , the 

determinant of the information matrix (X’X) of the design. This means that the 

optimal design matrix X* contains the n experiments which maximizes the 

determinant of (X’X). Or in other words, the n runs span the largest volume possible 

in the experimental region [2].  

 

3.5.3.2. A-Optimality (Trace) 

 

Here, the design matrix is considered as A-optimal when the trace of the dispersion 

matrix (X’X)-1 is minimum. Minimizing the trace of the matrix is similar to 

minimizing the average variance of the estimated coefficients [2]. 

 

3.5.3.3. V-optimality (Average Prediction Variance) 

 

With the selection of a V-optimal design, the chosen candidates have the lowest 

average variance of prediction [2, 6]. 

 

3.5.3.4. G-optimality (Maximum Prediction Variance) 

 

In this criterion, the selected optimal design matrix is chosen to minimize the highest 

variance of prediction in the design. 
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3.5.3.5. G-Efficiency 

 

In most cases, the G-criterion is not used to find the best design during the selection 

process but is applied to choose between several similar designs which were created 

with another criterion, such as D-optimality. For this comparison the so-called G-

efficiency is used [2].  

 

3.5.3.6. Condition number 

 

The condition number (CN) is an evaluation criteria such as the G-efficiency and is 

used to rate an already created D-optimal design. It evaluates the sphericity and the 

symmetry of the D-optimal design by calculating the ratio between the largest and 

smallest singular values of X [5]. 

 

3.5.4. Fitting the Model 

 

The described above D-optimal approach is always model-dependent. Hence, the 

selection of the model is an important step of the problem formulation. For the D-

optimal design, the linear, interaction and quadratic model described in Section 3.3.1 

can be applied. 
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3.5.5. Number of design runs 

 

In order to fit an optimality criterion, it has to be defined the number of experiments 

to have in the design. The selection of the factor n is essential because changing the 

number of the design runs alters the model matrix and consequently, another optimal 

design is chosen. There are no rules to define this number, but the minimum is 

model-dependent. A model with p coefficients can only be investigated with a D-

optimal design that has at least p runs. In most cases, it is useful to create different 

designs that differ in the number of runs and compare the efficiency of the designs. A 

design with a few more or less design runs that the desired one can have a higher 

determinant and hence is the best design to perform [2].  

 

3.6. Statistical analysis of the obtained data 

 

In this work, the experimental results were analysed through statistical calculations 

and multiple regressions using the MODDE 9.0 software [7].  

 

The statistical analysis was carried out following three steps: (a) evaluation of the 

raw data; (b) regression analysis and (c) interpretation of the model.  

 

3.6.1. Evaluation of the raw data 

 

The evaluation of the raw data was focused on a general appraisal of regularities and 

peculiarities in the data. 
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3.6.2. Regression analysis 

 

The regression analysis involves the calculation of the model, linking the input 

factors to the measured responses. In this work, the Multiple Linear Regression 

(MLR) method was used to explore the dependence of the responses on varied 

factors. For each response, the regression model was selected based on the analysis 

of the following parameters: the goodness of fit (R2), which measures how the 

regression model fit the data; the goodness of predictions (Q2), which estimates the 

predictive power of the model; the model validity, that measures the validity of the 

model and the reproducibility, which represents the variation of the response of 

different tests performed at the same operative conditions, compared with the total 

variation of the response. The values of the previous parameters allow getting an 

overview of the regression model: R2 could vary from 0 to 1, where 1 indicates a 

perfect model and 0 no model at all; Q2 must have a value higher than 0.5. Moreover, 

R2 should not exceed Q2 more than 0.2-0.3 [5]. A value larger than 0.25 for the 

model validity indicates that there is no lack of fit in the data and the model error is 

in the same range that the pure error. Finally, a reproducibility value close to 1 

indicates a high reproducibility [5].  

 

Another tool used to determine the goodness of the model was the analysis of the 

residuals, since a good model should be characterized by normally distributed errors. 

This tool permitted to verify the normal behaviour of the residuals and detect 

deviating experiments. 
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3.6.3. Interpretation of the model 

 

During the interpretation of the model, it was determined whether the model could be 

used or eventually, pruning. The analysis of the regression coefficients and their 

confidence intervals permitted finding out the real effect of the factors on the 

measured responses. The study of the interaction between factors permitted to 

describe how the influence of one factor on the response depends on the level of 

another factor. In other words, there could be experimental cases in which the factor 

A has a positive effect on the response for a given level of factor B, while in a 

different level of B, the effect of A on the response is negative [8]. To determine the 

effect of interaction on the responses, interaction plots were used, which displays the 

levels of one factor in the X axis and have a separate line for the means of each level 

of the other factor. The Y axis is the response.  
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CHAPTER 4 

EXPERIMENTAL METHODOLOGY 

 

 

 

As stated in Chapters 1 and 2, the research was divided in two principal aspects:  

 

• Issues associated to the production of commercial TiO2 self-cleaning 

materials for the building sector  

• Limitations associated with the utilization of self-cleaning coatings at real 

conditions.  

 

4.1. Issues associated to the production of commercial TiO2 self-cleaning 

materials for the building sector  

 

4.1.1. Low adhesion 

 

The first part of the research consisted in the design of a methodology for improving 

the adhesion between photocatalytic coatings and window glasses by the 

modification of the roughness of the glass substrates. The roughness modifications 

were made by chemical treatment of the glasses before coating, using a D-optimal 
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design to plan the experiments. Finally, scratch measurements were carried out using 

glasses with representative roughness values and coated with TiO2 to evaluate the 

adhesion. 

 

4.1.1.1. Experimental design 

 

The experimental procedure for the glass roughness modifications throughout 

chemical treatments was planned using the Design of Experiments (DOE) technique, 

with the goal of not only improve the adhesion by means of the roughness approach, 

but also accurately investigate the variables that influence the changes of glass 

roughness. Furthermore, by the DOE was also possible to determine at what levels 

those variables must be kept to get either rough or smooth surfaces.  

 

The control factors (i.e., the input variables) were chosen based on a literature 

analysis [1, 2]. Then, the kind of chemical solution, its concentration, and the 

treatment time were identified here as control factors. Since one of these factors 

constitute a categorical o qualitative variable (e.g., the chemical solution), a D-

optimal design was chosen to plan the experiments because this kind of design could 

deal easily with qualitative factors.  

 

The construction of an experimental plan through D-optimal design consists in [3]: 

 

1) Define the control factors and their levels,  

2) Selection of the model that fits and  
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3) Choosing design points from a set of candidate points that was generated 

depending on the selected model  

 

As stated above, the chemical solution, its concentration and the treatment time were 

chosen as the control factors. The categorical variable, e.g., the chemical solution, 

was varied through three levels: hydrochloric acid (HCl), acetic acid (CH2COOH) 

and sodium hydroxide (NaOH). On the other hand, the concentration variable was 

varied through two levels, high and low. Finally, the third factor, the treatment time, 

was varied through three levels, 30, 120 and 240 min. Table 4.1 shows these factors 

and their levels, as well as the codes that were used to identify them. In addition, 

Table 4.1 shows the responses (output factors). 

 

Table 4.1. Factors, their levels and the chosen responses. 

Input factors 
Parameter Code Levels (Coded) 

Chemical solution X1 HCl (X1HCl) NaOH (X1NaOH) CH3COOH (X1CH3COOH) 
Concentration a X2 A (X2A)  B (X2B) - 

Treatment time, min X3 30 (X3-30) 120 (X3-120) 240 (X3-240) 
Output factors Code 

Rms roughness, nm Y1 
Rp-v b, nm Y2 
Weight loss, % Y3 

 
 

These variables and their levels were inserted in the software MODDE –Design of 

Experiments- 9.0 (UMETRICS) and a quadratic model was chosen. The final D-

optimal experimental plan contains a total of 14 experiments including three center 

points. Table 4.2 shows the final D-optimal experimental plan. 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
a	
  A= High concentration, B = Low concentration. Concentration in % for HCl and CH3COOH and in M for NaOH.  
b	
  Rp-v = maximum peak-to-valley distance.	
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Table 4.2. D-optimal experimental plan for glass roughness modifications. 

Exp. No. Run 
order 

Factors 

Qualitative Quantitative 
(X1) Chemical 

solution 
(X2) 

Concentration 
(X3) Treatment time, 

min 

1 14 HCl A 30 
2 8 NaOH A 30 
3 4 CH3COOH A 30 
4 7 HCl A 240 
5 1 NaOH A 240 
6 13 HCl A 120 
7 10 CH3COOH A 240 
8 9 HCl B 30 
9 2 NaOH B 30 

10 3 HCl A 120 
11 12 HCl A 120 
12 11 HCl B 240 
13 6 NaOH B 240 
14 5 CH3COOH B 240 

 

 

4.1.1.2. Chemical treatments 

 

The experiments specified in Table 4.2 were carried out using SAINT GOBAIN 

soda-lime window glasses. The procedure used to perform the chemical treatments is 

based in that reported by Clark and Yen-Bower [4]: a Teflon® container immersed in 

an oil bath set at 37 °C was filled with HCl, NaOH or CH3COOH. Once the chemical 

solution reached constant temperature, a glass specimen was placed on the top of the 

Teflon® container, as shown in Figure 4.1. The specimen was kept in contact with 

the solution for the periods of time specified in Table 4.2. After the treatment, the 

treated glass was washed with deionized water. 
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Figure 4.1. Procedure for the chemical attack of the soda-lime flat glass substrates. Taken from 

Clark, D. E.; Yen-Bower, E. Lue. Corrosion of glass surfaces. Surf. Sci. 1980;100:53 [4]. 

 

4.1.1.3. Glass substrates characterization 

 

The roughness of the treated glasses was evaluated throughout Atomic Force 

Microscopy, AFM. Images of two different zones of each treated glass were taken 

with a Park Autoprobe CP, Park Scientific Instruments AFM equipment. All images 

were taken in non-contact mode using a 100 µm scanner, at a scan size of 5 µm. The 

roughness was expressed as Rms rough (root-mean-squared roughness, given by the 

standard deviation of the analysed data, Y1) and Rp-v (referred to the maximum peak-

to-valley distance within the analysed area, Y2). The weight loss was determined 

measuring the weight of the glasses before and after the chemical treatment (Y3).  
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4.1.1.4. Statistical analysis of the data 

 

To determine how the chemical treatments presented in Table 4.1 affect the 

roughness or the weight loss of the glass, the experimental results were analysed 

through statistical calculations and multiple regressions using the MODDE 9.0 [5] 

software, using the methodology reported in Section 3.6 of Chapter 3.  

 

4.1.1.5. Adhesion measurement: scratch tests  

 

After the statistical analysis of the data and the generation and interpretation of the 

models for each response, some treated glasses with representative values of 

roughness (i.e., low, medium and high) were coated with TiO2 to determine the 

correlations between roughness and adhesion.  

 

The TiO2 coatings were deposited from a commercial anatase TiO2 nano-dispersion 

manufactured by COLOROBBIA Italia S.p.A, PARNASOS® PH000002. This 

dispersion contains 6.0 ± 0.5 wt. % of TiO2 in the anatase form, with a particle size 

of 40 ± 2.5 nm, as reported in the Product Specifications Sheet attached to the 

product. The treated glasses were dip-coated using an 85 mm/min withdrawal rate. 

The coating procedure was carried out at 20 °C (room temperature) and 35-40% RH. 

After deposition, the coated glasses were dried at 110 °C for 1 hour.  

 

The adhesion of the above samples was determined by scratch test using a CSM 

Open Platform with a Micro Scratch Tester.  The technique involves generating a 
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controlled scratch with a diamond tip on the sample under examination. The tip 

either of diamond or sharp metal, is drawn across the coated surface under constant, 

incremental or progressive load [6], as shown in Figure 4.2. At a certain critical load 

the coating will start to fail. In the CSM Open Platform instrument, the critical loads 

are very precisely detected by means of an acoustic sensor attached to the load arm 

together with observations from a built-in optical microscope. The critical load data 

are then used to quantify the adhesive properties of different film-substrate 

combinations [6].  

 

Figure 4.2. Scratch test. Taken from CSM Scratch Tester Catalog [6]. 

 

The Joint Research Centre of the European Commission have defined three critical 

loads Lc1, Lc2 and Lc3, corresponding to three particular events [7]: 

 

Lc1: Forward chevron cracks at the borders of the scratch track (Lc1 shall be taken at 

the closest end of the event to the scratch track start); 
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Lc2: Forward chevron cracks at the borders of the scratch track, with local interfacial 

spallation or with gross interfacial spallation (Lc2 shall be taken at the failure event 

that occurs first, and at the closest end of the event to the scratch track start); 

 

Lc3: Gross interfacial shell-shaped spallation (Lc3 shall be taken at the first point 

where the substrate can be seen at the centre of the track in a crescent that goes 

completely through the track). 

 

Here, a Rockwell 209 diamond tip (200 ± 10 µm) was used. The load was gradually 

increased from 20 mN to 30 N, using a scanning load of 20 mN. The length of the 

track was 6 mm. Each measurement consisted in three steps in which the tip was 

scanned across the sample: the first scan with a constant load of 20 mN was 

performed in order to acquire the initial surface topography (“first pass”); in the 

second scan the increasing load was applied to the tip (“second pass”); the third scan, 

performed in the same way than the first, acquired the resulting scratch topography 

(“third pass”) [8]. Three measurements were performed for each sample. In this 

work, only the Lc3 values were measured and taken as the adhesion strength of the 

coating.   

 

4.1.2. Preparation of TiO2 self-cleaning glasses 

 

Based in the results obtained from the adhesion study, samples with high adhesion 

were prepared for further studies. As a first step, the glass substrates were treated 

with concentrated acetic acid for 4 h and then dip-coated with the TiO2 nano-
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dispersion PARNASOS® PH000002 at 20 °C and 35-40% RH. After deposition, the 

coated glasses were dried at 110 °C for 1 hour. These samples were used for the 

studies of substrates that affect the PCA and the presence of residues that affect the 

PCA (Sections 4.1.4 and 4.1.7). 

 

4.1.3. TiO2 self-cleaning glass characterization 

 

XRD analysisc was made by grazing incidence X-ray diffraction, using a Bruker D8 

Advance diffractometer with Cu Kα1 radiation at the Universidad Autónoma de 

Nuevo León (UANL) in Monterrey, Mexico. Observations of the coatings were 

made using an Environmental Scanning Electron Microscopy (ESEM) FEI Quanta-

200. The surface compositions of the original and acid-treated glasses coated with 

the TiO2 nano-dispersion were determined by X-ray Photoelectron Spectroscopy 

(XPS) in an ultra-high-vacuum at a base pressure of 10-9 mbar. The X-ray 

photoemission was carried out with non-monochromatic Mg Kα photons (hν = 1253.6 

eV) from a Vacuum Generators XR3 dual anode source operated at 15 kV, 18 mA 

and data were recorded with a double pass Perkin Elmer PHI 15-255G cylindrical-

mirror electron analyser (CMA) operated at constant pass energy.  

 

 

 

 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
c	
  NOTE: For data analysis convenience the XRD pattern was obtained using a silicon wafer as 
substrate, with the aim to avoid interferences of the glass signals with those derived of the TiO2 film.	
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4.1.4. Use of substrates that affect the photocatalytic activity 

 

The effect of the glass substrate on the PCA of TiO2 self-cleaning glasses was 

determined by comparing the photocatalytic activity of a TiO2 coating deposited over 

an as-received window glass and another deposited over a window glass that was 

treated with CH3COOH for 4 h. The tests were carried out following the procedure 

reported in the next Section (Section 4.1.5). 

 

4.1.5. Photocatalytic tests 

 

All the photocatalytic tests carried out throughout this research were evaluated by the 

degradation of stearic acid (SA) under ultraviolet irradiation at 365 nm, using a 

Vilber VL-215.LC lamp (365/254 nm). SA was deposited from a solution of 0.05g 

SA/20 ml EtOH (ethanol) by spin coating at 1500 rpm for 30s or by dip-coating for 

60 s, using a withdrawal rate of 85 mm/min. The photo-degradation was followed by 

Fourier-transform infrared (FTIR) spectroscopy, monitoring the disappearance of the 

vibrational bands between 2700-3000 cm-1 in the FTIR spectra, corresponding to the 

aliphatic C-H stretching modes. The spectra were acquired in transmission mode 

using a BRUKER ALPHA FT-IR Spectrometer in the studies carried out at the 

Commonwealth Scientific and Industrial Research Organization (CSIRO), Clayton 

Australia or a Vertex 70-BRUKER spectrometer in the studies carried out at the 

Università degli Studi di Modena e Reggio Emilia (UNIMORE), Modena, Italia, 

averaging in both cases 32 scans between 4000 and 400 cm-1 with a spectral 
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resolution of 4 cm-1. Finally, photocatalytic efficiency plots were obtained by 

integrating the area under the C-H peaks.  

 

4.1.6. Degradation rates 

 

Depending of the trends in SA photodegradation observed in the different processes 

evaluated in this work, the kinetic modelling was obtained using two methods:  

 

(i) Calculation of the degradation rate through the slope and the SA concentration, 

applying the reported concentration value of 3.17 x 1015 stearic acid molecules per 

cm2 per integrated absorbance unit over the 2700-3000 cm-1 intervals in the FTIR 

spectrum [9] or  

 

(ii) Using the pseudo first order kinetic equation proposed by Sawunyama et al. [10], 

which incorporates the reactivity of TiO2 film and film disorganization phenomenon 

during the photodegradation process: 

 

[SA]t = [SA]initialexp(- kobst)                [4.1] 

 

where [SA]t is the concentration of stearic acid at time t, [SA]initial is the initial 

concentration of stearic acid, and kobs is the pseudo first order rate constant. 

 

Since it has been widely reported that, owing to the complex mechanism of 

reactions, it is difficult to develop a model for the dependence of the photocatalytic 
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degradation rate on the experimental parameters for the whole treatment time [11], 

kinetic modelling of the photocatalytic processes was restricted to the analysis of the 

initial rate of photocatalytic degradation, ri [11-13]. 

 

4.1.7. Residues that affect the PCA  

 

The freshly prepared TiO2 self-cleaning glasses (as stated in Section 4.1.2) were 

treated with deionized water (18 MΩ) for 19 h to remove the sodium based-salt 

present at the TiO2 surface. For comparison, treatments with 0.2 M HCl were also 

performed. After the treatments, the PCA and the SA degradation rates of the 

samples were tested using the procedures specified in Sections 4.1.5 and 4.1.6, 

respectively. 

 

 

4.2. Limitations associated with the utilization of TiO2 self-cleaning coatings at 

real conditions 

 

Here, three different types of TiO2 coatings (nanoparticled, mesoporous and non-

porous TiO2) were exposed to weathering and different values of temperature and 

humidity in order to evaluate the effects of these phenomena on the self-cleaning 

property of the coatings.  
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4.2.1. Preparation of the TiO2 coatings 

 

4.2.1.1. Synthesis of the mesoporous TiO2 coating  

 

TiO2 mesoporous coatings were prepared using a “quick” version of the EISA-

derived method developed by Crepaldi and co-workers [14].  

 

The original evaporation-induced self-assembling (EISA) method consists the 

preferential evaporation of a solvent (usually an alcohol) that concentrates an initial 

diluted solution (formed by an inorganic precursor, an alcohol and a pore-forming 

agent) over a non-volatile surfactant and inorganic species before equilibration with 

atmosphere [14, 15]. The formation of micelles organised in a liquid crystal template 

permits the condensation of the inorganic framework, giving rise to well-defined 

mesostructure hybrids [14, 15]. Finally, the extraction of the surfactant template by 

heat allows the obtaining of the mesoporous structure.  

 

In EISA method, water is not considered for the synthesis of mesoporous structures. 

However, investigations made by Grosso’s group [16-19] have demonstrated that 

highly organized mesoporous titania, zirconia and alumina or mesostructured mixed 

valence vanadium oxide-based thin films can be obtained by EISA-derived methods 

including controlled quantities of water [14]. Despite the similarities to the EISA 

method, in their approach water causes an important hydrolysis of the inorganic 

moieties, resulting in hydrophilic species with enhanced interactions with the polar 
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portion of the template. Moreover, water contributed to increase the polarity of the 

medium, facilitating template folding [16-19].  

 

In the water modified EISA-method, the inorganic polymerization can be readily 

controlled by an acid (added or generated in situ), which is subsequently eliminated 

by evaporation. Besides the role of water added to the initial sol, these authors have 

individuated that the relative humidity of the atmosphere is a parameter of paramount 

importance, which plays a decisive role in the organization of the system [14, 16-19].   

 

Here, the mesoporous titania was obtained by the slow addition of TiCl4 (FLUKA 

Analytical) to a mixture of absolute ethanol (37% INCOFAR) and the tri-block 

copolymer Pluronic F-127 template (Sigma-Aldrich). Water (18 MΩ) was added 

drop by drop after 5 min of stirring. The molar ratio was TiCl4:EtOH:H2O = 1:40:12 

and the ratio TiCl4/Pluronic F-127 was 0.006. According with Crepaldi et al. [14], 

the addition of water causes the hydrolysis of the inorganic moieties, producing in 

situ ethanol and HCl, the latter being the reason for the high stability of the sols: 

 

𝑇𝑖𝐶𝑙! + 2𝐸𝑡𝑂𝐻 → 𝑇𝑖𝐶𝑙!(𝑂𝐸𝑡)! + 2𝐻𝐶𝑙                        [4.2] 

 

𝑇𝑖𝐶𝑙!(𝑂𝐸𝑡)!
!!!! [𝑇𝑖(𝑂𝐻)!(𝐻!𝑂)!(𝑍)!] !!! ! + ~2− 𝑥𝐻𝐶𝑙 + 

~2− 𝑥𝐸𝑡𝑂𝐻 ;           𝑍 = 𝑂𝐻,𝐶𝑙,𝑂𝐸𝑡;       𝑚 > 4;         𝑥 < 2                   [4.3] 

 

To form the coating, a silicon substrate was dip-coated at 85 mm·min-1 and at a 

relative humidity of 33%. After deposition, the film was exposed to water vapour for 
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30 s, contrary to the procedure reported by Crepaldi et al. [14], in which films were 

aged for at least 2 days at 50-60% RH. The obtained mesoporous coatings were 

maintained at 200°C for 24 h to stabilize the mesoporous structure. After this thermal 

treatment, the temperature was increased up to 500°C and kept for 3 h to crystallize 

the TiO2 anatase phase.  

 

The same mesoporous TiO2 coatings were also prepared at CSIRO. In this case, 

however, the Si substrate was dip-coated at 160 mm·min-1 and at a relative humidity 

of 18-20 %.  

 

4.2.1.2. Synthesis of the non-porous TiO2 coating  

 

Figure 4.3. Sol-gel technology and products. Taken from Cannavale et al. Building and Environment 

2010;45,1233-1243. 
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The non-porous titania was synthetized by the sol-gel process. Figure 4.3 shows the 

steps of the sol-gel processing of materials and examples of the microstructures of 

final products.  

 

A typical sol-gel method for fabricating materials starts with a solution consisting of 

metal compounds, such as metal alkoxides and acetylacetonates as source of oxides, 

water as hydrolysis agent, alcohol as solvent and an acidic or a basic catalysts. Metal 

compunds udergo hydrolysis and polycondensation at room temperature, giving rise 

to sol, in which polymers or fine particles are dispersed. Further reactions connect 

the particles, solidifying the sol into a wet gel, which still contains water and 

solvents. Usually, various shapes are formed during the sol to gel transformation. 

Vaporization of water and solvents produces a dry gel, one of the final products. 

Heating of gels to several hundred degrees or higher temperatures produces dense 

oxide materials as final products [20]. The sol-gel method is characterized by low 

processing temperature. Moreover, materials of various shapes and microstructures 

can be prepared. Bulk bodies can be made by casting the gelling sol into a mould. 

Fibers can be drawn from the viscous sol, whether a sol of appropriate composition 

is used. Coatings films can be made by dip coating or spin coating of the sol. 

Unsupported films can be made by synthesizing the film at the interface between 

alkoxide solution and water [20].   

 

Here, the non-porous TiO2 film was synthesized by mixing titanium isopropoxide 

(Sigma-Aldrich), absolute ethanol (Carlo Erba) and HCl 1M (37% INCOFAR) in the 

molar ratios 1:100:0.06. The sol was stirred for 1 hour before coating. A clean silicon 
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substrate was dip-coated in the fresh sol at a relative humidity of 11% and at the 

pulling rate of 85 mm·min-1. Four coatings were deposited. Each coating was 

thermally treated at 100°C for 10 min and then 250°C for 30 min before the 

deposition of a successive coating. After the fourth deposition, the resultant film 

were thermally treated at 500°C for 3 h to favour the growth of the TiO2 anatase 

crystal phase.  

 

The same non-porous TiO2 coatings were also prepared at CSIRO. In this case the 

substrate was dip-coated in the fresh sol at a relative humidity of 14-15% RH and at 

the pulling rate of 100 mm·min-1.  

 

4.2.1.3. Preparation of the nanoparticled TiO2 coating  

 

CH3COOH-treated glass substrates were coated with the TiO2 nano-dispersion 

PARNASOS® PH000002 at 20 °C and 35-40% RH. After deposition, the coating 

was dried at 110 °C for 1 hour.  

 

4.2.2. Characterization of the TiO2 coatings 

 

Grazing incidence X-ray diffraction was used to characterize all the TiO2 coatings 

using a Bruker D8 Advance diffractometer with Cu Kα1 radiation coupled with 

VANTEC detector (UANL, Mexico). FTIR spectra of the coatings were recorded in 

a Thermo Electron Nicolet 380 instrument (UANL, Mexico). By UV-Vis 

spectroscopy it was determined the band gap energy values, using a Perkin Elmer 
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Lambda 35 UV/Vis Spectrometer (UANL, Mexico). FEG-SEM images of the 

mesoporous and non-porous TiO2 coatings were obtained through a FEI Nova 

NanoSEM 450 Field Emission SEM, in immersion lens mode. On the other hand, 

observations of the nanoparticled coatings were made using an Environmental 

Scanning Electron Microscopy (ESEM) FEI Quanta-200. Surface roughness and 

morphologies were evaluated by atomic force microscopy using a Digital 

Instruments NanoScope 3D in non contact mode, with a scanning area of 500 nm2.  

 

4.2.3. Weathering 

 

4.2.3.1. Weathering treatments 

 

To evaluate influence of the domestic weathering on the PCA, all the as-prepared 

coatings (nanoparticled, mesoporous and non-porous) were soaked into two model 

aqueous solutions that simulate common cleaning agents: a 5% isopropanol solution 

[21] and a detergent solution made of 2.5% propylene glycol propyl ether and 2.5 

wt.% of sodium dodecylbenzenesulfonate [22].  

 

The environmental weathering was evaluated soaking the films in 18 MΩ deionized 

water to simulate rain and into an aqueous acid solution to simulate acid rain (HNO3 

and H2SO4 pH 2-3) [23]. In addition, a quick aging test with boiling water was also 

performed for each morphology [24].  
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The treatments of the nanoparticled self-cleaning glasses were carried out at 32°C for 

19 hours, since longer treatments times almost completely detach the coatings from 

the glasses. On the other hand, the treatments of the mesoporous and non-porous 

TiO2 coatings were carried out for 1 week, since these coatings were not detached 

from the Si substrates during all the treatment time. Table 4.3 shows an overview of 

the chemical solutions to simulate weathering of the tested materials. 

 

Table 4.3. Chemical treatments to simulate domestic and environmental weathering. 

Treatment Objective 
Boiling water Aging test 
Deionized water Resistance to washing 
Acid rain Resistance in places with acid rain 
Isopropanol 5% Resistance to glass cleaning agents 
Detergent solution Resistance to all-purpose cleaning agents 

 

 

4.2.3.2. Characterization of the TiO2 coatings subjected to weathering 

 

The release of TiO2 from the self-cleaning glasses (nanoparticled) after the chemical 

treatments was measured by Inductively Coupled Plasma (ICP), using a Perkin 

Elmer ICP-OES Optima 2100 DV and a spectral line Ti 334.940 (CSIRO, Australia). 

The treated self-cleaning glasses were also characterized by Fourier-transform 

infrared (FTIR) spectroscopy. The spectra were acquired in transmission mode using 

a BRUKER ALPHA FT-IR Spectrometer (CSIRO, Australia). Finally, observations 

of all these samples were made using an Environmental Scanning Electron 

Microscopy (ESEM) FEI Quanta-200.  
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Since mesoporous and non-porous TiO2 coatings proved to have a better resistance to 

weathering than the nanoparticled coatings, a more complete characterization was 

carried out for the these samples. Grazing incidence X-ray diffraction was used to 

characterize the as-prepared and treated coatings using a Bruker D8 Advance 

diffractometer with Cu Kα1 radiation coupled with VANTEC detector (UANL, 

Mexico). AFM images of all the samples were acquired using a Digital Instruments 

NanoScope 3D in non-contact mode (scan area of 500 nm). The initial water contact 

angle (WCAi) of all the samples, i.e., the WCA of the samples before and after the 

chemical weathering in the dark (no UV light) was measured using a CONTACT 

ANGLE SYSTEM OCA. By UV-Vis spectroscopy it was determined the band gap 

energy value of each one the prepared coatings, using a Perkin Elmer Lambda 35 

UV/Vis Spectrometer (UANL, Mexico). Furthermore, TiO2 losses from treated films 

were determined by inductively coupled plasma, ICP. Finally, film adhesion of the 

as-prepared and treated samples was determined by scratch test using a CSM Open 

Platform with a Micro Scratch Tester. A Rockwell E-010 diamond tip (10 µm) was 

used. The load was gradually increased from 10 mN to 400 mN, using a scanning 

load of 10 mN. The length of the track was 6 mm. Three scratch measurements were 

performed and the average value of the critical load (Lc3) is reported here.  

 

4.2.3.3. PCA of the coatings subjected to weathering 

  

The activity of the TiO2 coatings subjected to weathering was evaluated using the 

procedure reported in Section 4.1.5. All the tests were performed at ambient 
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conditions (20 °C and 63 % RH). The initial degradation rates were obtained by 

applying the methodology reported in Section 4.1.6. 

 

4.2.4. Effect of humidity on the PCA 

 

4.2.4.1. Conditioning of the reactor 

 

Humidity levels were varied through constant humidity solutions using different 

water-soluble salts at 20-21 °C [25]. Table 4.4 shows the humidity levels tested.  

 

Table 4.4. Studied relative humidity levels. 

Water soluble salt Theoretical relative humidity (%) Measured relative humidity (%) 
LiCl·H2O 11 12.8 ± 0.2 

MgCl2·6H2O 33 35.1 ± 0.7 

Mg(NO3)2·6H2O 53 53.4 ± 0.6 
NaCl 75 71.9 ± 1.9 

 

 

4.2.4.2. Pre-conditioning of the coatings and pollutant deposition 

 

Before pollutant deposition, all the coatings were exposed to the target relative 

humidity for at least 12 hours. Then, at the same humidity level, SA was deposited 

from a solution of 0.05g SA/20 ml EtOH (ethanol) by spin coating at 1500 rpm for 

30s or by dip-coating for 60 s, using a withdrawal rate of 85 mm/min. Finally, the 

SA-coated TiO2 films were kept in the darkness at the target relative humidity for 12 

hours before exposure to UV light.   
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4.2.4.3. PCA of the coatings at different humidity values 

  

The activity of the TiO2 coatings at different humidity values was determined using 

the procedure reported in Section 4.1.5. All the tests were performed at ambient 

temperature (20 °C) and the UV lamp was turned on only when the reactor reached 

the target humidity value. The initial degradation rates were obtained by applying the 

methodology reported in Section 4.1.6. 

 

4.2.5. Effect of temperature on the PCA 

 

4.2.5.1. Experimental setup 

 

The photocatalytic reactor consisted in a closed polystyrene container with a sensor 

to measure both the temperature and the relative humidity of the air. The illumination 

was provided by a 15W UV lamp (VILBER LOURMAT VL-215 LC) inserted in the 

top of the reactor. The low temperatures inside the reactor were reached using dry 

ice-ethylene glycol (0 °C) [26] and ice baths (10 °C). The sample-holder consisted in 

a Pyrex glass plate that was placed in direct contact with the bath and at 6 cm from 

the lamp. A thermometer directly in contact with the sample holder was used to 

measure the temperature of the samples. Once the low temperature was stabilized 

inside the reactor and the sample holder presented a constant temperature, the 

experiments were carried out. Since the UV lamp produces heat that can increase the 

substrate temperature, the cold baths were substituted by fresh ones every hour. The 

photocatalytic experiments made at 20 °C were carried out inside the reactor without 
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any bath (room temperature) and in those made at 30°C the sample holder was 

placed inside an oil bath set at 30 °C.  

 

4.2.5.2. PCA of the coatings at different temperature values 

 

The activity of the TiO2 coatings at different temperature values was determined 

using the experimental setup described in the previous paragraph and the procedure 

reported in Section 4.1.5. The UV lamp was turned on only when the sample holder 

reached the target temperature value. The initial degradation rates were obtained by 

applying the methodology reported in Section 4.1.6. 
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CHAPTER 5 

ISSUES ASSOCIATED TO THE PRODUCTION OF COMMERCIAL TIO2 

SELF-CLEANING MATERIALS FOR THE BUILDING SECTOR 

 

 

 

In this Chapter, the results and discussions regards the issues associated to the 

production of commercial TiO2 self-cleaning materials are presented. As stated in the 

previous sections, these issues are: 

 

• Low adhesion 

• Substrates that affect the PCA 

• Residues from the photocatalyst synthesis 

 

5.1. Low adhesion  

 

5.1.1. General trends of roughness and weight loss values 

 

5.1.1.1. Roughness  

 

The roughness and weight loss values of the treated glasses are reported in Table 
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5.1. Figure 5.1 shows the AFM 3D images of three treated glasses with 

representative roughness values: high, medium and low. In addition, in Figure 5.1 is 

also presented the AFM 3D image of the reference (as-received) glass. Compared 

with a reference glass (no treatment, Rms rough = 3.41 nm) it was observed that the 

chemical treatments modify the roughness, resulting in lower or higher roughness 

values.  

 

Table 5.1. D-optimal experimental design with the obtained responses.  

No. 

Factors Responses 
Qualitative Quantitative (Y

1
) Rms 

rough 
(nm) 

(Y
2
) Rp-v 

(nm) 

(Y3) 
weight 

loss (%) 

(X
1
) 

Chemical 
solution 

(X
2
) 

Concentration 

(X
3
) 

Treatment 
time, min 

1 HCl A 30 2.40 76.46 0.000 
2 NaOH A 30 2.52 45.70 0.001 
3 CH

3
COOH A 30 6.00 90.84 0.000 

4 HCl A 240 2.08 54.93 0.006 
5 NaOH A 240 7.10 83.41 0.005 
6 HCl A 120 3.16 40.23 0.009 
7 CH

3
COOH A 240 1.49 17.75 0.001 

8 HCl B 30 20.00 320.00 0.005 
9 NaOH B 30 3.42 43.80 0.003 

10 HCl A 120 3.84 48.37 0.003 
11 HCl A 120 13.27 126.40 0.005 
12 HCl B 240 13.60 147.00 0.002 
13 NaOH B 240 10.14 101.20 0.004 
14 CH

3
COOH B 240 10.16 77.78 0.008 

NOTE: Error = 0.5 nm for Y1, 5.6 nm for Y2 and 0.002% for Y3. 

 

Sample 8 shows the highest roughness value. From Figure 5.1b it can be observed 

that this surface is non-homogeneous, and from the 2D AFM image shown in Figure 

5.2 it is observed the presence of residual particles formed as consequence of the 

chemical attack. This was also confirmed by the highest Rp-v value.  
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(a) (b)  

(c) (d)  

Figure 5.1. AFM 3D images of representative glass substrates. (a) Reference glass; (b) Experiment 8, 

highest roughness; (c) Experiment 12, medium roughness and (d) Experiment 7, lowest roughness. 

 

 

 

Figure 5.2. 2D AFM image of Sample 8 (roughest sample). 
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Experiment 12 was taken as a representative sample of “medium” value of roughness 

[(Highest value – Lowest value)/2]. This sample presents a more homogeneous 

surface than the rougher sample (Figure 5.1c). All the other samples with similar 

roughness values shown also similar homogeneous surfaces. 

 

Finally, sample 7 presents the lowest values of roughness. This surface was the most 

homogeneous (Figure 5.1d). In both samples (13 and 7) there are no traces of 

residual particles. 

 

From these AFM observations, it was concluded that the chemical treatments that 

induce high roughness also promote the formation of residual particles, which 

contribute to increase the roughness of the surface. Furthermore, the attacked 

surfaces of these samples are not homogeneous. This could be a problem during the 

deposition of nanofilms, since a non-homogeneous surface decrease the adhesion of 

the coating. On the other hand, the chemical treatments that induce low roughness 

generate homogenous smooth surfaces, without the deposition of residual particles. 

 

5.1.1.2. Weight loss 

 

The weight loss of the glass substrates after the chemical treatment is shown in 

Table 5.1. Correlating this data with that of roughness, it was observed that low 

concentrations promote higher weight losses as a consequence of the increase of the 

glass roughness. 
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5.1.2. Statistical analysis and interpretation  

 

5.1.2.1. Y1, Rms roughness 

 

The analysis of the raw data for Y1 – Rms roughness - revealed high experimental 

reproducibility but a non-normal distribution, for this reason, a logarithmic 

transformation was applied. Equation 5.1 shows the obtained regression model, 

which is characterized by meaningful values of R2, Q2, model validity and 

reproducibility (Table 5.2). 

 

Table 5.2. Summary of fit of the regression model for Y1, Rms rough. 

Parameter Value 
R2 0.98 
Q2 0.90 

Model validity 0.41 
Reproducibility 0.99 

  

Y1 = 0.8824 + 0.0667X1HCl – 0.4802X1NaOH + 0.4135X1CH3COOH – 0.0004X3 – 
0.3154X2A + 0.3154X2B – 0.0002X1HClX3 + 0.0026X1NaOHX3 - 0.0025X1CH3COOHX3 – 
0.1197X1HClX2A + 0.2354X1NaOHX2A – 0.2354X1NaOHX2B – 0.1158X1CH3COOHX2A + 
0.1158X1CH3COOHX2B + 6.0817e- 5X3X2A – 6.0817e-5X3X2B                          [5.1] 
 

Equation 5.1 shows that two linear coefficients (X2A and X2B) and some interaction 

factors are statistically meaningful (X1CH3COOHX3, X1HClX2A, X1HClX2B, X1NaOHX2A and 

X1NaOHX2B). The negative sign of X2A means that concentration A (high) has the effect 

of decreasing the roughness while the positive sign of X2B indicates that this factor 

increases the roughness expressed as Rms rough. Figure 5.3 shows the interaction 

plots for Rms rough. Figure 5.3a suggests that the effect of the chemical solution on 

Rms rough is dependent on the treatment time. This dependence is stronger when 
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using NaOH and CH3COOH but is negligible when using HCl. On the other hand, 

Figure 5.3b indicates that the effect of the chemical solution on the response is 

dependent also on the concentration. This dependence is strong for HCl and 

CH3COOH, while is low for NaOH. 

 

Figure 5.3. Interaction plots for Rms rough; (a) Chemical Solution/Treatment time; (b) Chemical 

Solution/Concentration. 

 

5.1.2.2. Y2, Rp-v 

 

The raw data for Rp-v presented high reproducibility and normal distribution (after 

the logarithmic transformation). The model obtained presents good values of R2, 

model validity and reproducibility, but a negative Q2 value. From the analysis of 

residuals it was found that some experiments deviate from the normality and could 

be considered as possible outliers. By the removal of one of these experiments, a 

valid regression model (Equation 5.2) with good values of R2, Q2, model validity 

and reproducibility (Table 5.3) was obtained: 
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Table 5.3. Summary of fit of the regression model for Rp-v. 

Parameter Value 
R2 0.96 
Q2 0.77 

Model validity 0.70 
Reproducibility 0.97 

 

 

Y2 = 1.8843 + 0.2901X1HCl – 0.2783X1NaOH - 0.0118X1CH3COOH – 0.0010X3 – 
0.0458X2A + 0.0458X2B – 9.3167e-5X1HClX3 + 0.0025X1NaOHX3 – 0.0024X1CH3COOHX3 
– 0.2623X1HClX2A + 0.2623X1HClX2B + 0.0294X1NaOHX2A – 0.0294X1NaOHX2B + 
0.2329X1CH3COOHX2A - 0.2329X1CH3COOHX2B                  [5.2] 
 

The Rp-v parameter is influenced by two linear factors, the hydrochloric acid and the 

acetic acid, and by five interaction factors. The HCl has a positive effect, i.e., when 

using HCl the Rp-v parameter increases. On the other hand, a decrease in Rp-v is 

obtained when using acetic acid.  

 

 

Figure 5.4. Interaction plots for Rp-v. (a) Chemical Solution/Treatment time; (b) Chemical 

solution/Concentraion. 
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The interaction plots (Figure 5.4) suggested that, as in previous case, the effect of 

the chemical solution on Rp-v is dependent on both the treatment time and the 

concentration. In particular, comparing these two plots it can be observed that the 

dependence of the chemical solution is stronger when varying the concentration. 

 

5.1.2.3. Y3, Weight loss 

 

The analysis of the raw data for the weight loss revealed that also in this case a 

logarithmic transformation is necessary to obtain a Gaussian distribution in order to 

improve the subsequent statistical analysis. The obtained model presented non-

statistically meaningful values of R2, Q2, model validity and reproducibility; indeed, 

the residual analysis shows the presence of two possible outliers. Their removal 

permitted to have a statistically meaningful model (Equation 5.3) for the weight 

loss. 

 

Y3 = -1.2290 + 0.6561X1HCl + 0.5306X1NaOH – 1.1867X1CH3COOH – 0.0141X3 + 

0.0162X2A – 0.0162X2B – 0.0068X1HClX3 – 0.0067X1NaOHX3 + 0.0135X1CH3COOHX2       

           [5.3] 

 

Equation 5.3 indicates a meaningful statistically linear factor, the treatment time 

(X3) and three interaction factors, X1HClX3, X1NaOHX3 and X1CH3COOHX3. The linear 

factor, X3, has a negative influence on the weight loss, i.e., maximizing the treatment 

time and remaining constant the other factors, a decrease of the weight loss is 

obtained. Regard the interaction effects, the interaction plot (Figure 5.5) for the 



UNIVERSITÀ DEGLI STUDI DI MODENA E REGGIO EMILIA 
 

Study and Development of Advanced Materials for Architecture and Construction: Preparation and Characterization 
of TiO2 Coatings for Building Materials 

	
  112 

weight loss revealed that the effect of the treatment time on the weight loss depends 

on the used chemical solution, especially at long times. 

 

 

Figure 5.5. Interaction plot for Weight loss: Treatment time/Chemical solution. 

 

5.1.3. Adhesion 

  

Table 5.4 shows the chemical treatment, the roughness and the critical scratch loads 

of representative glass samples (highest, high, medium and low roughness). 

 

Table 5.4. Roughness, scratch adhesion and WCA of some representative attacked glasses. 

Sample Roughness 
(nm) 

Adhesion, CL 
(N) 

Water contact angle 
(WCA, °) Observations 

Reference 3.40 ± 0.01 4.56 ± 3.68 39.36 ± 1.30 
At high loads the coating is 
detached from the substrate 

Exp. 7 1.49 ± 0.02 9.17 ± 2.41 67.57 ± 2.91 
The coating remains 

attached to the substrate in 
all the test 

Exp. 12 13.60 ± 
3.66 6.70 ± 5.33 75.88 ± 3.36 

The coating remains 
attached to the substrate in 

all the test 

Exp. 8 20.00 ± 
10.02 3.35 ± 1.57 79.60 ± 3.41 

The coating begins to detach 
over the track 

 

 

Table 5.4 shows that the chemical treatments promote the enhancement of the WCA 

of the glasses. As observed in Table 5.4, the coated reference glass shows a non-
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homogeneous low adhesion (C.L. = 4.56 ± 3.68 N). In this sample, when using high 

loads the coating is detached from the surface, as shown in Figure 5.6.  

 

 

Figure 5.6. Scratch test track of Reference (as-received) glass coated with TiO2. 

 

 

Figure 5.7. Scratch test track of Sample 8 coated with TiO2. 

 

Experiment 8, which presents a non-homogeneous and the roughest surface, present 
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one the lowest scratch adhesion, with a C.L. value of 3.35 ± 1.57 N. Therefore, this 

chemical treatment is not convenient for the pre-treatment of nano-coated glass 

substrates. Moreover, the coating begins to detach over the track, but is not 

completely removed from the substrate (Figure 5.7).  

 

The fact that a high roughness does not improve the adhesion could be attributed to 

the combination of high roughness and the increase of the water contact angle of the 

attacked surfaces (Table 5.4). This combination often results in air pockets being 

trapped between the solid and liquid (the composite solid-liquid-air interface), thus 

leading to a significant decrease in the solid-liquid adhesion [1].   

 

 

Figure 5.8. Scratch test track of Sample 12 coated with TiO2. 

 

Experiment 12, which presents a medium roughness value, present also a medium 

scratch adhesion, with a C.L. value of 6.70 ± 5.33 N. Although a medium value of 

adhesion was obtained, a high error is obtained. However, the coating is not 
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completely removed from the substrate (Figure 5.8).  

 

From Table 5.4, it is clear that experiment 7 has the highest adhesion, since presents 

a critical load of 9.17 ± 2.41 N. This high value was correlated to its homogeneous 

smooth surface. Moreover, this sample shows one of the lowest variability of the 

adhesion from the sample set. In Experiment 7, the coating is not detached from the 

substrate; only the marks of the Rockwell tip are formed (like defects, Figure 5.9).  

 

 

Figure 5.9. Scratch test track of Sample 7 coated with TiO2. 

 

5.2. Substrates that affect the PCA: soda lime glasses  

 

Figure 5.10 shows a low magnification SEM image of the TiO2 coating deposited 

from the commercial PARNASOS nano-dispersion over a soda-lime glass. As 

observed in this figure, some white aggregates are dispersed over the surface of the 
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coating. From the EDS spectrum, it was individuated that these white aggregates 

contains principally Ti, Na, Cl and Ca.  

 

 

Figure 5.10 SEM image and EDS spectrum of the as-prepared TiO2-coated glass. 

 

This sample was further characterized by XRD with the aim to individuate the 

mineralogical composition of the coating. However, since the glass substrate caused 

signal interferences with the diffraction peaks corresponding to crystalline phases, 

this analysis was repeated over the same coating deposited over a silicon substrate. 

Figure 5.11 shows the XRD pattern of the as-prepared TiO2 coating deposited over a 

silicon substrate. As specified by the nano-dispersion producer, the TiO2 present in 

the coating is in the anatase form (JCPDS N° 01-086-1155). In addition, the 

diffraction spectrum shows the presence of sodium chloride in the sample (JCPDS 

N° 01-072-1668), confirming the results obtained by EDS. The additional SiO2 peak 

(JCPDS N° 00-042-1401), was attributed to the Si substrate, which was cleaned with 
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a H2SO4:H2O2 70:30 solution before the coating deposition, forming a surface SiO2 

layer.  

 

 

Figure 5.11. XRD pattern of the as-prepared TiO2 coating deposited over a silicon substrate. 

 

As stated in Chapter 2 - Section 2.1.2 - it has been well documented that soda-lime 

glasses (such as those used in this work) affect the PCA of the TiO2 self-cleaning 

glasses due to diffusion of sodium and calcium ions from the substrate to the coating. 

This diffusion is usually attributed to the annealing process necessary to crystallize 

the anatase phase. Since in this work, no annealing was carried out (the as-prepared 

coating presented the anatase phase, see Figure 5.11), the ion diffusion hypothesis 

was rejected. To determine the source of NaCl, the original glass substrate treated 

with concentrated acetic acid (4 h prior the coating deposition) was analysed by 

XPS. It is important to keep in mind that this treatment was made with two 

objectives: (i) enhance the adhesion between the coating and the substrate (as stated 

in Section 5.1.3.) and (ii) reduce the alkaline and alkaline earth ion concentrations 

from the glass surface. Figure 5.12 shows the XPS Na photoemission peaks of the 
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as-received and acid-treated glasses coated with the PARNASOS TiO2 nano-

suspension. Table 5.5 shows the surface compositions of the as-received and acid 

treated glasses, both uncoated and coated with TiO2. 

 

 

Figure 5.12. XPS Na photoemission peaks in the as-received and acid-treated glasses coated with the 

TiO2 nano-suspension. 

 

Table 5.5. Surface composition (atomic %) of the original and acid-treated glasses with and without 

the TiO2 coatings, obtained from the photoemission peaks areas from the XPS spectra. 

Sample Si O Na Ti C 
Original glass 21 47 3 0 29 

Acid-treated glass 20 39 1 0 40 
TiO2 coatingon original glass 0 41 17 12 30 

TiO2 coating on acid-treated glass 0 44 13 13 30 
 

From Figure 5.12 it can be observed that the Na photoemission peak is present in the 

coatings deposited over both the as-received and acid-treated glasses. However, the 

intensity of the Na peak in the glass treated with acid is slightly lower than that of the 
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as-received sample. Furthermore, from Table 5.5 it can be seen that the sodium 

atomic concentration of the original glass decreases after the acid treatment, and 

increases again when the TiO2 coating is deposited. From these results, it was 

confirmed that the sodium chloride particles comes from the nano-dispersion, since 

this salt is used very likely in the commercial formulation as stabilization agent [2]. 

Then, the effect of this salt on the PCA of the final self-cleaning glass was 

investigated. The results are presented in the next section. 

 

5.3. Residues from the catalyst synthesis that affects the PCA 

 

 

Figure 5.13. Photo-degradation of stearic acid deposited over the as-prepared, 0.02M HCl-treated and 

deionized water-treated TiO2 coatings, irradiated at 365 nm. 

 

Figure 5.13 shows the photo-degradation curves of SA deposited over the as-

prepared, deionized water and HCl-treated TiO2 self-cleaning glasses. It can be seen 

that in the red photo-degradation curve, corresponding to the as-prepared TiO2 
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coated glass, shows that only ∼20% of the deposited SA is decomposed after about 

240 min of UV irradiation. This low activity was initially attributed to the sodium 

chloride residues contained in the TiO2 surface. 

 

To increase the PCA of the TiO2 self-cleaning glass, treatments with 0.2M HCl and 

deionized water were carried out, and the degradation curves of the SA deposited 

over these treated coatings are also reported in Figure 5.13 (green and blue curves, 

respectively). It is clear that treatments with an acid solution or deionized water 

increase both the PCA and the photo-degradation rates of the self-cleaning glasses. 

These rates were evaluated using the pseudo first order kinetic equation proposed by 

Sawunyama et al., [3] (See Section 4.1.6) and are 0.0010 ± 0.0007; 0.04 ± 0.01 and 

0.011 ± 0.001 min-1 for the as-prepared, HCl-treated and water-treated self-cleaning 

glasses, respectively. 

 

Figure 5.14 shows some SEM images of the as-prepared TiO2 coating and those 

treated with HCl and deionized water.  From Figures 5.14a and 5.14b it can be noted 

than the treatment with HCl modifies the morphology of the coating. The 

nanoparticles, which are contained in aggregates of about 500-800 nm of diameter, 

seem more “exposed” in the coating treated with HCl than in the as-prepared one. On 

the other hand, the aggregates in the as-prepared sample are observed as “immersed 

into a matrix”, probably formed by the residues from the nano-dispersion.  
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Figure 5.14. SEM images of the (a) As-prepared; (b) 0.2M HCl-treated and (c) Deionized water-

treated TiO2 coatings. 

 

To explain this situation, we must consider the coating deposition procedure used in 

this work. As stated by the producer and confirmed in Figure 5.11, the nano-

dispersion contains titania nanoparticles in the anatase form, thus thermal treatments 

to crystallize this phase are not required after deposition. Then again, a simple drying 

at 100 °C for one hour was carried out to evaporate the solvent of the nano-

dispersion. This step is probably not sufficient to release or degrade the entrapped 

organic components coming from the dispersion used in the deposition, and the 

residue may compromise the PCA efficiency, as observed in the red curve of Figure 

5.13.  

 

(a) (b) 

(c) 
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Otherwise, the HCl-treated coating showed a better PCA (green curve in Figure 

5.13) probably because this treatment removes the organic residues from the nano-

dispersion. In the case of the coating treated with deionized water (blue curve in 

Figure 5.13), the morphology of the coating doesn’t appear very different from that 

of the as-prepared coating (Figures 5.14a and 5.14c). So, it can be concluded that 

treatments with deionized water do not promote the elimination of organic residues 

from the coating after the deposition.  

 

 
Figure 5.15. SEM image and EDS mapping of the HCl-treated TiO2 coating deposited over a soda-

lime glass. 
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Figure 5.15 shows a SEM image and several EDS maps corresponding to the TiO2 

coating treated with HCl. The EDS mapping was carried out for silicon, sodium and 

titanium elements. As observed in the EDS mapping for sodium, this is well 

distributed in the entire surface of the sample. Taking into account the characteristics 

of the electron beam of the SEM technique, it can be said that the sodium present in 

this sample does not correspond to the NaCl particles present over the as-prepared 

self-cleaning glass, but to the soda-lime glass used as substrate. In addition, this 

hypothesis was confirmed by the absence of chlorine in the EDS spectrum of this 

sample (the chlorine peak is well observed in EDS of the as-prepared TiO2 self-

cleaning glass, as shown in Figure 5.10).   

 

Figure 5.16 shows the SEM image and the EDS maps corresponding to silicon, 

sodium and titanium elements of the TiO2 coating treated with deionized water. Also 

in this case, no trace of chlorine (from NaCl) were found. So, in this sample the 

presence of sodium was also attributed to the soda-lime glass substrate.  

 

The previous results indicated that environmental benefits in the production process 

of self-cleaning glasses from commercial coating suspensions can be obtained if the 

activity of residues-containing TiO2 coatings can be enhanced just by water 

treatments. For example, it was seen that the treatment of the as-prepared TiO2 

coating with deionized water promotes the degradation of ∼ 95% of the initial 

deposited SA.  This value is very high compared with that of ∼ 18% of the as-

prepared coating. Then, although the hydrochloric acid-treated coating shows a better 

activity, the TiO2 coatings prepared from this nano-dispersion do not have to be 
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necessary treated with acids to improve their efficiency, avoiding the generation of 

harmful residues. In this way, not only environmental but also economic benefits can 

be obtained with this method, since current TiO2 nano-dispersions producers have 

not to modify completely their suspension formulas, compromising the stability of 

the dispersions, but just make a water treatment after the coating is deposited.  

 

 
Figure 5.16. SEM image and EDS mapping of the TiO2 coating deposited over a soda-lime glass and 

treated with deionized water. 
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CHAPTER 6 

LIMITATIONS ASSOCIATED WITH THE UTILIZATION OF TiO2 SELF-

CLEANING COATINGS AT REAL CONDITIONS 

 

 

 

In this Chapter, the results and discussions regards the limitations associated with the 

utilization of TiO2 self-cleaning coatings at real conditions are presented. As stated 

in Chapter 2, some of these limitations include: 

 

• Weathering 

• The changes in the PCA associated to the relative humidity 

• The changes in the PCA associated to the substrate temperature 

 

6.1. Weathering 

 

The effects of weathering on the durability and PCA of TiO2 coatings was evaluated 

for three different morphologies: nanoparticled, mesoporous and non-porous 

coatings. The nanoparticled coatings were obtained from the commercial nano-

dispersion, while the mesoporous and non-porous coatings were synthetized. Since 

during the experiments it was observed that the durability of coatings the were very 
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different from each, the treatments were carried out for 19 h for the nanoparticled 

coating and for 7 days for the mesoporous and non-porous coatings. Thus, 

comparisons were made only for these two latter coatings.  

 

6.1.1. Nanoparticled coating 

 

Table 6.1 describes the model solutions used to simulate weathering phenomena; the 

TiO2 released after each treatment and the rates of stearic acid destruction for the 

nanoparticled TiO2 coatings. On the other hand, Figure 6.1 shows the SEM 

micrographies of the nanoparticled coatings treated as described in Table 6.1.  

 

Table 6.1. Chemical treatments of the nanoparticled TiO2 to simulate some common house hold 

conditions. 

Treatment Objective TiO2 released, % kobs, min-1 

Boiling water Aging test N.D. 0.010 ± 0.004 
Deionized water Resistance to washing N.D. 0.012 ± 0.001 

Acid rain Resistance in places with acid rain 6.87 ± 0.75 0.004 ± 0.001 
Isopropanol 5% Resistance to glass cleaning agents N.D. 0.042 ± 0.004 

Detergent solution Resistance to all-purpose cleaning agents - 0.009 ± 0.002 
N.D. = Not detected (lower than the instrument’s detection limit). kobs= Pseudo-first order rate 

constant as expressed in Equation  4.1 (Chapter 4, Section 4.1.6). 

 

From Figure 6.1, it can be observed that the morphology of the coatings does not 

change significantly after weathering. The only exception is the sample treated with 

acid rain. 
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Figure 6.1. SEM micrographies of the nanoparticled TiO2 self-cleaning glasses: (a) As-prepared; (b) 

Boiling water; (c) Deionized water; (d) Acid rain and (e) Isopropanol 5% (glass cleaner solution). 

 

Figure 6.2 shows the SA degradation using the nanoparticled coatings treated as 

described in Table 6.1. 

a) b) 

c) d) 

e) 
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Figure 6.2. Overall photo-degradation of organic compounds deposited over the treated TiO2 films. 

 

From Table 6.1 and the photo-degradation curves of Figure 6.2, it can be observed 

that the nanoparticled TiO2 coatings possess a good chemical resistance, since there 

is no apparent loss of activity due to the release of TiO2 nanoparticles. Indeed, if 

compared with the initial efficiency of the as-prepared TiO2 coating (black curve), a 

100% of stearic acid degradation is reached in almost all cases. From Table 6.1, the 

best photocatalytic rate is obtained when the coating is treated with the isopropanol 

solution. Other good and very similar rates are obtained when the coating is treated 

with water, boiling water and the detergent solution. As shown in Figure 6.2 and 

Table 6.1, the coating treated with the acid rain has the lowest degradation rate and 

stops its PCA after 380 min of UV irradiation, very likely due to the formation of 

reaction intermediates [1], although in the FTIR spectra (from which the photo-

degradation activity was determined) were not detected. 
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Figure 6.3 shows the FTIR spectra of the as-prepared and treated TiO2 coatings. All 

the samples present the O-H stretching band between 3000-3600 cm-1 and some very 

small peaks between 2800-3000 cm-1. These bands were attributed to the aliphatic C-

H stretching vibration mode of the diethylene glycol present in the commercial nano-

dispersion [2]. The darkest spectrum, corresponding to the as-prepared coating, 

shows the biggest O-H peak, and this was attributed to both the OH groups from the 

ethylene glycol and the adsorbed water, while the chemical-treated TiO2 coating 

present OH bands with minor intensity. Then, the increase in the activity was related 

to an adequate grade of hydroxylation of the coatings, since, as will be explained in 

Section 6.2 (Humidity), depending on the hydroxylation level, the adsorbed 

hydroxyl groups on the TiO2 surface can both promote or inhibit the photocatalytic 

activity.  

 

 

Figure 6.3. FTIR spectra of the as-prepared and TiO2 films treated with the chemical solutions. 
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6.1.2. Mesoporous and non-porous TiO2 coatings 

 

6.1.2.1. Characterization 

 

6.1.2.1.1. X-ray diffraction 

 

 

Figure 6.4. X-ray patterns of the mesoporous TiO2 films before and after the chemical treatments. 

 

Figure 6.5. X-ray patterns of the non-porous TiO2 films before and after the chemical treatments. 

 

Figure 6.4 and Figure 6.5 show the X-ray diffraction patterns of the mesoporous 

and non-porous (also named dense through this work) TiO2 coatings deposited over 
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silicon substrates, before and after weathering. From the bottom of Figures 6.4 and 

Figure 6.5 it is observed that both as-prepared samples present the TiO2 anatase 

phase. In Figure 6.4 it is observed that the treatment with a detergent solution 

promotes a strong dissolution of the TiO2 coatings, since no anatase phase peaks 

were detected by X-ray diffraction; only the peak of the silicon from the substrate is 

visible. This effect was also confirmed visually, since only the edges of the film 

remained after the treatment. On the other hand, Figure 6.5 shows that after the 

domestic weathering of non-porous TiO2 coatings, anatase phase peaks still remain 

present in the samples (25-26° main peak).  

 

6.1.2.1.2. Scanning electron microscopy 

 

Figure 6.6 shows the field emission-SEM images of the as-prepared mesoporous and 

non-porous TiO2 coatings.  

 

Thickness is about 121 nm and 117 nm, respectively. Top of Figure 6.6 confirms the 

porous structure of the mesoporous sample, having pores of about 10 nm of 

diameter. On the other hand, from the bottom of Figure 6.6, it is observed that non-

porous TiO2 coating is formed by a continuous surface of agglomerated TiO2 

nanoparticles of about 21 nm of diameter. 
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Figure 6.6. Field emission-SEM images of the as-prepared mesoporous (top) and non-porous TiO2 

(bottom) coatings. 

 

6.1.2.1.3. Atomic force microscopy 

 

Figure 6.7 and Figure 6.8 show the AFM 2D images of the as-prepared and treated 

mesoporous and non-porous TiO2 coatings, respectively. From both figures it can be 

observed that the treatment with detergent (Figures 5.7e and 5.8e) is the most 

aggressive one, since both the mesoporous and non-porous coatings present a 

damaged morphology. Another treatment that seems to modify the morphology is 

that made with boiling water (ageing test, Figures 5.7f and 5.8f). 
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Figure 6.7. AFM 2D images of the a) As-prepared; b) water-treated; c) acid rain-treated; d) glass-

cleaner treated; e) detergent-treated and f) boiling water-treated mesoporous TiO2 films. 
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Figure 6.8. AFM 2D images of the a) As-prepared; b) water-treated; c) acid rain-treated; d) glass-

cleaner treated; e) detergent-treated and f)boiling water-treated non-porous TiO2 films. 

 

Some properties such as the AFM roughness, the band gap energy (Eg), the water 

contact angle (WCA) and the scratch critical loads of the mesoporous and non-

porous samples are presented in Table 6.2. 
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Table 6.2. Properties of the as-prepared and treated non-porous (dense) and mesoporous TiO2 films. 

Treatment Roughness (nm) Eg (eV) WCAi (°) Critical load (mN) 
Dense Mesoporous Dense Mesoporous Dense Mesoporous Dense Mesoporous 

As-prepared 1.02 0.88 3.35 3.18 30.8 ± 1.4 33.5 ± 2.9 112.3 ± 1.5 137.2 ± 2.2 
Water 0.65 0.77 3.22 3.22 34.2 ± 1.5 28.8 ± 1.6 111.8 ± 1.6 136.3 ± 3.2 

Acid rain 0.91 0.93 3.23 3.22, 3.25 50.1 ± 3.9 33.1 ± 2.5 112.5 ± 1.9 128.2 ± 9.6 
Glass cleaner 0.72 0.89 3.22 3.16, 3.25 54.7 ± 0.9 41.9 ± 1.4 115.1 ± 3.9 141.5 ± 6.6 

Detergent 0.68 0.96 3.76 3.22 31.4 ± 2.5 17.3 ± 4.2 117.5 ±1.3 138.1 ± 5.8 
Ageing test 0.76 0.81 3.22 3.21 54.5 ± 1.6 35.4 ± 2.1 115.5 ± 0.7 131.4± 0.8 

 

6.1.2.1.4. Band gap energy 

 

The Eg values for all samples were calculated from the UV–Vis spectra using the 

Equation 6.1: 

 

 α(hν) = A(hν−Eg)m/2              [6.1]  

 

where α is the absorption coefficient, hν is the photon energy, A is a constant; and 

m = 1 represents a direct transition between the valence band and conduction band 

[3-5].   

 

Table 6.2 shows that the Eg values do not change after the treatments of the coatings 

and are in well agreement with that commonly reported for TiO2 (3.2 eV [3, 5, 6]) 

except in the case of the non-porous coating treated with the detergent solution.  

 

6.1.2.1.5. Initial water contact angle (WCAi) 

 

The photocatalysis and the hydrophilicity of TiO2 are two different processes that 

promote the overall self-cleaning property of TiO2. It means that in order to have an 
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efficient self-cleaning performance, is not only necessary that TiO2 shows good 

photo-oxidation performance, but also high hydrophilicity. This later property 

permits the wash out of dust and organic contaminants from the TiO2 surface when 

raining [7] and it’s commonly evaluated by the WCA of the TiO2 samples.  

 

In this work, the effect of domestic weathering on the WCAi (initial water contact 

angle) was evaluated and results are reported in Table 6.2. Generally speaking, 

domestic weathering changes hydrophilicity of the original as-prepared coatings. 

These changes will be discussed and correlated to the self-cleaning performance in 

Section 6.1.2.3. In addition, mesoporous treated coatings show minor WCAi values 

that the non-porous samples.  

 

6.1.2.1.6. Adhesion 

 

From Table 6.2, it is observed that the critical load (i.e., the load at which the film is 

detached from the Si substrate) for the as-prepared mesoporous coating is higher than 

that of the as-prepared non-porous one. However, critical loads of the treated non-

porous coatings suggest that the adhesion does not change significantly after 

domestic weathering. Instead, non-porous samples treated with the glass-cleaner and 

detergent solutions, besides that subjected to the ageing test, present a slightly higher 

critical load. On the other hand, domestic weathering seems to have a negative 

influence on the adhesion of mesoporous coatings, especially on those treated with 

the acid rain and subjected to the ageing test. Although from visual inspection and 

XRD results it was confirmed that the detergent solution is an “aggressive” treatment 
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for the mesoporous coatings, the edges of the remaining coatings showed a critical 

load similar to that of the as-prepared coating, although the error is bigger compared 

to this later. Also in this case, a slightly higher critical load than that of the 

mesoporous as-prepared coatings was obtained for the mesoporous glass cleaner-

treated sample. 

 

6.1.2.2. TiO2 release 

 

The release of TiO2 nanoparticles after domestic weathering was evaluated by ICP 

and results are shown in Table 6.3, which reports the percentage of the TiO2 released 

after domestic weathering. It can be observed that the treatments that cause the 

highest release in both samples are the detergent and acid rain treatments, the 

detergent treatment being in both cases the most aggressive one. From these results it 

was confirmed that non-porous TiO2 coatings resist domestic weathering better than 

the mesoporous coatings. Indeed, the TiO2 releases from the mesoporous samples are 

the highest from all the samples set. 

 

Table 6.3. Percentage of the original deposited TiO2 released after domestic weathering determined 

by ICP analysis. 

Treatment TiO2 released (%) 
Non-porous Mesoporous 

Water 3.7 11.1 
Acid rain 9.5 50.0 

Glass-cleaner 3.3 12.5 
Detergent 13.3 90.0 

Ageing test 3.4 11.1 
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6.1.2.3. Photocatalytic activity 

 

6.1.2.3.1. Mesoporous TiO2 coating 

 

 

Figure 6.9. Photocatalytic efficiency of the mesoporous TiO2 film before and after the chemical 

treatments. 

 

Figure 6.9 shows the photocatalytic degradation curves of the as-prepared and 

subjected-to-weathering mesoporous TiO2 coatings. It is observed that the as-

prepared coating reaches total degradation of SA in 240 min of UV irradiation and 

the mesoporous water-treated coating shows the best performance, reaching total 

degradation in 90 min. The photocatalytic performance tendency for the mesoporous 

treated coatings is as follow: water-treated > as-prepared > ageing-treated > acid 

rain-treated > detergent-treated > glass cleaner-treated. Figure 6.10 shows the SA 

initial degradation rates (ri) calculated from the absorption band of the C-H bond in 

the FTIR spectra acquired during degradation. From this plot, it can be observed that 
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the mesoporous as-prepared film has the lowest ri when compared with the treated 

films. 

 

Figure 6.10. Initial degradation rates of the as-prepared and treated mesoporous TiO2 coatings. 

 

As it was mentioned, mesoporous water-treated film shows the best performance of 

the entire mesoporous sample set (Figure 6.9). The increased activity of this sample 

is very likely correlated to the high hydration grade of the film after the treatment. 

Since no additional components are added during the treatment, the TiO2film just 

interacts with water, becoming hydrated. This hydrated state could promote a major 

availability of OH- groups and thus a major availability of OH• for photo-oxidation. 

Since the WCAi of this sample is lower than that of the as-prepared sample (Table 

6.2), the self-cleaning performance of this sample can be further enhanced, since 

organic contaminants would easily washed out from the photocatalytic surface when 

raining. Furthermore, the water treatment for 7 days promotes the lowest TiO2 

release.  
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Although acid-treated mesoporous film releases about 50% of the original deposited 

TiO2 (see Table 6.3), it shows the second better photocatalytic performance (Figure 

6.9) and the highest ri (Figure 6.10) of the sample set. It has been previously 

reported that treatments of mesoporous TiO2 films (deposited over soda-lime glasses 

and fused quartz) with H2SO4 enhances their photocatalytic activity due to the 

reduction of sodium contamination -from glass substrates- and increase in the 

adsorbed hydroxyl content on the TiO2 surface [8]. Since in this work there is no 

sodium contamination from substrates, the enhanced photocatalytic activity is due to 

increase in the adsorbed hydroxyl content. Furthermore, although a high roughness 

value is not always directly correlated with a high surface area [9], this characteristic 

could help to the promotion of a better PCA than in the mesoporous as-prepared film 

(0.93 and 0.88 nm, respectively, see Table 6.2). 

 

The aged mesoporous sample shows almost a similar performance that the acid rain-

treated sample (Figure 6.9). Indeed, it presents also a high ri as observed in Figure 

6.10. The performance of this sample was also correlated to the hydration of the film, 

although it was made in “more aggressive” conditions (100°C) than the simple 

water-treated sample (37°C) and also for less time (1 hour instead 7 days). The acid 

rain-treated and the aged samples are hydrophilic as the as-prepared mesoporous 

sample (Table 6.2). 

 

From Figure 6.9, it is clear that the cleaning agents have the more negative effect on 

the PCA of mesoporous TiO2 coatings. In the case of the glass cleaner treatment, the 

absence of activity of the films was attributed more to chemical deactivation instead 
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TiO2 releases, since no meaningful losses of TiO2 were detected after the treatment 

(Table 6.3). Several authors have reported that gaseous isopropyl alcohol (IPA, the 

main component of the glass cleaner solution) on TiO2 at 300 K leads to the 

formation of three surface species: (i) strongly bonded non-dissociated IPA species 

on Ti+δ sites; (ii) strongly dissociated adsorbed IPA according to the following 

reaction: 

 

             [6.2] 

 

where S(1) and S(2) represent two different adsorption sites and (iii) weakly hydrogen-

bonded IPA species on Ti+
δsites [10].  

 

In this work, the inactivation of the coating was correlated with the irreversible 

adsorption of IPA over the TiO2 active sites, impeding the interaction of SA with the 

TiO2 surface, although from the IR spectrum of the as-prepared film did not revealed 

the presence of these chemical species. However, some indication of the adsorption 

of non-polar species on the TiO2 surface was revealed through the increase in the 

WCAi after the treatment (See Table 6.2). Since IPA degradation over TiO2 has been 

reported [11], probably this film must be first treated with UV irradiation to free the 

TiO2 active sites that were already occupied by the IPA species. This pre-irradiation 

treatment was not made in this work because the objective of this investigation was 
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to evaluate the effect of domestic weathering of TiO2 films and its effect on the PCA, 

and not to avoid domestic weathering.  

 

The mesoporous detergent-treated coating, as observed in Table 6.3, losses the 90% 

of the original deposited TiO2 but it still shows little activity (Figure 6.9) and even a 

better ri (Figure 6.10) than the as-prepared coating during the first 90 min of UV 

illumination. After this time, it shows no activity. This phenomenon was correlated 

to the low TiO2 content. The slightly higher ri of this sample when compared with 

that of the as-prepared coating was attributed to its partial hydration after the 

treatment (detergent aqueous solution), since the as-prepared sample is never in 

contact with any type of aqueous solution. 

 

6.1.2.3.2. Non-porous TiO2 coating 

 

Figure 6.11 shows the photo-degradation curves of SA deposited over the as-

prepared non-porous TiO2 coating and those subjected to weathering. 

 

As observed in Figure 6.11, the as-prepared non-porous TiO2 coating presents the 

lowest photocatalytic activity compared with all the non-porous-treated coatings and 

with the mesoporous as-prepared sample (Figure 6.9). Figure 6.12 presents the SA 

initial degradation rates of the non-porous sample set. 
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Figure 6.11. Photocatalytic efficiency of the non-porous TiO2 film before and after the chemical 

treatments. 

 

 

Figure 6.12. Initial degradation rates of the as-prepared and treated non-porous TiO2 coatings. 

 

Aged and acid rain-treated samples present the best (and very similar) photocatalytic 

performance. The slightly lower ri of the acid rain sample (Figure 6.12) was 

correlated to its major release of TiO2 (Table 6.23) and consequently, the minor 

availability of active sites for photocatalysis. As in the mesoporous sample set, the 
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best performance of the aged and acid rain samples was attributed to the increase in 

the OH- population. The higher WCAi could promote the adhesion of SA but could 

also difficult the wash off of dust or organic contaminants deposited over the TiO2 

surface. 

 

Water-treated sample shows the second best performance of the non-porous sample 

set, reaching almost complete degradation at 480 min of UV irradiation. The fact that 

the this sample shows a slower degradation of SA than the other sample that was 

treated with water (i.e., the aged sample, treated with deionized water at 100 °C for 

1h) was attributed to its relatively lower roughness (0.65 nm, Table 6.2) and hence, 

probably to a lower surface area than that of the aged sample (roughness = 0.76 nm, 

Table 6.2). Furthermore, water-treated film was subjected to the treatment for 7 

days, having enough time to become saturated of OH- groups. It has been reported 

that OH- saturation promotes deceleration of degradation and even catalyst inhibition 

[12, 13]. A consequence of this saturated state was observed in the lower WCAi of 

this sample when compared with those of the acid rain-treated and aged samples. 

 

Also in this case, both the cleaning agents have a negative effect in the PCA of the 

non-porous TiO2 coatings, although they degrade SA in a major grade that in the case 

of the mesoporous sample (Figure 6.9). Furthermore, the glass cleaner treatment 

presents the lowest ri (Figure 6.12), probably due to the partial inactivation of the 

film, since low TiO2 releases (compared with the detergent-treated sample) were 

measured (Table 6.3). This sample also presents the highest WCAi, confirming the 

hypothesis that non-polar specie is adsorbed on the surface of the film. 
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6.2. Relative Humidity 

 

In this research, the effect of humidity on the PCA of nanoparticled TiO2 films was 

evaluated using stearic acid. Since humidity strongly influences the adsorption of 

pollutants on the TiO2 surface, the film was pre-conditioned at the target humidity 

prior SA deposition.  Although some groups have studied the influence humidity on 

the photocatalytic decomposition of solid SA over TiO2 films [14-16] they do not 

specifies if the a pre-conditioning process of the film at a specific humidity level was 

carried out before SA deposition, so, the effect of humidity in a adsorption process of 

a solid pollutant over TiO2 has not been fully studied d. 

 

6.2.1. Nanoparticled self-cleaning glass 

 

6.2.1.1. Characterization 

 

XRD, SEM and FTIR characterization of the nanoparticled self-cleaning glass has 

been already presented in Section 5.2 (Chapter 5) and Section 6.1.1. 

 

6.2.1.2. Photocatalytic activity 

 

Figure 6.13 displays the photo-degradation curves of SA deposited over TiO2 

nanoparticled self-cleaning glasses at 33%, 63% and 75% relative humidities, 
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
d NOTE: Due to instrumental limitations, the nanoparticled self-cleaning glass was tested at only 
three humidity values, while the mesoporous and non-porous coatings were tested at four humidity 
levels. Moreover, tests were carried out in different institutions and therefore, comparisons are made 
only between the mesoporous and non-porous TiO2 coatings. 
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irradiated at 365 nm at room temperature and controlled humidity.  Table 6.4 shows 

the changes in the kinetic constant when the humidity value is varied. 

 

 

Figure 6.13. Photo-degradation curves of SA deposited over TiO2 coatings pre-treated at 33, 63 and 

75 % RH and irradiated at 365 nm. The photocatalytic tests were carried at controlled humidity and 

room temperature (20 °C). 

 

Table 6.4. Rates of stearic acid destruction over nanoparticled TiO2 film under common outdoor and 

indoor humidity values (Troom = 20 °C). 

Humidity effect at Troom (20°C) 
R.H., % kobs, min-1 

33 0.003 ± 0.002 
63 0.001 ± 0.0007 
75 0.0008 ± 0.0004 

 

From Figure 6.13 it can be observed that humidity has a strong influence in the PCA 

of the coated glasses, although the best photodegradation rate (or highest kinetic 

constant) at low humidity is slightly higher than the lowest photodegradation rates at 

medium and high humidity values (Table 6.4). From Figure 6.13 it is clear that low 
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humidity values promote an increase in the photodegradation rate. This can be 

explained by the film morphology and the humidification procedure used in this 

work. Figure 6.14 shows a SEM micrography of the nanoparticled TiO2 self-

cleaning glass.  

 

Figure 6.14. SEM micrography of the nanoparticled TiO2 self-cleaning glass. 

 

We can see that, although the nanoparticles form aggregates of 500-800 nm of 

diameter, these aggregates provide a big surface area of the film, that’s it, a high 

availability of Ti4+ sites where big water quantities can be adsorbed [12, 15, 17].  

This characteristic should conduct to an increase of the PCA when humidity rises. 

However, at the same time, it has been reported that increasing humidity levels 

usually decrease the PCA due to competition between water and the organic 

pollutant for the active sites [12, 13]. Then, since in this work the film was exposed 

to humidity for 12h before the deposition of SA, the adsorbed water could hindered 

the access of SA to the adsorption sites [12] and therefore, inhibit the PCA. 
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6.2.2. Mesoporous and non-porous coatings 

 

6.2.2.1. Characterization 

 

Figure 6.15 shows the XRD patterns of the TiO2 coatings. TiO2 anatase phase was 

identified in both samples. In addition, the diffraction peaks corresponding to silicon 

and silicon oxide from the substrate are visible in the non-porous sample. 

 

 

Figure 6.15. XRD patterns of the mesoporous and non-porous TiO2 coatings. 

 

Figure 6.16 shows the FTIR spectra of the mesoporous and non-porous 

TiO2coatings. Both samples presented two absorption bands at about 433 and 636 

cm-1. It has been reported that absorption bands between 550-650 cm-1 and 435-535 

cm-1 in the FITR spectra of TiO2 correspond to the stretching vibrations of the Ti-O 

and Ti-O-Ti bonds, respectively [18]. In the mesoporous sample, the broad and 

slightly flat absorption band in the wavelength range from 700 to 460 cm-1 should be 

due to the quantum effect of the nanoparticle size, that is, the fine structure of the 
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infrared absorption band disappears [19]. The bands located around 2846-2914 cm-1 

and 1118 cm-1 in the non-porous IR spectrum were respectively attributed to C-H and 

C-O-C bonds, probably from residual organic matter due to the incomplete 

calcination of the carbonaceous organic precursor.    

 

 

Figure 6.16. FTIR spectra of the mesoporousand non-porousTiO2 coatings. 

 

The band gap energy values for both samples were calculated from the UV–Vis data 

using Equation 6.1 [3, 4]. The calculated Eg values for the mesoporous and non-

porous TiO2 coatings were 3.18 and 3.35 eV, respectively.  The Eg value for the 

mesoporous coating is in well agreement with that commonly reported for TiO2 (3.2 

eV [6]). On the other hand, the non-porous TiO2 coating presents a higher Eg value 

than mesoporous TiO2, indicating that it has to be irradiated with UV light of shorter 

wavelength to show its better photocatalytic performance. 

 

Figure 6.17 presents the AFM 3D images of the mesoporous and non-porous 

coatings. From this figure, it can be observed that the non-porous sample is rougher 
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than the mesoporous one. Indeed, roughness values were 0.875 and 1.02 nm, 

respectively. Qualitatively, one could expect that a porous surface has larger 

roughness than a non-porous surface, and consequently, larger surface area. 

However, it has been previously reported that these two properties are not clearly 

correlated because the relative amplitude and frequency of the asperities of the 

surfaces play a key role in the final material morphology [9]. Therefore, from the 

results of AFM roughness, it was found that roughness measurements were not 

indicative of the degree of surface area, since it is expected that the mesoporous 

sample will show higher surface area than the non-porous sample due to the presence 

of the pores observed in the top of Figure 6.6 (field-emission SEM micrographies of 

these coatings were shown in Section 6.1.2.1.2.).  

 

Figure 6.17. AFM 3D images of the mesoporous (left) and non porous (right) TiO2 coatings. 

 

6.2.2.2. Photocatalytic activity 

 

Figure 6.18 shows the photodegradation curves of SA deposited over the 

mesoporous TiO2 coating and irradiated with UV light at 11, 33, 53 and 75% RH. It 

is clear that as humidity increases, the activity of the mesoporous coating is not only 
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enhanced but also almost complete degradation in about 6 hours was promoted for 

humidity levels of 33 and 53% RH. Furthermore, complete degradation is reached in 

5 hours when humidity is fixed at 75% RH. This behaviour was correlated with the 

major availability of hydroxyl radicals for SA degradation as humidity increases and 

to the interconnected wormhole framework of the sample, since this structure can 

promote not only larger availability of hydroxyl radicals for degradation but also 

easier diffusion of reactants and products [8].  

 

 

Figure 6.18. Degradation of stearic acid over mesoporous TiO2 coating at different relative 

humidity values. 

 

Figure 6.19 shows the photodegradation curves of SA deposited over the non-porous 

TiO2 coating and irradiated at 11, 33, 53 and 75% RH. It is clear that this sample has 

a different general behaviour than the mesoporous one. At low humidity, the non-

porous coating presents almost null photocatalytic activity. As humidity increases to 

33% RH, photodegradation increases until it reaches complete SA degradation at 
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53% RH. Finally, at 75% RH, activity decreases and presents a similar behaviour 

than that at 33% RH. 

 

 

Figure 6.19. Degradation of stearic acid over non-porous TiO2coating a different relative humidity 

values. 

 

The behaviour of the SA photodegradation in Figure 6.19 was principally attributed 

to the degree of hydroxylation of the non-porous TiO2 surface at each humidity level. 

At low humidity levels (11% and 33% RH in Figure 6.19), there is not enough 

adsorbed hydroxyl radicals for degradation. Higher humidity values promote the 

increase in hydroxyl radicals and consequently, in the degradation of SA on the well-

hydrated TiO2 (53% RH in Figure 6.19). However, it has been widely demonstrated 

that there exists a suitable equilibrium between adsorption and consumption of 

hydroxyl radicals to keep stable photocatalytic degradation behaviour [13, 14, 17, 

20-22]. If the water vapour content in the reaction mixture is raised (as in the case of 

the 75% RH curve in Figure 6.19), such equilibrium is destroyed and the increase of 
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adsorption of water molecules on the catalyst surface decreases the overall 

degradation due to competition between the water and the pollutant molecules for the 

TiO2 adsorption sites [13, 14, 17, 20-22]. 

 

Figure 6.20 presents the initial degradation rates of SA deposited over the 

mesoporous and non-porous coatings at different humidity level.  

 

 

Figure 6.20. Initial degradation rates of stearic acid deposited over mesoporous and non-porous TiO2 

coatings at different relative humidity values. 

 

The difference in the PCA and degradation rate of the mesoporous and non-porous 

coatings when varying humidity was attributed principally to their differences in 

their microstructure. As a first consideration, the large surface area of the 

mesoporous sample (due to the presence of porous) promotes the adsorption of larger 

amount of water and hydroxyl groups compared with those adsorbed on the non-

porous sample at the same humidity value. Then, when samples are UV-irradiated, 
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the bigger quantity of adsorbed species on the mesoporous coating promotes the 

formation of a bigger quantity of hydroxyl radicals, permitting the oxidation of major 

quantity of SA in the mesoporous sample than in the non-porous sample. This 

explanation is especially true for all the humidity levels in the mesoporous sample 

(see Figure 6.18) and for humidity values of 33% and 53% RH in the non-porous 

samples (see Figure 6.19). Indeed, this can be confirmed from the SA initial 

degradation rates plotted in Figure 6.20. Moreover, as humidity increases, the larger 

amount of adsorbed water on the surface could also assist in stabilizing electron-hole 

pairs avoiding recombination [8].  

 

As observed in Figure 6.19 and Figure 6.20, further increments of humidity up to 

75% causes the decrease in activity and degradation rate for the non-porous coating. 

This behaviour was correlated to the small surface area of the non-porous sample, 

that is, the non-porous TiO2 surface is probably water-saturated at this humidity level 

and competition between SA and water molecules takes place decreasing the activity.  

 

The results resented here regards the PCA of the mesoporous TiO2 coating at low 

humidity (11% R.H.) are in well with those obtained by Sitkiewitz and Heller [15] 

and Guillard et al. [23]. These authors demonstrated that the water originally 

adsorbed over a TiO2 surface could be enough to carry out the photocatalytic 

degradation of SA even in the absence of additional quantity of water vapour 

(humidity). On the other hand, the discrepancies between the PCA at 11% RH of the 

non-porous coating considered in this work and those reported by Sitkiewitz and 

Heller and Guillard et al. clearly reflects the different behaviour induced by different 
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morphologies of the materials. However, this fact could not be confirmed since 

characteristics of the coatings in those works were not discussed in the papers.  

 

An interesting result that was observed in this work was the importance of the pre-

conditioning stage of the TiO2 coatings before the deposition of the pollutant and the 

effect of this step in the PCA at fixed humidity levels. For example, Mills and co-

workers [16] reported that the kinetics of SA photo-oxidation were largely invariant 

over the range 10-100 % RH when used Pilkington ActivTM self-cleaning glass as 

TiO2 surface. So, in this work, the differences between the results reported here and 

those reported by Mills et al. [16] were attributed to the pre-conditioning stage, since 

all the TiO2 coatings were first exposed to the target RH for at least 12 hours before 

SA deposition. This process was carried out to promote the hydration of the TiO2 

surface before contact with the pollutant, permitting to elucidate the effect of 

humidity in the whole self-cleaning process. Since no pre-conditioning stage at the 

target RH was specified in similar works, the results presented here reveal that 

humidity affects the photocatalytic activity of TiO2 coatings versus solid pollutants 

such as SA, and this influence depends not only on humidity level and the 

characteristics of the coating, but also on the hydration of the coating before the 

deposition on SA. 
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6.3. Substrate temperature 

 

This project evaluated the photocatalytic efficiency of nanoparticled, mesoporous 

and non-porous TiO2 coatings at the most common outdoor temperatures e with the 

aim to investigate the feasibility (in terms of efficiency) of using TiO2 self-cleaning 

materials in zones with very variable temperatures (from low to relatively high).  

 

6.3.1. Nanoparticled TiO2 self-cleaning glass 

 

6.3.1.1. Characterization 

 

XRD, SEM and FTIR characterization of the nanoparticled self-cleaning glass has 

been already presented in Section 5.2 (Chapter 5) and Section 6.1.1. 

 

6.3.1.2. Photocatalytic activity 

 

Figure 6.21 shows the photo-degradation curves of stearic acid deposited over the 

TiO2 coatings and irradiated at 10, 20 and 30 °C. It is clear that an increase in the 

substrate temperature greatly enhances the PCA of the TiO2 coating. Figure 6.21 

shows that the apparent reaction order for all the substrate temperatures is zero, with 

respect to the amount of stearic acid. So, in this case the rates were calculated using 

the reported concentration value of 3.17 x 1015 stearic acid molecules per cm2 per 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
e NOTE: Also in this case, some instrumental limitations with the FTIR spectrometer prevented the 
analysis of the SA degradation over the nanoparticled self-cleaning glasses when testing at 0 °C. 
Then, comparisons were made only between the mesoporous and non-porous coatings.   
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integrated absorbance unit over this range [24] (See Section 4.1.6, Chapter 4). 

Figure 6.22 presents the obtained results. It can be observed that photo-degradation 

rates at 10 and 20 °C are similar and lower than that at 30 °C. 

 

Figure 6.21. Photo-degradation curves of SA deposited over nanoparticled TiO2 coatings at 10, 20 

and 30 °C and irradiated at 365 nm. 

 

 

Figure 6.22. Rates of stearic acid destruction over nanoparticled TiO2 coatings under common 

outdoor and indoor temperature values. 
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An interesting effect of increasing the substrate temperature is that an increase in 

PCA was observed although the photocatalytic tests were carried out at room 

humidity (medium level, 63-64% RH), when it has been demonstrated that this 

humidity levels is detrimental for the PCA of the studied coatings (Section 6.2.1.2.). 

This effect was attributed to the release of water molecules from the TiO2 surface, 

enhanced by the raising temperature [22, 25].  

 

6.3.2. Mesoporous and non-porous coatings 

 

6.3.2.1. Characterization 

 

The characterization of the mesoporous and non-porous TiO2 coatings was already 

presented in Section 6.2.2.1. 

 

6.3.2.2. Photocatalytic activity 

 

Figure 6.23 shows that the mesoporous TiO2 coating is photocatalytically active at 

all the tested temperatures.  Indeed, small increments in temperature, even from 0 to 

10 °C or from 10°C to 20°C, promote an increase of the SA photodegradation of 

∼30%. Further increments in temperature until 30 °C promotes the total 

photodegradation in 6 hours of UV illumination. The performance of this sample at 

low temperatures (0-20 °C) was correlated with the sample’s structure. The 

mesoporous structure of this coating should favour not only the contact of the 

pollutant with the photocatalyst but also promote multiple reflections of the light 
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(highly scattering porous coating), resulting in an increased light adsorption [26] and 

hence increased activity. This, combined to a higher porosity (and consequently a 

higher surface area) of this coating are most probably the reasons of the high 

photocatalytic activity of this coating at low temperatures.  

 

 

Figure 6.23. Photo-degradation curves of SA deposited over the mesoporous TiO2 coating, irradiated 

with UV light (365 nm) at 0, 10, 20 and 30 °C. 

 

Figure 6.24 shows the degradation curves of the stearic acid deposited over the non-

porous TiO2 sample and irradiated with 365 nm UV light at 0, 10, 20 and 30 °C. As 

first information, from Figure 6.24 is clear that this sample is partially active at all 

the tested temperatures. PCA is limited for low temperatures (≤20 °C) and 

increments from 0 to 10 or even 20 °C causes only an increase of ∼25% of stearic 

acid degradation. In addition, photocatalytic degradation seems to stop at ∼240 min 

for the run carried out at 0 °C, at ∼180 min for the run at 10 °C, and at ∼300 min for 

the run at 20 °C. On the other hand, heating until 30 °C promotes a marked 



UNIVERSITÀ DEGLI STUDI DI MODENA E REGGIO EMILIA 
 

Study and Development of Advanced Materials for Architecture and Construction: Preparation and Characterization 
of TiO2 Coatings for Building Materials 

	
   161 

increment in the PCA of the non-porous TiO2 coating, and complete SA degradation 

is reached at 150 min of UV illumination.  

 

 

Figure 6.24. Photo-degradation curves of SA deposited over the non-porous TiO2 coating, irradiated 

with UV light (365 nm) at 0, 10, 20 and 30 °C. 

 

The effects of temperature on the PCA of the non-porous coating coating versus SA 

were attributed to limited release of the photo-generated H2O and/or reaction 

intermediates from the TiO2 surface.  It has been reported that for an efficient 

photodegradation process, the TiO2 surface must not only be able of photo-oxidize 

organic pollutants but also release the reaction products to free up active sites for 

further degradation [27]. As observed in Figure 6.24, the non-porous TiO2 coating 

degrades in some grade SA at low temperatures (0 – 20 °C). Consequently, water 

molecules are formed as one of the reaction products. Since the TiO2 surface is 

continuously UV irradiated, it becomes hydrophilic and then, water is hold on the 

photocatalyst surface. This “water-holding” condition is promoted by the low 
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temperatures at which tests were conducted, since water release from the surface by 

evaporation is impeded. In addition, some authors have reported that strong 

adsorption of reaction intermediates promotes deactivation of the TiO2 surface [23]. 

Since it is known that both water and reaction intermediates are easily released when 

increasing temperature [23, 27], the better performance of the non-porous coating 

when tested at 30 °C was correlated to this phenomena, although no traces of 

intermediates or adsorbed water were observed in the FTIR spectra.  

 

As observed in Figure 6.23 and Figure 6.24, the non-porous TiO2 coating has a 

better performance than the mesoporous one at 30 °C. This phenomenon was 

attributed to the different thermal conductivity of the samples. It is know that a thin 

coating with small grain size shows low thermal conductivity [28, 29]. So, in 

principle, both coatings (composed of small TiO2 particles) should present low 

thermal conductivities. However, it has been reported that reductions of the thermal 

conductivity of coatings are possible when increasing porosity [28]. Since in this 

work both non-porous and mesoporous TiO2 coatings have similar thicknesses (117 

and 121 nm, respectively), thermal conductivity would only depend on the 

microstructure of the samples, being smaller that corresponding to the porous 

sample. Indeed, Choi et al. [28] have reported a thermal conductivity of 0.56 W/m⋅K 

at 300K for a 250 nm thick mesoporous TiO2 thin coating deposited over a Si 

substrate, value that was almost eleven times smaller than that of their nonporous 

TiO2 coating (6.2 W/m⋅K). Based in this previous report [28], the better performance 

of the non-porous TiO2 coating at 30 °C could be attributed to the higher thermal 

conductivity than that of the mesoporous coating.  
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An alternative explanation for the better performance of the dense TiO2 coating at 30 

°C can be made considering the morphology of both coatings and the differences in 

the overall degradation process in these two samples as a consequence of their 

morphology. As demonstrated by Carretero-Genevrier et al. [30], the diffusion of 

mobile species (such as pollutants or radical species) in a Im3m mesoporous structure 

occurs not only toward the bulk of the film, but also toward its surface, by means of 

its 3D interconnected pores that are open to both the substrate and the coating-air 

interface [30]. Moreover, Carretero-Genevrier et al. also proved that there is an 

efficient photocatalytic activity (or pollutant degradation) inside the pores of a 

mesoporous film. In this work, the synthesis of the film was made with the aim to 

obtain the same cubic Im3m organization of the pores in the mesoporous TiO2 

sample.  In this case, if SA degradation on the mesoporous sample takes place inside 

the pores, water or other degradation products such as reaction intermediates are 

generated also inside the pores and consequently, they must diffuse toward the 

surface of the film to allow more SA degradation [27]. Aversely, over the dense 

TiO2, there is no diffusion of SA toward the bulk of the sample before degradation 

and both degradation and generation of products takes place at the surface of the 

coating. These phenomena are the same at all the tested temperatures and the major 

availability of active sites for degradation of the mesoporous sample with respect to 

the dense one can be easily intuited from the major PCA shown in Figure 6.23 and 

Figure 6.24 over the 0-20 °C interval and from the ri’s of both samples presented in 

Figure 6.25. In the 0-20 °C interval, the overall degradation process over the 

mesoporous sample (which includes diffusion of the pollutant, degradation and 

diffusion of products) its faster than the same process over the dense coating 
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(although in this case, there is no diffusion step). It has been suggested that water (or 

other reaction products) are easily released when increasing temperature [27, 31]. 

However, when heating until 30 °C, although the overall degradation process over 

the mesoporous sample is even faster than that at other temperatures, it is not as 

faster as the same process over the dense sample (see Figure 6.25).  

 

These results can thus be also attributed to the additional diffusion step that takes 

place over the mesoporous TiO2. When degradation takes place inside the pores, 

diffusion of products toward the surface must take place to allow more SA 

degradation. On the other hand, over the dense sample, degradation products release 

just from the surface of the coating, and this process begins to be faster at 

temperatures higher than 20 °C.  

 

 

Figure 6.25. Photocatalytic reaction rates for stearic acid over mesoporous and non-porous TiO2 

coatings. 
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CHAPTER 7 

CONCLUSIONS 

 

 

 

7.1. Conclusions 

 

In this thesis, aspects correlated with the production and application of TiO2 coatings 

for building materials (particularly, self-cleaning glasses) were investigated.  

 

Regard the issues associated with the production of such materials, from the D-

optimal experimental design there were individuated the factors that affect the 

roughness of soda-lime glasses and at what levels these factors must be kept to 

generate smooth surfaces (those that presented the better adhesion of coatings 

formed by dip coating from a commercial TiO2 nano-suspension). So, it was found 

that the treatment of the soda-lime glass surface with 96% acetic acid for 4 h 

generates a smooth surface (with Rms roughness of about 1.49 nm), and this latter 

promotes the best adhesion of the TiO2 coatings. The fact that high roughness values 

did not improve the adhesion (as it was expected) was attributed to the combination 

of high roughness and the increase of the water contact angle of the attacked 
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surfaces. This combination often results in air pockets being trapped between the 

solid and liquid, thus leading to a significant decrease in the solid-liquid adhesion. 

 

In addition to the enhancement of the adhesion between TiO2 coatings and the glass 

substrate, the pre-treatment of the glass with acetic acid also lead to the reduction of 

sodium ion from the surface. This side effect can thus low the risk of diffusion of this 

ion from the glass to the coating, phenomenon that has been proved to affect 

negatively the PCA of the final self-cleaning glasses.  

 

The last issue correlated with the production of self-cleaning glasses was the effect 

of residues from the photocatalyst synthesis (from the industrial synthesis). It was 

observed that NaCl residues deposited together with the TiO2 coating from the 

commercial PARNASOS nano-dispersion and their presence compromises the PCA. 

Treatment of the self-cleaning glasses with an acid solution increases the activity and 

the stearic acid (SA) initial degradation rate (ri). On the other hand, a good activity 

and degradation rate were also obtained when the self-cleaning glasses were treated 

only with deionized water. This characteristic could carry environmental benefits in 

the TiO2 materials production process, since no acid residues will be generated and 

disposed to the environment.    

 

In the second part of this research, the limitations associated to the application of 

TiO2 coatings at real conditions were investigated.  
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From the weathering study, it was found that the nanoparticled (commercial) coating 

has lower chemical resistance than the mesoporous and non-porous coatings.  

 

Individually, the nanoparticled TiO2 coating has good chemical resistance to 

common household factors like cleaning agents or rain. Furthermore, an increase in 

PCA was observed after the film was treated with the model solutions, due to 

hydroxylation of the TiO2 surface. Only the treatment with acid rain seemed to 

promote the poisoning of the film after 380 min of UV irradiation, although the FTIR 

spectra does not shown the presence of any intermediate, and the activity of this 

sample was better than that of the as-prepared one. Meanwhile, the mesoporous 

coating presented better activities and higher ri’s than the non-porous ones when 

subjected to domestic weathering. The characteristic structure of the mesoporous 

coating (that favours the adsorption of the pollutant and its contact with the 

photocatalyst) combined to its higher porosity, are most probably the reasons of their 

superior PCA. On the other hand, domestic weathering has a stronger effect over 

mesoporous TiO2 coatings. Indeed, mesoporous samples treated with the glass 

cleaner and detergent solutions shown null or limited activity. Furthermore, in the 

case of the detergent treatment, the mesoporous coating was almost completely 

detached from the silicon substrate. Contrary, the non-porous coating seem to be less 

affected by domestic weathering, instead, weathering promotes an increase of ri in 

almost all the cases. Regard nanoparticles release, the treatments that cause the 

highest TiO2 releases in both samples are the acid rain and the detergent treatments. 

In both cases, the detergent treatment was the most aggressive one.  
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A variable that strongly affect the PCA of self-cleaning materials during their life 

cycle is the relative humidity. In this work, it was found that humidity has a strong 

influence in the PCA of nanoparticled TiO2 self-cleaning glasses and that better 

activities are obtained at low humidity levels (33% R.H.).  

 

The mesoporous TiO2 coating is photocatalytically active at all the tested R.H. levels 

(11, 33, 53 and 75% R.H.) and both activity and SA ri increases as humidity rises. 

On the other hand, the non-porous coating shows almost no activity at the lower RH 

level tested (11% R.H.), and its PCA and ri are enhanced when RH is increased up to 

53%, for then decreasing again when RH is fixed at 75%. These behaviours were 

correlated to the differences in surface area between the mesoporous and non-porous 

samples and to the water competition phenomena. The results obtained here 

suggested that humidity affects the PCA of TiO2 coatings versus solid pollutants 

such as SA, and that its influence depends not only on humidity level and the 

characteristics of the coating, but also on the hydration of the coating before stearic 

acid deposition.  

 

Finally, the effect of the substrate temperature over the PCA of all the TiO2 coatings 

was investigated. From the obtained results, it was found that the substrate 

temperature influences greatly the activity of nanoparticled TiO2 self-cleaning 

glasses, and increasing temperature leads to the desorption of water from TiO2 

surface with a consequent improvement of the PCA. On the other hand, both non-

porous and mesoporous TiO2 coatings are photocatalytically active at all the tested 

temperatures (0, 10, 20 and 30 °C). The non-porous coating is only partially active 
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when tested at 0, 10 and 20 °C while the mesoporous coating showed higher activity 

at the same temperatures. The better performance of this latter sample at low 

temperatures (0-20 °C) was correlated with its mesoporous structure that should 

favour the contact of the pollutant with the photocatalyst and higher light adsorption. 

An interesting effect when increasing substrate temperature up to 30°C was observed 

for the non-porous coating. At that temperature, it showed better PCA than that of 

the mesoporous sample at the same condition. The better performance of the non-

porous TiO2 coating at 30 °C was attributed to the higher thermal conductivity than 

that of the mesoporous one.  

 

 

7.2. Some tips for application of TiO2 coatings in the building industry 

 

Based in the obtained results, it was concluded that nanoparticled TiO2 self-cleaning 

glasses can be applied in houses without risk of looses of efficiency due to 

weathering from common cleaning agents or atmospheric factors like rain or acid 

rain. Non-porous TiO2 coatings can be applied in domestic environments with few 

risk of release of nanoparticles although with a low photocatalytic activity, while 

highly active mesoporous TiO2 coatings cannot be exposed to environments in which 

domestic cleaning agents are commonly used. These coatings do not only loose the 

self-cleaning properties but also release nanoparticles to the environment. 

Furthermore, although acid rain promotes an increase in the initial SA degradation, 

long exposures (of 7 days or more) of mesoporous coatings to this environment 

promote the release of TiO2 nanoparticles. 
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It is also suggested that nanoparticled TiO2 self-cleaning glasses are appropriate for 

their commercialization in dry and hot geographic zones. Self-cleaning building 

materials composed by non-porous TiO2 coatings are appropriate for geographical 

zones with medium humidity levels (53% RH) and relatively high temperature 

values (30 °C). On the other hand, self-cleaning materials based in mesoporous TiO2 

coatings can be applied and commercialized in zones with both variable humidity 

(from 11 to 75%) and temperature (from 0 to 30 °C). The best performance of 

mesoporous-based materials could be reached in environments characterized by 

humidity values ranging from 33 to 75 % and temperature values between 20 – 30 

°C. 
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APPENDIX A 

PHOTOCATALYTIC EFFICIENCY PLOTS 

 

 

 

The photo-degradation of stearic acid (SA) - used as model pollutant - was followed 

monitoring the disappearance of the vibrational bands between 2700-3000 cm-1 in 

the FTIR spectra. These bands correspond to the aliphatic C-H stretching modes of 

the SA molecules.  Figure A.1 shows an example of the FTIR spectra of the stearic 

acid (SA) deposited over a mesoporous TiO2 coating and irradiated with UV light 

(365 nm) at 30 °C and R.H.room (63%) for 360 min. 

 

 

Figure A.1. FTIR spectra of the SA deposited over a mesoporous TiO2 coating and irradiated with 

UV light at 30 °C and R.H.room. 
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The photocatalytic efficiency plots were obtained by integrating the area under the 

C-H peaks, using the software OPUS 6.0 from Bruker. Figure A.2 shows the 2800-

3000 cm-1 section of the FTIR spectra presented in Figure A.1. 

 

 

Figure A.2. 2700-3000 cm-1 section of the FTIR spectra shown in Figure A.1. 

 

After integrating the area of the C-H peaks, the concentration of the SA at each time 

was determined applying the reported concentration value of 3.17 x 1015 stearic acid 

molecules per cm2 per integrated absorbance unit over the 2700-3000 cm-1 interval in 

the FTIR spectrum [1].  

 

With the aim to facilitate the comparisons between different samples, the SA 

concentration was expressed as percentage (%) in the photocatalytic efficiency plots.  

Table A.2 presents the integrated area and concentration of stearic acid at each time 

and Figure A.3 shows the final photocatalytic efficiency plot made from data of 

Table A.1. All the photocatalytic efficiency plots reported in this thesis were made 

using the same procedure.  
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Table A.1. Integrated area and SA concentration. 

Time 
(min) 

Area  
2700-3000 cm-1 

SA  
molecules/cm2 

SA 
% 

0 8.6109 2.73 × 1016 100.00 
20 6.7554 2.14 × 1016 78.39 
40 5.2519 1.66 × 1016 60.81 
60 4.1794 1.32 × 1016 48.35 
90 3.0631 9.71 × 1015 35.57 

120 2.5186 7.98 × 1015 29.23 
150 2.4094 7.64 × 1015 27.99 
180 2.0286 6.43 × 1015 23.55 
240 1.8555 5.88 × 1015 21.54 
300 1.6841 5.34 × 1015 19.56 
360 0.0017 5.39 × 1012 0.002 

 

 

Figure A.3. Photocatalytic efficiency plot of a mesoporous TiO2 coating tested at 30 °C and R.H.room 
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APPENDIX B 

DETERMINATION OF INITIAL DEGRADATION RATES 

 

 

 

Depending of the trends in SA photodegradation observed in the different processes 

evaluated in this work, the kinetic modelling was obtained using two methods:  

 

(i) Calculation of the degradation rate through the slope of the plot SA concentration 

vs. time or  

 

(ii) Using the pseudo first order kinetic equation proposed by Sawunyama et al., 

1997. 

 

As stated in Chapter 4, it is difficult to develop a model for the dependence of the 

photocatalytic degradation rate on the experimental parameters for the whole 

treatment time [1] so, kinetic modelling of the photocatalytic processes was restricted 

to the analysis of the initial rate of photocatalytic degradation, ri. 
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B.1. Calculation of the degradation rate through the plot SA concentration vs. 

time or  

 

This methodology was utilized when the initial trend from the photocatalytic 

efficiency plot revealed a zero apparent reaction order with respect to the stearic acid 

concentration [2, 3]. An example of this trend is shown in Figure B.1 (note that only 

the first 90 min of reaction are considered and that for this calculation the SA 

concentration is expressed in molecules cm-2). 

 

 

Figure B.1. Photocatalytic efficiency plot of the mesoporous TiO2 coating tested at 30 °C and 

R.H.room. SA concentration has been expressed as molecules cm-2. 

 

The slope of the line, i.e., ri, was calculated using the software Origin Pro 8. Figure 

B.2 displays the obtained results. 
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From the results displayed in Figure B.2, it can be concluded that the ri of a 

mesoporous TiO2 coating tested at 30 °C and R.H.room using SA is 1.64 × 1014 ± 1.12 

× 1013 SA molecules cm-2 min-1.  

 

 

Figure B.2. Calculation of the ri through the slope of the plot SA concentrations vs time. 

 

B.2. Calculation of the degradation rate through the pseudo first order kinetic 

equation proposed by Sawunyama et al. 

 

As stated in Chapter 4, the pseudo first order kinetic equation proposed by 

Sawunyama et al. [4] incorporates the reactivity of TiO2 film and film 

disorganization phenomenon during the photodegradation process: 

 

[SA]t = [SA]initialexp(- kobst)                [B.1] 

 

where [SA]t is the concentration of stearic acid at time t, [SA]initial is the initial 

concentration of stearic acid, and kobs is the pseudo first order rate constant. 
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The calculation of ri through Equation B.1 was made when the data contained in the 

photocatalytic efficiency plots were not accurately modelled by the slope approach. 

Figure B.3 presents the photocatalytic efficiency plot of the mesoporous TiO2 

coating tested at 10 °C and RHroom. It can be seen that in this case, the data do not 

follow an apparent zero-order with respect to the stearic acid concentration.  

 

 

Figure B.3. Photocatalytic efficiency plots of the mesoporous TiO2 coating tested at 10 °C and 

RHroom. SA concentration has been expressed as %. 

 

In this case, the ri (expressed as kobs) was calculated from Equation B.1. For the 

example shown in Figure B.3, ri = 0.0024 ± 0.0002 min-1. 
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APPENDIX C 

DETERMINATION OF BAND GAP ENERGY VALUES 

 

 

 

The Eg values for all samples were calculated from the UV–Vis spectra using the 

Equation C.1: 

 

 α(hν) = A(hν−Eg)m/2              [C.1]  

 

where α is the absorption coefficient, hν is the photon energy, A is a constant; and 

m = 1 represents a direct transition between the valence band and conduction band 

[1-3].   

 

For the estimation of Eg from the UV-Vis spectra, a straight line is extrapolated from 

the adsorption curve to the abscissa axis, as shown in the example of Figure C.1. 

When α has a value of 0, then Eg = hν.   

 

The signal interferences observed in the UV-Vis spectrum of Figure C.1 are due to 

organic residues from the photocatalyst synthesis that probably remained entrapped 

in the sample and were not calcined during the annealing process.  
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Figure C.1. UV-Vis spectra of the mesoporous TiO2 coating. 

 

The calculated Eg value for this example (TiO2 coating) is 3.18 eV.  This value is in 

well agreement with that commonly reported for TiO2 (3.2 eV (Hashimoto et al., 

2005; Garza-Tovar et al., 2006)).  
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