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Abstract  

 

The aim of this thesis is the synthesis of TiO2 nanoparticles and the study on the formulation of 

their colloidal form to prepare wet precursors for the fabrication of self-cleaning glasses.  

The thesis considers the need to find an alternative synthetic route to a classic two-step sol-

gel/solvothermal process that is solvent extensive (high carbon footprint) and requires the use 

of an autoclave to get a crystalline product. In this study, the synthesis of TiO2 nanoparticles was 

performed by the forced hydrolysis of TiCl4* 2THF in water at 80°C and Patm, which was a one 

step, low carbon footprint and relative low temperature process. By this method it was possible 

to obtain highly crystalline (77% of polycrystalline content), mainly anatase (82% of the 

crystalline content), faceted and 6±2 nm in size nanoparticles, as shown by X-ray Diffractometry 

(XRD) and Transmission Electron Microscopy (TEM) analysis. According to Thermogravimetric 

Analysis (TGA), the nanopowders exhibited 10% by weight of chemisorbed water, which is 

directly linked with a high number of surface -OH groups. Other properties of the TiO2 

nanoparticles were the high Brunauer-Emmett-Teller (BET) surface area of 202 m2/g and the 

band gap of 3.43 eV, deduced by UltraViolet-Visible (UV-Vis) spectroscopy.  

All these features made the as-synthesized TiO2 nanoparticles suitable for photocatalytic 

applications. In this study the TiO2 nanoparticles, in their colloidal form, were used as wet 

precursors to fabricate self-cleaning glasses. Before their deposition on glass, the TiO2 colloids 

were analyzed by Zeta potential and DLS, showing that in their synthetic liquor they were stable, 

but exhibited an agglomeration trend with clusters of particles mainly of 20 nm and up to 100 

nm. To deagglomerate the nanoparticles, the chosen dispersant was oxalic acid, which is a small 

natural molecule easy to be degraded, for instance by photolysis under UV light exposure (in the 

200-300 nm range). An optimized wet precursor, suitable for the deposition of TiO2 thin films on 

glass substrates, was formulated as follows: TiO2 1.25*10-2 M in 70% water and 30% Isopropyl 

alcohol (IPA), pH= 1.30 and oxalic acid 5*10-4 M. This wet precursor was deposited on glass slides 

by drop casting. To get compact films the nano-TiO2/glass composites were annealed by heat in 

the temperature range 60-500°C or by a UV curing system (684mW/cm2) at exposure time from 

3s to 3 min, that is an alternative to much more energy consuming heat processing. Their 

photocatalytic activity was assessed by stearic acid degradation under UV light exposure and 

compared with a commercial self-cleaning glass (ActivTM) and TiO2/glass samples obtained 

through ALD and spray pyrolysis. The results, reported in terms of Formal Quantum Efficiency 

(FQE), demonstrated that all the nano-TiO2/glass samples have a much higher self-cleaning 
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property than ActivTM glass and samples prepared by other techniques that do not employ 

nanoparticles.  

The photocatalytic properties of TiO2 nanocolloids were also extended to other substrates, so 

that the last part of this thesis presents a study to make them compatible with metal substrates. 

The main problem of this study was the strong acidity of the TiO2 nanocolloids liquor that 

corrodes metal surfaces, hence a change in their formulation was needed. The increase of the 

pH to a neutral range by the mean of an alkaline solution (NaOH or NH4OH) led to precipitation. 

The alternative approach to reduce the acidity of the TiO2 colloids is represented by transferring 

the TiO2 nanoparticles from their liquor to another solvent, while keeping their stability. This 

was achieved in 2-butanol using hexanoic acid as a carrier molecule, that is a sustainable 

chemical compared to surfactants normally employed for nanoparticles surface modification. 

The resultant colloids were tested on two different metal substrates provided by Tata Steel, 

Electrolytic Chromium Coated  Steel (ECCS) and Trivalent Chromium-Coating Technology (TCCT), 

on which no signs of corrosion were evident.  
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Chapter 1: Introduction 

 

1.1 Background 

 

TiO2 has important photocatalytic and semiconductor properties employed in products useful 

for a variety of applications. Among the applications, self-cleaning glasses have recently 

attracted interest for their use in buildings such as skyscrapers, in which the cleaning of the 

exterior side of the windows is problematic and requires expensive manpower. 

Self-cleaning glasses are made by coating a glass substrate with a thin layer of TiO2 through two 

main techniques that differ from the phase in which are performed: gas phase or liquid phase. 

The gas phase techniques produce TiO2 layers via gaseous precursors, for example, Chemical 

Vapour Deposition (CVD) [1], Atomic Layer Deposition (ALD) [2] Spray pyrolysis [3], whereas the 

liquid phase methods are based on the deposition of a TiO2 paste or suspension, for instance, 

by screen printing [4] or dip coating [5], spin coating [6] respectively. The gas phase methods 

have the advantage of producing uniform and compact layers. However the photocatalytic 

properties are limited by their smooth surface and associated low Specific Surface Area (SSA), 

less than 3 m2/g [7]. Instead, in the liquid phase methods, the TiO2 pastes and suspensions are 

often made of nanoparticles which can enhance the photocatalytic properties of the material 

through their increased surface density of active sites.  

The main synthetic approach to prepare TiO2 nanoparticles is the sol-gel method followed by a 

hydrothermal treatment. In this two-step synthesis, first a titanium alkoxide precursor is 

hydrolyzed to form amorphous TiO2 and, in the second step, the amorphous TiO2 is crystallized 

in autoclave at high pressure and temperature. The sol-gel process has previously been used to 

synthesize TiO2 anatase nanoparticles with size ≈4 nm and high Specific Surface Area of 359 m2/g 

[8]. However, the sol-gel synthesis involves an extensive use of solvents, is energy consuming 

and is a multistep process.  

For the above reasons, in this thesis an alternative method of synthesis of TiO2 nanoparticle has 

been employed with the aim of using a low temperature, water based and one step procedure, 

following a study already published by Charbonneau et al. [9]. By this method it is possible to 

obtain anatase nanocolloids, with particle size 6±2 nm that are compatible for the deposition on 

glass substrates. Before the deposition on glass of the nanocolloids, their agglomeration control 

is important to obtain transparent TiO2 layers, since their hydrodynamic size shows clusters 

mainly of 20 nm and up to 100 nm. Deagglomeration of the nanoparticles in their colloidal form 

is performed by the use of dispersants, which act by electrostatic or steric forces or a 
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combination of both [10]. As demonstrated by a previous study [11], even small molecules can 

promote colloidal deagglomeration and this thesis the deposition of TiO2 colloids on glass is 

aided by the use of oxalic acid.  

Finally, TiO2 colloids have been deposited on metal substrates to exploit their photacatalytic 

behaviour on a different substrate [12]. However, the TiO2 colloids synthesized in this work are 

not compatible with metal substrates for the strong acidity of their dispersing medium, so the 

last chapter of this thesis is focused on experiments aimed to change the formulation of these 

colloids to solve this problem.  

 

1.2 Thesis objectives 

 

The scope of this thesis is the fabrication of self-cleaning glass using TiO2 colloids, synthesized 

by an environment friendly route and deagglomerated with a natural and easy degradable 

chemical as dispersant, to demonstrate the possibility to obtain nano TiO2/glass samples, with a 

low carbon footprint and low energy demand, showing a superior photocatalytic activity 

compared to samples obtained by gas phase techniques, such as ALD and spray pyrolysis, or 

commercial samples (ActivTM). Therefore, the main challenges of this thesis are: 1) the use of a 

one step, low temperature and water based synthetic route for the anatase TiO2 colloids that 

can replace a classical sol-gel method, while providing all the characteristics needed for their 

photocatalytic performance; 2) the TiO2 colloid agglomeration control, avoiding the use of 

surfactants or polymers, to prepare an optimized wet precursor that can be deposited on glass, 

yielding uniform and transparent TiO2 layers; 3) to demonstrate the photocatalytic activity of 

the nano TiO2/glass sample obtained. 

The last part of the thesis is focused on the TiO2 colloids formulation change to make them 

compatible also on metal substrates for other possible applications. 

 

 

1.3 Thesis layout 

 

This thesis is divided in 7 chapters. In chapter 1, an introduction with background and objectives 

of this study is provided. Chapter 2 presents a literature review on the general properties of 

TiO2, application in self-cleaning glass, methods to obtain TiO2 films, including techniques that 

use nanocolloids, and synthesis processes to obtain TiO2 nanocolloids. Chapter 3 provides 

detailed information on materials and procedures used to synthesize the TiO2 nanocolloids and 

fabricate TiO2/glasses, equipment employed for the characterization of the nanomaterials and 
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TiO2 films, and methods to assess the photocatalytic performance of TiO2/glasses. Chapter 4 

reports the experimental work on the synthesis and characterization of TiO2 nanomaterials. 

Chapter 5 is based on a study on TiO2 colloids agglomeration control for their deposition on glass 

substrates and at the end of the chapter the photocatalytic performance of nano-TiO2/glass 

composites is assessed. Chapter 6 is focused on the TiO2 colloid formulation change for 

application on metal substrates. Chapter 7 is a synopsis that gives an overview on the sum of 

the experimental results obtained in this thesis and suggestion for future experimental work to 

cover some aspects that could not be investigated during this PhD.   
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Chapter 2: Literature review 

 

 

2.1 TiO2-Properties of bulk material and nanoparticles 

 

2.1.1 TiO2 crystalline phases 

 

The natural and synthetic crystalline phases of TiO2 are anatase, rutile and brookite[1][2].  

In each of these structures Ti4+ cations have coordination number 6 for O2- anions, forming 

distorted TiO6 octahedra with the transition metal being at the centre. The difference among 

them is due to their octahedra arrangement, since the number of edges each octahedron shares 

is two, three and four in rutile, brookite and anatase, respectively. Their crystal system exhibits 

a tetragonal structure for rutile (crystal class: 4/mmm; space group: P42/mnm) and anatase 

(crystal class: 4/mmm; I41/amd), whereas brookite belongs to an orthorhombic system (crystal 

class: mmm; space group: Pbca) [1].The structures of anatase, rutile and brookite are shown in 

figure 2.1.  

Several studies have used theoretical and experimental approaches to define the ionic/covalent 

ratio of the Ti-O bonding in TiO2 polymorphs, which have established that bulk rutile is 60% ionic 

[3]. This value changes slightly with crystal structure and as reported by Li et al. [4]. A trend of 

increased percentage of covalency against grain size reduction, e.g. nanoscale, was also 

observed. 

 

Figure 2.1: Structure of TiO2 polymorphs: Anatase; Rutile and Brookite. Light blue: Ti atoms; red: O 

atoms (reprinted with permission from reference [5]) 

Among the polymorphs, under ambient conditions, rutile is thermodynamically stable, whereas 

anatase is kinetically stable, and it transforms to rutile at higher temperatures [6] depending on 
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several parameters [7]. The Brookite phase is also metastable but difficult to synthesize, hence 

it is less studied [8]. The stability of bulk TiO2 crystalline forms is different in the nanoscale range. 

Anatase shows the highest stability for particle sizes less than 11 nm, rutile for particle sizes 

greater than 35 nm and brookite for particle sizes between 11 and 35 nm [9].  

The different TiO2 phases and the introduced comparison between bulk and nanoscale size 

stability discussed are of particular importance for the scope of this work, that is the synthesis 

of a photocatalyst to produce an efficient material for self-cleaning glass applications. With 

regard to the TiO2 phases there are several studies that report the anatase polymorph as the 

most photoactive among the others [10], but it was also reported that multiphase materials such 

as anatase/rutile [11], anatase/brookite [12], anatase/rutile/brookite [13] can have a better 

performance than pure anatase phase materials. The relevance of introducing characteristics of 

stability of TiO2 polymorphs nanostructured is due to the importance that nanomaterials have 

to enhance the property of micro-sized equivalent products for their high surface area to volume 

ratio, which means that nanomaterials have higher Specific Surface Area (SSA), expressed as 

m2/g, than micro-sized materials, so that the same quantity of product has a higher number of 

active sites for the photocatalytic activity.  

 

2.1.2 Optical-electronic properties 

 

There have been several studies on TiO2 polymorphs for their optical and electronic properties. 

These features depend on their crystalline structures so that there are small changes among 

them. A summary of density, refractive index and band gap of rutile, anatase and brookite TiO2 

crystal phases is reported in table 2.1.  

Table 2.1: Physical properties of rutile, anatase and brookite (reprinted with permission from 

reference [14] 

Physical properties Rutile Anatase Brookite 

Density 4.25 g/cm3 3.89 g/cm3 4.13 g/cm3 

Refractive indices 

 

nw= 2.613 

nε= 2.909 

nw= 2.561 

nε= 2.488 

nα= 2.583 

nβ= 2.584 

nγ= 2.700 

Band gap 3-3.2 eV 3.2-3.4 eV 3.13-3.3 eV 
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From table 1, it can be observed that refractive indices of the TiO2 polymorphs increase with the 

density, whereas the band gaps decrease with the density. 

TiO2 is known as a n-type semiconductor and has been studied by many research groups. The 

majorities of the studies on TiO2 band gaps are related to anatase and rutile crystalline phases. 

The Brookite phase band gap has been less investigated. Anatase has the widest band gap 

among the TiO2 polymorphs. For bulk anatase, several studies report a band gap of 3.20 eV [15] 

[16] [17]. When the anatase particle size is below 10 nm, its band gap widens reaching a value 

of 3.35-3.4 eV [15]. This behaviour is due to a quantum size effect. To confirm this theory Swamy 

et al. [18] found non-linear variation for anatase lattice parameters with decreasing particle 

diameter from 65 to 2 nm. The lattice strain was found to increase significantly in the diameter 

range 10-2 nm. Other studies suggest that a combined effect of the lattice strain with possible 

Ti4+ vacancies can increase the energy of the band gap, as a result of the quantum size effect 

found in anatase nanoparticles and other nanomaterials. For the rutile crystalline phase, the 

band gap value reported is 3.00 eV [19], but in nano thin film the decrease of the thickness of 

the film was correlated with a blue shift of the band gap, giving values up to 3.20 eV [20]. 

Regarding brookite, the band gap reported is lower than anatase and has a value of 3.13 eV [21], 

but some studies reported an increased band gap of 3.30 eV in 9 nm nanoparticles, even though 

this report was considered contamination of other TiO2 crystalline phases (rutile and anatase), 

since it is generally difficult to obtain pure brookite nanoparticles [22]. These observations 

indicate that as the size of TiO2 crystalline particles decreases their band gap increases and this 

difference in band gap (ΔEg), between bulk and nanosized crystals in general, was studied and it 

was shown that it can be calculated by using the following equation [23]: 

 

                                                    

 

 

Where h is the Planck’s constant, r is the radius of the nanoparticles and m* is the reduced mass 

obtained from the effective mass of electrons and holes, specific for each material, as:  

 

1

𝑚∗
=
1

𝑚𝑒
+
1

𝑚ℎ
 

 

In equation 2.1, ΔEg increases as the size of the nanocrystal becomes smaller, with a 1/r2 

dependency. These data have to be considered for the synthesis of TiO2 nanoparticles, because 

a smaller size is linked with a high SSA that is an advantage for the high number of active sites 

         (2.1) 

           (2.2) 
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in photocatalysis. However, the simultaneous increase of the band gap means that the incident 

light that activates the material needs to have a higher energy, hence further away from the 

visible spectrum. Therefore, when aiming at the synthesis of nanostructured materials for 

photocatalytic applications with size ≤ 10, a good compromise between the advantages (high 

SSA) and the disadvantages (higher activation energy) needs to be found. 

Another important feature linked with the band gap of the TiO2 polymorphs is the type of 

transition of electrons from the valence band to the conduction band. In rutile and brookite the 

band gap transition is direct, while for anatase this transition is indirect [24]. Indirect band gap 

materials generally exhibit a longer electron-hole pair lifetime compared to direct band gap 

materials [25,26,27,28], thus making anatase have better activity in most cases compared to 

rutile and brookite. 

The refractive indices reported in table 2.1 do not affect the photocatalytic efficiency of a 

material, but become important when TiO2 layers are deposited on glass for the production of 

self-cleaning windows (that should have a high visible light transmittance), since the refractive 

index of a material is linked with its reflectivity at the air-TiO2/glass interface, by the following 

simplified relationship for perpendicular incident light [29]:  

 

𝑅0 = (
𝑛1 − 𝑛2
𝑛1 + 𝑛2

)
2

 

 

Where R0 is the reflectivity with values form 0 (absence of reflectivity) to 1 (total reflectivity), n1 

is the refractive index of air and n2 is the combined refractive index of TiO2/glass material. 

However, equation 2.3 is generally used for simple systems where the interface is given by a 

single material exposed to air. For self-cleaning glasses, in which there is a glass substrate coated 

by a layer of TiO2, the mathematical relationship between the refractive indices of the TiO2 layer 

and R0 becomes complicated and the thickness of the layer has to be taken into account. This 

makes it much easier to measure the transmittance of the TiO2/glass sample in the visible light 

range, where there is not absorption by either TiO2 or glass, and from this value to deduce the 

percentage of light reflected. It was also reported that nano TiO2 layer on glass can minimize the 

refection of visible light compared with micro-sized film, acting on the refractive index of the 

material [30]. 

 

 

 

 

           (2.3) 
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2.1.3 UV-activated photocatalyst 

 

Due to its wide band gap (Eg), in TiO2 the energy to excite an electron from the valence band to 

the conduction band needs to have higher energy when compared with the visible light. This 

means that an electron-hole pair is generated in the TiO2 semiconductor upon absorption of UV 

light (λ< 400 nm). The UV photo-activation of TiO2 materials is particularly used in photocatalysis. 

In photocatalysis TiO2 semiconductors are used to lower the activation energy of a chemical 

reaction by light illumination with energy ≥ Eg. The first discovery of this TiO2 property was in 

1972 when Fujishima and Honda [31] designed a photoelectrochemical cell for water splitting 

using a TiO2 photoanode and a platinum counter electrode. Currently the most active field of 

TiO2 photocatalysis is the photodegradation of organic molecules. This use of photoactive TiO2 

has gained importance in environmental decontamination for a variety of organics, viruses, 

bacteria, fungi and algae which can be degraded to CO2 and H2O.  

Another field of application of TiO2 as photocatalyst is organic chemistry synthesis. For instance 

photo-oxidation TiO2 catalyzed of hydrocarbons to alcohols, ketones, aldehydes and carboxylic 

acid is of significant importance in the chemical industry [32] and some examples are shown in 

table 2.2 

 

Table 2.2 Results for Liquid-Phase Photocatalyzed Oxidation of Hydrocarbonsa 

 

 

 

 

 

 

 

  

 

 

 

 

a Reaction conditions: 1.0 g TiO2 (Degussa P25), 13 ml deionized H2O, 2 ml substrate, 5 W UV–vis Pen 

Ray lamp, reaction time 2 h. b 3.0 ml 30% H2O2 added. c Selectivity is calculated as moles of specified 

product/total moles of oxygenates expressed as a percentage. d Conversion is calculated as total 

moles of oxygenates/moles of substrate (initial) expressed as a percentage. Reprinted with permission 

from reference [32] 
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The photo-oxidation products reported in table 2.2 indicates that the use TiO2 photocatalyst  

does not always lead to a complete mineralization of the target molecule, but it can also give 

partial oxidation products depending on the structure of the target molecules and the 

photocatalytic reaction conditions. 

Also, TiO2 catalyzed photo-reduction has been used for reduction of electron acceptor 

compounds. In this kind of reaction, due to the position of the conduction band of TiO2, oxygen 

competes for the electrons so that the reduction of organics is hindered. However, 

nitroaromatic molecules are reduced to amines in absence of oxygen [33], according to the 

scheme reported in figure 2.2.  

 

 

 

 

 

 

 

Figure 2.2. reduction of nitrobenzene to aniline by TiO2 photocatalyst in absence of O2. Reprinted with 

permission from reference [33] 

 

An additional important photo-reduction reaction is the reduction of CO2 to useful chemicals 

such as formaldehyde, methanol and methane through TiO2 photocatalysts. Given the 

thermodynamic stability of CO2 its reduction has low yield unless the TiO2 photocatalyst is doped 

[34].  

In all above photocatalyzed reactions, their efficiency depends on the rate of recombination of 

the electron-hole pairs generated under the UV light irradiation and this aspect is discussed in 

more details in section 2.2.1. The efficiency of UV activated TiO2 photocatalyst is also linked with 

its number of available active sites at its surface, thus nanomaterials, with higher surface areas 

than micro-sized materials, have a better performance [35].  

In the next section the TiO2 photocatalytic properties are focused on photo-degradation 

reactions, since the scope of this work is oriented toward self-cleaning applications. 
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2.2 TiO2-Self-cleaning applications  

 

2.2.1 Photocatalytic degradation of organic molecules mechanism  

 

TiO2 photocatalysts upon absorption of UV photons generate an electron (e-
CB)/hole (h+

VB) pair 

(Equation 1) which can start the degradation of a target molecule through the formation of 

reactive oxygen species (ROS) in the presence of O2 and H2O at the surface, as depicted in figure 

2.3. 

 

 

 

Figure 2.3: Photocatalytic mechanism for TiO2 photocatalyst (reprinted with permission from reference 

[36]) 

 

The main reactions involved in the production of ROS are reported below:  

 

                                                                      TiO2 +hv →h+
VB + e-

CB                                                       (2.4) 

                                                                    H2O + h+
VB → H++ OH•                                                            (2.5) 

                                                                       O2 + e-
CB → O2

•-                                                                 (2.6)                                                       

                                                                        O2
•- + H+→ HO2

•                                                              (2.7) 

                                                                 HO2
• + e-

CB + H+→ H2O2                                                         (2.8) 

                                                                   H2O2 + e-
CB → OH- + OH•                                                            (2.9) 

 

Although the ROS species formed after photoactivation of TiO2 materials are O2
•-, H2O2 and •OH, 

the main species leading to degradation of organic molecules is •OH [37, 38, 39]. The quantum 

yield for the photochemical production of ROS is generally low due to the rapid recombination 

of the electron/hole pairs in the TiO2 semiconductors. Thus in order to assess the photocatalytic 



12 
 

potential of such materials it can be useful measure the electron/hole pairs lifetime and 

compare it with a commercially available product (e.g. Degussa P25). To determine the lifetime 

of the photogenerated electron/hole pairs a technique called time-resolved  photoluminescence 

is used, this gives a value of 1.5 ns for P25 (Sigma) [40]. It also possible to estimate the amount 

of •OH through Electron Paramagnetic Resonance (EPR) (using a spin trap agent), shown in 

figure 2.4 [41], or alternatively by employing chemicals that react quickly with •OH, such as 

coumarin [42] or terephthalic acid [43], giving highly fluorescent products, from these the 

fluorescence can be measured and correlated with the concentration •OH. The reaction of 

coumarin and terephthalic acid with •OH are shown in figure 2.5 and 2.6, respectively 

 

 

 

 

 

 

 

Figure 2.4: Spin trapping of •OH by 5,5-dimethyl-1-pyrroline-N-oxide (DMPO). Diamagnetic DMPO 

reacts with •OH and produces paramagnetic DMPO-OH, which is a relatively stable nitroxyl radical. 

DMPO-OH provides a characteristic 1:2:2:1 four-line EPR signal. Reprinted with permission from 

reference [41] 

 

Figure 2.5: reaction between •OH and coumarin to yield 7-Hydroxy coumarin (fluorescent product). 

Reprinted with permission from reference [42] 

 

 

 

 

 

 

 

Figure 2.6: reaction between terephthalic acid and •OH to yield 2-hydroxyterephthalic acid 

(fluorescent product). Reprinted with permission from reference [43] 
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2.2.2 Self-cleaning surfaces 

 

A particular application of photocatalysis is represented by self-cleaning surfaces. Self-cleaning 

surfaces have a wide range of application products such as glasses/goggles, windows, paints, 

building materials, medical devices, fabrics, and corrosion resistance materials [44]. Transparent 

TiO2 thin films are used in tiles and glass windows to construct buildings with photocatalytic self-

cleaning property [45] [46]. In this technology a thin layer of TiO2 can be formed in situ on a 

substrate by several techniques such as Chemical Vapour Deposition (CVD), spray pyrolysis or 

Atomic Layer Deposition (ALD). Another approach is represented by a two-step strategy based 

on the synthesis of TiO2 materials in a separated step (paste or suspension) followed by their 

deposition on a substrate by screen printing or dip coating. These two different techniques to 

prepare thin TiO2 layer on a substrate are discussed in sections 2.3.1 and 2.3.2. As explained in 

section 2.1.3, the TiO2 layer, activated by the UV light catalyzes the reaction between organic 

matter and oxygen to degrade the organic molecules, partially or completely  (CO2 and H2O as 

final products), keeping clean the substrate as shown in figure 2.4. The most photo-active TiO2 

crystalline phase used in self-cleaning applications is anatase since in this polymorph the charge-

hole pairs generated upon UV light absorption have a lower rate of recombination compared to 

other crystalline phases, [47], as explained in section 2.1.2.  

A number of techniques have been used to assess the self-cleaning/photoactivity of TiO2 coated 

surfaces, especially glass. All of them use an organic molecule that mimics a pollutant to be 

degraded under UV radiation. In the next sections the most used self-cleaning activity tests are 

discussed. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Self-cleaning window schematic of working process (reprinted with permission form 

reference [44] 
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2.2.3 Self-cleaning activity tests 

 

2.2.3.1 Methylene blue  

 

Methylene blue (MB) is a brightly coloured blue cationic thiazine dye, with a maximum 

absorption wavelength at 663 nm. This molecule is abundantly found in textile industrial effluent 

which can cause severe health problems for public and environmental ecology [48]. For this 

reason it is often chosen as model pollutant in photocatalytic degradation evaluation 

experiments. In many studies the methylene blue test was run for photocatalytic nanoparticles 

dispersed in water systems, to simulate the possible effect in wastewater remediation of a 

photocatalyst [49] [50] [51]. However there are examples of Methylene blue test for TiO2 

anatase thin film on glass that take place also in aqueous solutions [52] [53]. The main reactions 

involved in the Methylene blue photocatalytic test are two [54]:  

                                                MB + 2e-
CB (TiO2) +H+                  LMB                                                 (2.10)                                  

                                                                                                                       

                                   MB + 25.5 O2                HCl+ H2SO4 + 3HNO3 + 16CO2 + 6H2O                     (2.11) 

 

Where MB and LMB are the coloured and colourless (leuco) forms of Methylene Blue, 

respectively. Their molecular structures are reported in figure 2.8 

 

 

 

 

 

 

 

Fig 2.8: Chemical structures of Methylene Blue (MB) and Leucomethylene blue (LeucoMB or LMB). 

Reprinted with permission form reference [55] 
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Reaction 2.10 has been reported to take place in anaerobic conditions, because O2 competes for 

photogenerated electrons in the conduction band of the anatase TiO2 photocatalyst, so that the 

solution containing MB needs to be bubbled with nitrogen during the experiment. Alternatively 

a sacrificial electron donor (SED), e.g. methanol, can be used as a source of electrons for the 

photoreduction of MB. However, even with the use of a SED the resulting reaction is still 

reversible, so that the O2, that dissolves in the solution containing MB and the photocatalyst, 

can turn LMB back to its original form, MB. This photobleaching reaction is therefore not 

considered reliable for a photocatalytic test [54]. On the contrary, reaction 2.11 takes place in 

aerobic conditions and is irreversible since it is a mineralization, but requires oxygen-saturated 

conditions and has slow kinetics [54]. Another possible photocatalytic degradation of MB is 

represented by a demethylation reaction that represent a preliminary step before the full 

mineralization. This reaction takes place also in aerobic condition (O2 needs to be bubbled during 

UV irradiation), but has faster kinetics than mineralization, and follows the scheme reported in 

figure 2.9 [52] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: Methylene blue MB and its demethylated forms obtained by photocatalytic reaction 

performed by anatase TiO2/glass irradiated by UV lamp at 365 nm. Reprinted with permission from 

reference [52] 
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Yogi et al. [52] ran a MB photocatalytic degradation test starting from an aqueous solution of 

MB 1.16*10-5 M in which was immersed an anatase TiO2/glass sample and using as UV irradiation 

source an UV lamp (λ= 365 nm, 60µW*cm-2). They followed the demethylation of MB by Liquid 

Chromatography with a mass spectrometer (LC-MS), obtaining a complete demethylation in 360 

min.  

In general this test has many drawbacks requiring the experimental conditions to be set carefully 

to avoid misleading results. Moreover, in control samples, without anatase TiO2 photocatalyst, 

MB was found undergoing photobleaching under visible light irradiation [56]. These findings 

required the need of using a more reliable and an easier to set up test, such as the stearic acid 

test, explained in the following section. 

 

2.2.3.2 Stearic acid 

 

Stearic acid is a saturated fatty acid with chemical formula CH3(CH2)16COOH [57]. It Is a soft waxy 

solid that has an extremely low solubility in water, but is soluble in a number of organic solvents. 

For these characteristics its use can mimic the greasy layer due to accumulated dirt on the 

exterior part of a window that it is not washed away by the rain.  

In the stearic photocatalytic test usually the anatase TiO2/glass samples are dip coated just once 

in a solution 0.2 M of stearic acid in CHCl3 and after the thin layer of stearic acid is deposited 

(≈2.5nm thick), the samples are irradiated with a UV lamp (λ=365nm) [58]. The photocatalytic 

reaction involved in this test is the mineralization of the stearic acid, reported in equation 2.12 

[58]:  

 

                                       CH3(CH2)16CO2H + 26O2                           18CO2 +18H2O                                 (2.12) 

 

Reaction 2.12. is generally slow and it might take days to completely destroy the stearic acid 

layer. Nevertheless, the stearic acid test is chosen among the others for the following reasons: 

1) it is an ideal molecule to simulate dirt on a glass surface; 2) it is very stable under UV 

irradiation; 3) the reaction kinetics of equation 2.12. are zero-order, so that the reaction rate 

(linked with the photocatalytic activity of the anatase TiO2/glass), does not depend on the initial 

quantity of the stearic acid, 4) there many ways to monitor the mineralization process [58]. The 

destruction of stearic acid has been monitored via the amount of CO2 or H2O generated using 

gas chromatography [59] and via the change in thickness of the stearic acid film (ellipsometry) 

[60]. However, the most popular method is via the disappearance of the infra-red absorption of 

the stearic acid film, in the region 2700–3000 cm−1, as a function of time [58]. 

TiO
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As an example of the stearic acid test on TiO2 P25 coated/glass monitored by Infra-red Fourier 

Transform (FT-IR) spectroscopy is provided in figure 2.10:  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: FT-IR absorption spectra of P25 TiO2/glass coated with stearic acid as a function of UV 

irradiation time. The band between 2700-3000 cm-1 (streaching C-H) decreases with increasing time, 

whereas the band between 2300-2400 cm-1 (asymmetric streaching C=O, in CO2) increases with 

increasing time. Reprinted with permission from reference [58] 

 

To obtain the rate of photocatalytic reaction the integrated areas under the peaks in the 2700-

3000 cm-1 are recorded for each spectrum and they are plotted against the irradiation time. 

However the integrated areas recorded need to be converted to a measurable quantity of stearic 

acid and this conversion factor was estimated by Mills et al. [58] to be: 1cm-1= 9.7 × 1015 

molecules of SA per cm2 (the unit used for the measurement of the integrated area is explained 

in section 2.2.3.2). In this way it is possible to obtain the rate of degradation of stearic acid as 

molecules degraded/(cm2*s) and the formal quantum efficiency (FQE) of the TiO2/glass sample 

as follows: 

 

𝐹𝑄𝐸 =  
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑜𝑓 𝑆𝐴 (

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
𝑐𝑚2𝑠

)

𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛 𝑓𝑙𝑢𝑥 (
𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑐𝑚2𝑠

)
 

 

This photocatalytic test is relatively simple to be run and it is considered reliable, so that it is 

used in this thesis (section 5.6) 

 

 

    (2.13) 
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2.2.3.3 Resazurin  

 

Resazurin (Rz) is blue dye that is used as redox indicator since its oxidated form, resazurin, is 

blue and its reduced form, resorufin (Rf), is pink as illustrated in figure 2.11. 

 

 

 

 

 

 

Figure 2.11: Resazurin and Resorufin red-ox couple chemical structures. Adapted from reference [61] 

 

Similarly to Methylene Blue the photocatalytic activity of a TiO2/glass sample tested with 

Resazurin is based on the reduction of the initial dye molecules. However, it has to be considered 

that when resazurin is reduced to resorufin this reaction is irreversible. For this reason if a SED 

is used in the reaction, there is no need to work in anaerobic conditions, that instead are needed 

during a MB test for the reversible oxidation by O2 of LMB to its coloured form, MB. The 

mechanism of a resazurin photocatalytic test is reported in figure 2.12. 

 

 

 

 

 

 

Figure 2.12: Resazurin photocatalytic test mechanism. SC is the semiconductor; SED is the Sacrificial 

Electron Donor; D and D- are resazurin and resorufin, respectively. Reprinted from reference [62] 

 

Another important characteristic of this test is the possibility to test the photocatalytic activity 

in situ, directly on glass. This is achieved through the preparation of a “smart” ink containing 

resazurin. This ink is made as follows: 3 g of a 1.5 wt% aqueous solution of hydroxyethyl cellulose 

(HEC), 0.3 g of glycerol and 4 mg of the redox dye, resazurin [62]. The ink is applied on the 

TiO2/glass sample by a wire wound rod also known as “K-bar” [63]. After coating the TiO2/glass 

with the Rz ink, the semiconductor photocatalyst driven colour change of the ink can be 

monitored indoors or outdoors using a simple mobile phone application that measures the RGB 

colour components of the digital image of the “smart” ink-covered, irradiated sample in real 
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time [63]. Compared with the MB and stearic test the kinetics of the photocatalytic conversion 

of Rz to Rf is significantly faster, since the Rz test is normally complete in 30 min [64].  

Although this test seems to have several advantages over the others, it can be considered for 

quick outdoor photocatalytic assessment of a sample, but it cannot be considered as a standard 

procedure for laboratory examinations.  

 

2.3 Fabrication of TiO2 thin films 

 

As introduced in section 2.2.2, the production of TiO2 anatase thin film on a substrate can be 

performed through two main techniques: 1) in situ or one step procedure; 2) two-step 

procedure that uses the TiO2 anatase material synthesized in a separated step followed by the 

deposition on the desired substrate. The two techniques are discussed in details in this section. 

 

2.3.1 In situ deposition methods for TiO2 thin films production 

 

2.3.1.1 Spray pyrolysis 

 

Spray pyrolysis is described as a technique involving atomization of various precursor solutions 

sprayed onto a heated surface. The generated aerosol solutions at a given temperature, pass 

through several stages: 1) evaporation of the solvent from the exterior shell of the droplets; 2) 

drying the precipitated solute confined into the droplets; 3) annealing of the precipitate at 

higher temperatures (thermolysis); 4) formation of the particles of defined phase composition; 

5) sintering of solid particles [65] [66]. 

Depending on the target application different setups may be used, ranging from a more 

sophisticated ultrasonic spray generator [67] and a laser driven heat source [68] to a low cost 

hand spray gun and an ohmic resistive heater [69]. Due to its flexibility to be automated, the 

spray pyrolysis method represents one of the most employed for thin film deposition of metal 

oxides onto a compatible substrate, used in various applications including sensors, 

photocatalysts, and electrodes in solar cells fabrication [70] [71] [72]. As an example, a spray 

pyrolyzed anatase TiO2/glass sample was made starting from titanium (IV) isobutoxide precursor 

dissolved in a solvent that was a mixture 1/10 of HNO3 and 9/10 methanol, with final 

concentration of the precursor of 0.1 M. This solution was sprayed keeping the glass substrate 

on hot plate at 550 °C. The obtained TiO2/glass sample was tested for the photocatalytic 

degradation of methanol traces in contaminated water giving a total conversion to methanal, 

results that made this TiO2/glass sample suitable to be used as self-cleaning glass [71]. Also, TiO2 
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anatase compact layers for photovoltaics are usually made using a precursor solution of 

titanium diisopropoxide bis(acetylacetonate) diluted (ratio 1:9) in isopropanol and sprayed 

onto FTO-glass placed on a hot-plate held at 450 °C and then sintered for 1 hour [73]. Even 

though their application is not in the photocatalytic field, at Swansea University the anatase TiO2 

layers obtained through this technique have been extensively characterized and the process has 

been calibrated for a desired thickness, so that this approach was considered suitable to make 

also self-cleaning glass (section 3.2.4) in this work. 

Compared with other techniques, a spray pyrolysis approach has distinctive advantages. 

Primarily, considering its simple equipment and experimental arrangement, it is a cost-effective 

method and it does not require the use of vacuum at any stage. Furthermore, the thickness of 

films can be efficiently controlled by varying the preparative conditions such as concentration 

of reactants in the precursor solution and number of sprays. However, as every other method, 

a spray pyrolysis technique has some disadvantages: (1) it is not easy to scale-up (yield is very 

low); (2) it is energy intensive, e.g. requires a high consumption of electric energy to maintain 

the substrate at high temperature for the entire process and (3) it is characterized by a high 

wastage of the precursor solution, e.g. low ratio between quantity of material effectively 

deposited to the quantity supplied, with a disadvantage from an economic and environmental 

perspective. 

 

2.3.1.2 Chemical vapour deposition (CVD) 

 

CVD is a deposition technique in which a precursor is vaporized in a coating chamber and 

undergoes chemical reactions (typically under vacuum) on a pre-heated substrate. 

In CVD, flow rate, gas composition, deposition temperature, pressure and deposition chamber 

geometry are the process parameters by which a deposition can be controlled to have a film of 

the desired material and thickness.  

TiO2 films have been prepared by using TiCl4 and titanium alkoxide as precursors. However TiCl4 

causes the corrosion of the reaction vessel by its by-products of Cl2 and HCl. Also, the use of 

titanium alkoxide has as its main difficulty the fast nucleation of TiO2 in the gas phase. 

An alternative is presented by using titanium β-diketonate. For instance, Taylor et al. [74] used 

complexes between titanium isopropoxide (TIPP) and acetyl acetone (acac), with different ratios 

of TIPP: acac, as precursor to prepare TiO2/glass by Aerosol Assisted Chemical Vapour Deposition 

(AACVD). The temperature of the substrate was kept at 450°C to obtain anatase TiO2 films. They 

tested this anatase TiO2/glass samples for photocatalytic activity using the resazurin ink test, 

finding that the best performance was given by sample made with precursor with a ratio 
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TIPP/acac =1. In a less recent study (2005), Jung et al. [75] used titanium tetra-isopropoxide 

(TTIP) as precursor to make thin films TiO2 on glass, by low-pressure metal-organic (LPMO) CVD, 

obtaining crystalline anatase phase when the temperature of the substrates was held at 500°C. 

To assess the photocatalytic activity and the possible application as self-cleaning glasses, on 

their anatase TiO2/glass samples were tested using a Methylene Blue test in water. The results 

showed a marked decrease of the absorbance at 663 nm (λmax absorption MB) in 300 min, that 

they assigned to the oxidative degradation of MB (equation 2.11). However, there was no 

further investigation to exclude that their results were due mainly to photobleaching of MB 

(equation 2.10). 

In summary the CVD technique is flexible for the results that is possible to obtain in terms of 

different crystalline phases and it is also tunable for a precise thickness of the films. However 

the high temperatures used and the complexity of the set-ups are the main disadvantage of this 

technique. 

 

2.3.1.3 Atomic layer deposition (ALD) 

 

Atomic layer deposition (ALD) is a chemical thin film fabrication technique that relies on cyclic 

gas-surface reactions, inside a chamber at a chosen temperature, where the precursor vapours 

are dosed over the growth surface one at a time. In contrast with CVD, where the reagents are 

injected at the same time, in ALD there are individual reagent gas-surface reactions that are 

called ‘half-reactions’ and appropriately make up only part of the materials synthesis. During 

each half-reaction, the precursor is pulsed into a chamber under vacuum (<1 Torr) for a 

designated amount of time to allow the precursor to fully react with the substrate 

surface through a self-limiting process that leaves no more than one monolayer at the surface. 

Subsequently, the chamber is purged with an inert carrier gas (typically N2 or Ar) to remove any 

unreacted precursor or reaction by-products. This is then followed by the counter-reactant 

precursor pulse and purge, creating up to one layer of the desired material. This process is cycled 

until the desired thickness of the material is deposited [76]. The cyclic nature of the ALD 

processes ensures excellent control over the film thickness and the self-limited surface reactions 

guarantee that the films deposited by ALD grow atomic layer-by-layer.  

TiO2 films have been deposited starting from homoleptic halides, alkoxides and alkylamides as 

titanium source. However heteroleptic compounds, with e.g. cyclopentadienyl ligands, have 

been more recently used to improve the poor thermal stability of homoleptic alkoxides and 

alkylamides. 

https://www.sciencedirect.com/topics/engineering/substrate-surface
https://www.sciencedirect.com/topics/engineering/substrate-surface
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Oxygen counter reactants include H2O, O3, O2, H2O2 and O• from a plasma source [77] [78]. 

Although O3 and O• are highly reactive and can lower the deposition temperature of the ALD, 

H2O is the most common oxygen source for metal oxide, with process temperature around 

150°C. An example of ALD water based synthesis for TiO2 is described by equation 2.14 and 2.15: 

 

                                                      n(-OH)(s)+ TiL4(g) → (-O-)n TiL4-n (s) +nHL(g)                                    (2.14)                                                        

 

                                    (-O-)n TiL4-n (s) + (4-n) H2O(g) →(-O-)n Ti(OH)4-n (s) + (4-n)HL(g)                       (2.15) 

 

where n is the average number of ligands released by each TiL4 molecule during the precursor 

adsorption, and where s and g refer to surface and gas-phase species, respectively. However, 

deviations from this ideal scheme are possible. For example, when the surface density of 

hydroxyl groups decreases due to dehydroxylation at high temperatures, TiL4 may also react 

dissociatively or associatively with oxygen bridges on the surface, leading to a decrease in the n 

value [79] [80]. Islam et al. [81] made thin films of TiO2 anatase by ALD on glass fibres for 

photocatalytic applications. They used as Ti source tetrakis (dimethylamido) titanium (TDMAT) 

and ultrapure water as oxygen source, keeping the temperature of the reactor at 150°C. The 

films obtained were amorphous, so that an annealing step at 450°C to get anatase films was 

needed. The thickness of the TiO2 layers was calculated to be ≈ 10 nm for 250 cycles. The 

photocatalytic performance of TiO2/glass fibers was tested by Methylene Blue in a water 

solution and under UV lamp irradiation (λ 365 nm), observing a 70% degradation of MB after 

240 min, by spectrophotometric measurements of the maximum absorbance of MB (λmax 663 

nm) versus UV irradiation time. However during this test they found a 25% degradation of MB 

for a control sample, an uncoated glass fibre. As already mentioned, the MB test has to be run 

under certain condition, depending on the desired result photobleaching or degradation, that 

are not explained in their work. Moreover the self-discoloration makes the MB unreliable. 

In the literature there are not many examples of thin TiO2 anatase on glass with self-cleaning 

properties. However, in this thesis, the potential to make anatase TiO2/glass with self-cleaning 

properties using an approach similar to the Islam et al. study was adopted by making ALD 

anatase TiO2/glass samples (section 3.2.4). 

ALD has the advantage of producing very thin layers down to less than a nanometer per cycle, 

thus it is used in microelectronics and nanotechnology. Another advantage is the possibility of 

lowering the processing temperature, normally needed to obtain crystalline films. However the 

cost of its set-up and the extremely low speed of the process are the main disadvantages of this 

technique. 
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2.3.2 Two-step deposition methods for TiO2 thin films production 

 

Section 2.3.1 provides an overview on the main techniques for the in situ deposition of anatase 

TiO2 film on glass substrates. The main advantage of using those techniques is linked with 

possibility of obtaining uniform and compact films in only one step, but these films have 

generally low specific surface areas (SSA), e.g 2.7 m2/g [82], that means limited active sites per 

gram for their photocatalytic activity. On the contrary TiO2 anatase nanoparticles have a much 

higher SSA, e.g 50-359 m2/g [83], linked with a higher number of active sites available per gram 

for their photocatalytic activity. For this reason making thin TiO2 anatase film using 

nanoparticles, pre-made in a first step, and depositing them on the glass substrate in a second 

step, is a alternative method widely considered in the literature [84] [85] [86]. Usually the TiO2 

anatase nanoparticles are prepared by a sol gel method (section 2.4.1), that allows control of 

the particle size and shape of the final product. But this generally yields amorphous TiO2, so that 

to obtain crystalline anatase a thermal treatment is needed, such as hydrothermal or 

solvothermal treatment, depending on the dispersion medium of the TiO2 nanoparticles, water 

or alcohol respectively. Before depositing the photocatalytic coating, it is necessary to clean the 

selected glass material with plasma or wash it with a specific solution, such as acids [87], organic 

solvents, or neutral detergents [88].   

After the precursor solution and glass substrate are prepared, the TiO2 coating can be deposited 

on glass by dip coating [84]. The glass substrate is immersed in a TiO2 nanoparticles suspension 

for a period of time by means of a dip coating equipment, and then the substrate is extracted at 

a certain speed. The immersion time and dipping times determine the thickness of the coatings. 

For instance, Barton et al. [84] produced anatase TiO2/glass by a two-step deposition method, 

synthesizing TiO2 nanoparticles by sol-gel (precursor: titanium isopropoxide), thermally treating 

the particles to obtain crystalline anatase phase and using a final TiO2 anatase nanoparticles 

suspension in isopropanol to dip coat glass slides. The nano-TiO2/glass samples were tested as 

self-cleaning glass by Methylene Blue (MB) and Methyl Orange (MO) tests under UV irradiation, 

obtaining a complete degradation of MB in 440 min, but a slower degradation of MO that was 

complete after 1400 min. Details of the MB test were not reported. Another 2-step technique 

to make nano TiO2/glass samples is represented by the sol-gel/spin coating method [85]. In this 

approach the synthesis of TiO2 anatase and the cleaning of the glass slides follow the procedure 

mentioned above. Then a glass substrate is placed onto the cage of the spin coater, the prepared 

solution is dropped (≈ 30 µl) onto the upper surface of the glass substrate and a film is produced 

by centrifugal force during rotation. The thickness of the TiO2 layer is determined by the number 

of spinning cycles. For instance, Kenanakis et al. [85] obtained a TiO2 anatase nanoparticle 
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suspension in ethanol by a sol-gel synthesis, using titanium isopropoxide as a precursor and a 

solvothermal treatment at 600°C. They deposited this on a glass slide by spin coating. They 

tested the photocatalytic activity of this sample by a stearic acid test and compared the result 

with a sample made using a benchmark TiO2 nanoparticles (P25) aqueous slurry, also spin coated 

on a glass slide. They found that the Formal Quantum Efficiency (FQE, section 2.2.3.2) of their 

sample was 10.02 × 10−3, much higher than that observed for the P25 sample (5.32 × 10−3). An 

additional 2-step method to produce nano TiO2 anatase coating on glass, is represented by the 

formulation of anatase nanoparticles paste deposited on glass by screen printing. Wang et al. 

[86] made a TiO2 paste using commercially available TiO2 anatase nanoparticles (particle size       

< 25 nm), ground and diluted with ethanol, and adding ethyl cellulose and terpineol, before 

concentrating the colloidal solution by a rotary evaporator, to obtain the following composition: 

10 % in TiO2, 10 % in ethyl cellulose, and 80 % in terpineol. After the paste was made, they used  

screen printing equipment to deposit the TiO2 anatase nanoparticles paste on glass. Then, the 

screen-printed glass was sintered at 450 °C in air for 30 min to remove the organic components 

in the paste and after the sintering it was cooled down at room temperature. Their TiO2 anatase 

coated glass was considered for use as self-cleaning glass after a Methylene Blue test in which 

they obtained a 63% of degradation of MB after 60 min of UV light irradiation. Details of the MB 

test were not provided.  

In all above examples of 2-step deposition methods for anatase TiO2 thin film on glass, the choice 

of using nanomaterials, synthesized during the first separate step and characterized by high 

Specific Surface Areas (SSA), that enhances the photocatalytic activity. This has been considered 

an advantage over the in situ techniques that do not yield nanosized coatings and produce low 

SSA films. However, in the literature there many examples of TiO2 anatase nanoparticle synthetic 

routes that involve high temperature treatments to obtain the desired crystalline product. The 

second step of these approaches, related to the deposition of nano TiO2 colloid on glass, is 

performed by an easy technique, even though it requires some rheological adjustments (slurry 

or paste). Generally, after the synthesis of the nanoparticle precursors the main focus is oriented 

toward their viscosity tuning for the subsequent deposition technique, such as dip coating, spin 

coating or screen printing. However, but an agglomeration control of the nanoparticle 

dispersions before being deposited on glass substrates has not been widely studied. This may 

be a problem when aiming at producing transparent nano anatase TiO2/glass products for 

application as self-cleaning glasses in building windows. 

For all above reasons in the next section are provided details of the main approach for the 

synthesis of nano anatase colloid (sol-gel) and an alternative low temperature route (forced 
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hydrolysis of TiCl4), alongside with the strategies to control the agglomeration of nanoparticle 

dispersions.  

  

2.4 Synthesis and control of TiO2 nanoparticles in aqueous and organic suspensions 

 

2.4.1 Sol gel methods  

 

The sol-gel technique is one of the most explored synthetic route for metal oxide nano-

structured material. This method involves the transformation of a sol into a gel. Sols are colloidal 

suspensions of nanometer-sized solid particles in a liquid phase. Gels are networks of metal–

oxygen bonds, containing a continuous solid skeleton attached to a continuous liquid phase. 

Sol-gel synthesis is based on two reactions: hydrolysis and condensation of an inorganic metal 

salt or an organic metal alkoxide. The hydrolysis of the precursor can be acid or base catalyzed. 

The condensation starts from hydrolyzed monomers M-(OH)x and proceed through the 

formation of M-O-M bonds by polymerization.  

Based on the controlled hydrolysis and condensation steps of the appropriate precursor, sol-gel 

processing allows a high control on the size and shape of the nanostructures [89]. Varying the 

synthesis reaction conditions and parameters such as the solution composition, pH value and 

temperature, it was observed on TiO2 multiphase nanostructures marked differences in size and 

morphology [90]. Multiphase TiO2 with different types of nanostructures, such as nano-particles, 

-whiskers, -fibrous and -spindles, have been successfully synthesized using this method. 

In early examples, TiO2 particle size obtained using this method were hundreds of nanometers 

in size. For instance, Su et al. [91] described the preparation of TiO2 anatase nanoparticles by 

using a solution of titanium (IV) n-butoxide (Ti(O-Bu)4) in isopropyl alcohol (IPA) as precursor. In 

order to control the reaction kinetics they added acetylacetone (acac) to moderate the reaction 

rate. Water for the hydrolysis was added gradually under mechanical stirring, and the final 

solution was peptized using HNO3 with a final pH=2.5 of the sol. The obtained hydrosol was 

gelled by drying at 100 °C for 3 h, then it was calcined at 500 °C to obtain crystalline TiO2 anatase 

powders, which presented a moderate aggregation giving a final size of 250 nm. They tested the 

photocatalytic activity of their anatase powders by mixing them with a solution of salicylic acid 

4*10-4 M in water and following its degradation, in nitrogen atmosphere and under UV 

irradiation. By monitoring the absorbance of the salicylic acid at the absorption maximum 

(wavelength of 296 nm) of the aromatic acid moiety, they reported over 60% of degradation of 

the salicylic acid in 250 min.  



26 
 

More recently, titania particle size has been controlled in smaller size regimes. For example, 

Ahmad et al. [92] synthesized TiO2 anatase nanoparticles 18.3 nm in size through a sol-gel 

method and post synthesis calcination using titanium tetraisopropoxide as precursor. The first 

step was mixing 15 ml of glacial acetic acid with 250 ml of water, stirring continuously for 30 min 

at 0°C. Then, 5 mL of titanium tetraisopropoxide was added drop by drop and stirred vigorously 

for 5 h, and the resulting solution that was kept at 80°C for 10 h to obtain a gel. The gel was kept 

in an oven at 100°C until it was completely dry and this dry material was calcined at 600°C to 

obtain white TiO2 anatase nanoparticles. They tested the photocatalytic efficiency of these 

powders by degradation of Methylene Blue (MB) achieving of 81 % of dye degraded under direct 

sunlight irradiation. The MB test was run using 50 mg of TiO2 anatase nanoparticles in a 250 ml 

solution 100µM in MB, following the decrease of the absorbance of MB (λmax 663 nm) versus 

time of light irradiation, by UV-vis absorption spectroscopy. It was not specified if the MB test 

was run under N2 or O2 saturation.  

Morales et al. [93] studied the hydrolysis of titanium ethoxide in the presence of hydrolyzing 

agents. These authors investigated the consequences of adding several acids and bases as 

additives during the synthesis and found some contradictory results. Use of HCl at mild acidic 

pH resulted in the isolation of crystalline particles containing all three phases of titania. On the 

other hand, use of oxalic acid or ammonium hydroxide caused the formation of mainly 

amorphous titania phase. 

Although some studies reported TiO2 crystalline products, in general sol-gel methods result in 

amorphous or poorly crystalline materials. This represents the main drawback of this synthesis 

approach so that a thermal treatment such as hydrothermal or solvothermal processing is 

needed to obtain the desired product. 

 

2.4.2 Forced hydrolysis of TiCl4 

 

An alternative to sol-gel for the synthesis of TiO2 nanoparticles is the forced hydrolysis of TiCl4 

as a precursor. In this approach the metal salt solution is heated or diluted to force the hydrolysis 

of hydrated metal ions in solution. The reaction is based on the deprotonation of hydrated metal 

ions complexes of general formula 𝑀(𝐻2𝑂)𝑛
𝑧+, followed by condensation of metal hydroxide 

monomers to form TiO2 particles, as shown in equations 3 and 4: 

                                             𝑀(𝐻2𝑂)𝑛
𝑧+ ⇒ 𝑀(𝑂𝐻)𝑦  (𝐻2𝑂)𝑛−𝑦

(𝑧−𝑦)+
+ 𝑦𝐻+                                  (2.16) 

                                             −𝑀(𝑂𝐻) + −𝑀(𝑂𝐻) ⇒ 𝑀𝑂𝑀 +𝐻2𝑂                                             (2.17) 
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The condensation of metal hydroxide monomers leads to the formation of long polymeric chains 

that form clusters that organize into nuclei. From these nuclei, through a diffusional growth, 

primary nanoparticles are generated and they continue to grow until reaching a critical size. 

Further aggregation gives bigger amorphous or crystalline particles.  

The nature of the resulting product of the TiCl4 reaction depends on the concentration of the 

precursor and temperature. For instance, Charbonneau et al. [94] obtained rutile nanoparticles 

by forced hydrolysis of TiCl4 over the temperature range of 70-90 °C and TiCl4 concentration 0.5-

1.5 M. At a concentration of TiCl4 0.2 M and at 80 °C, they obtained mainly anatase nanoparticle 

(85 wt%) with size 4-5 nm and high specific surface area (SSA) in the range 250-350 m2/g [95]. 

Kim et al. [96] worked on the synthesis of TiO2 nanopowders starting from a solution 0.67 M in 

TiCl4 and varying the temperature. They found that pure rutile formed at temperature under    

65 °C and over 155°C, whereas pure anatase was obtained at temperature between 70°C and 

95°C. Addamo et al. [97] synthesized TiO2 suspensions by fixing the temperature at 100° C and 

changing the TiCl4 precursor concentration. Their results showed that anatase was obtained 

when TiCl4 was 0.9 M, at much higher concentration, when at TiCl4 4.5 M, they observed the 

rutile phase. Possible mechanisms have focused on the nucleation step of the synthesis, when 

the hydrolyzed octahedra of formula [Ti(OH)2(H2O)4]2+ can form nuclei by sharing equatorial or 

apical edges, driving the preferential orientation of crystalline units of rutile or 

anatase/brookite, respectively. Among the different studies on the TiCl4 forced hydrolysis to 

obtain anatase nanoparticles, the Charbonneau et al. [95] study, originally focused on 

applications in the photovoltaic field, it was also considered an approach suitable for production 

of nanomaterials for photocatalytic applications in this thesis (section 4.2). 

The main advantage of TiCl4 forced hydrolysis for TiO2 nanoparticles synthesis is the possibility 

of obtaining the desired crystalline phase by setting a moderate temperature (below 100 °C) and 

an appropriate TiCl4 concentration at the start of the reaction, without any hydrothermal step 

in autoclaves, that it is instead needed in sol-gel processes. However, compared to a sol-gel 

approach, the size and shape of the nanoparticles synthesized by forced hydrolysis of inorganic 

salt precursors are less controllable. 

 

2.4.3 Nanoparticles dispersion: theory and control methods 

 

After their synthesis, nanoparticles can be dried to obtain powders or left dispersed in a liquid 

depending on the intended use. However, nanoparticles dispersions have some advantages over 

dried particles. For example, after drying the TiO2 nanoparticles lose some of their properties 

such as the surface -OH groups, that are important for their photocatalytic activity [98]. 
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Moreover, nanoparticles dispersions can be used as wet precursors for further deposition on a 

substrate to form films, exploiting features such as the high specific surface area of nanoscale 

materials. Thus, the competence in preparing and handling concentrated and colloidally stable 

dispersions of nanoparticles in aqueous or non-aqueous media is important for the deposition 

of uniform layers and for the performance of the final product. To achieve this, the main 

properties to be considered are the inter-particle forces. The dominating inter-particle forces in 

nanoparticle dispersions are the Van der Waals forces and the double layer (electrostatic) forces. 

To control these forces, the stabilization can be electrostatic, steric or a mixture of the two, as 

shown in figure 2.5. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13: stabilizing forces in nanoparticles dispersions (reprinted with permission from reference 

[99]) 

Van der Waals forces are electrodynamic forces due to the interactions of fluctuating or 

permanent dipoles between atoms, molecules or macroscopic bodies (nanoparticles in this 

context) in close proximity [100]. They are attractive forces that can cause particle 

agglomeration, but their weak strength is generally overcome by the stronger double layer 

forces.  

The electrical double layer interactions are due to the accumulation of counter ions near a 

charged surface. A net charge can be formed on the nanoparticles surface in liquid through 

various mechanisms such as the dissociation of surface groups, the specific adsorption or 
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dissolution of ions and the presence of crystalline defects [101]. In metal oxide the main surface 

charging mechanism in water is the protonation or deprotonation of hydroxyl groups which 

depends on the pH: 

                                                                   M-OH + H+ = M-OH2
+                                              (2.18) 

                                                             M-OH + OH- = M-O- + H2O                                                     (2.19) 

The pH at which the net charge on the nanoparticles surface is zero (the electrostatic repulsions 

are suppressed) is called the isoelectric point (IEP). The net charge on the particles is usually 

measured as Z-potential (ζ) that is given as the electric potential difference between the 

maximum thickness of the particles double layer, called slipping plane, and the stationary fluid 

surrounding the particles (section 5.3). Controlling the pH, to keep the system away from its IEP, 

is one method to obtain a stable dispersion. Also, simple ions can promote electrostatic 

dispersion stability. For instance, TiO2 nanoparticles are stabilized by using citric acid at neutral 

pH [102] or alkylammonium at high pH [103] . However, for many nanoparticles systems it is not 

possible to achieve a stable dispersion only by controlling the pH or introducing small ions. 

Hence, addition of surfactants or polymeric dispersants is used to provide a polymer-induced or 

steric stabilization. Polymer-induced interactions happen when the adsorbed polymers or 

surfactants have segments or chains that protrude into the solvent providing a protective 

additional layer on the particle surfaces. In metal oxide nanoparticles, the high surface density 

of hydroxyl groups is used as a target for the adsorption groups of the surfactants or the polymer 

dispersants. The surface coverage is accomplished through physisorption (e.g. hydrogen-

bonding, ethers) or chemisorption (e.g. TiO2-ligand complexes at the surface, carboxylic or 

phosphonic acids) [104] [105]. Another type of dispersants are polyelectrolytes. They provide an 

electro-steric stabilization that is a combination of an electrostatic repulsion and a polymer-

induced repulsion. The electrostatic repulsion is given by the adsorption of polyelectrolyte highly 

charged groups on a weekly charged nanoparticle surface, which usually results in an increase 

of the net surface charge density. The steric repulsion is due to polyelectrolyte chains protruding 

into the medium that provide a thick adsorbed layer on the nanoparticle surface. Examples of 

polyelectrolyte are polyacrylic acid (PAA) and polyacrylamide (PAM), both used to stabilize TiO2 

nanoparticles suspensions [106] [107]. 

The strategies discussed above to deagglomerate TiO2 nanoparticles suspended in their 

medium, as already discussed, are important for their deposition of uniform layers on a 

substrate, that in this thesis is glass. But in section 5.4 the importance of such treatments to 

obtain transparent layers that are needed to use self-cleaning glasses in building windows is 
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highlighted. Section 5.4, shows that the dispersant used in this work is oxalic acid, a natural and 

easy degradable molecule, that is in line with low carbon footprint process.  

 

2.4.4 Nanoparticles solvent transfer 

 

Nanoparticles are often suspended in water or alcohols. These media are compatible with 

substrates such as glass, but in other industrial application there is the need of organic 

dispersions. For instance, gold nanoparticles are synthesized in water following standard 

procedures [108], but their catalytic applications require them to be dispersible in organic 

solvents [109]. Phase transfer can be a strategy which provides a solution to such problems. In 

order to transfer particles from one solvent to another, the chemical properties must be altered 

in a way that allows for stable interactions between particles and new solvent molecules. This 

change of the nanoparticles dispersibility properties is achieved by the use of ligands or capping 

agents which functionalize the surface of the nanoparticles. The efficiency of the 

functionalization is dependent on the affinity of the functional head groups towards the 

nanoparticles surface. Chemisorption by formation of a covalent-like bond gives a stable 

functionalization, while electrostatic interactions result in a weaker attachment in which the 

surface coverage is subject to the equilibrium concentration of the ligand in the solution [110]. 

There are two methods to transfer nanoparticles from a polar to a non-polar solvent: the first is 

the sedimentation of the nanoparticles from the aqueous solvent and their redispersion in the 

organic solvent; the second is the nanoparticles direct phase transfer through a liquid-liquid 

interface [111]. Since the drying step of nanoparticles can alter their surface properties 

permanently, e.g. reducing the surface -OH groups, the second method is preferred to the first 

method. In fact, the main challenge of changing the dispersing medium of the nanoparticles 

from hydrophilic to hydrophobic is performing it, while maintaining all chemical properties and 

the characteristic of the original product.  

Borah at al. [112] studied the nanoparticles direct phase transfer from water to hexane for metal 

oxides such as TiO2, ZnO, WO3 and CuO. They tried two different ligands to attempt the water 

to hexane transfer, namely oleylamine and dodecane-1-thiol, finding that oleylamine only 

worked for TiO2 and WO3, while dodecane-1-thiol only worked for ZnO and CuO. This behaviour 

was explained by FT-IR spectroscopy which showed that amine-ZnO or amine-CuO and thiol-TiO2 

or thiol-WO3 interactions are too weak to make hydrophobic the nanoparticles surface for the 

interphase transfer. Schmitt Pauly et al. [111] investigated TiO2 nanoparticles transfer from 

water to chloroform by the aid of alkylphosphonic acids. They found that the TiO2 nanoparticles 

(even at concentration up to 23 % in weight) were successfully transferred in the organic phase 
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when alkylphosphonic acids with linear alkyl chains (5,8,12 and 18 carbon atoms) were used as 

grafting agents. For tert-butyl phosphonic acid and phenyl phosphonic acid the organic transfer 

was only partial. Another example of water to organic transfer was reported by Ramarkrishna 

et al. [113] who transferred TiO2 aqueous colloid to a toluene phase using sodium 

dodecylbenzenesulfonate (SDBS). In general, in order to perform a water to organic solvent 

transfer of nanoparticles, at the liquid-liquid interface, the type of molecules used are 

surfactants. These amphiphilic molecules have the polar head that anchors the surface of the 

nanoparticles and the hydrophobic chain that allows the dispersion into the organic medium. 

 

2.5 Conclusions 

 

After a brief introduction on TiO2 structural and optoelectronic properties, this review focuses 

on the photocatalytic application of TiO2. In particular, it is explained that the photocatalytic 

behaviour is strictly linked with the life time of the electron-hole pairs generated upon 

irradiation with energy equal to or greater than the band gap of the material. The longer life 

time of the electron-hole pairs is shown by TiO2 anatase due to its indirect band gap, that makes 

this polymorph the most photocatalytic active when compared with the other two polymorphs, 

rutile and brookite, that have a direct bang gap.  

In this literature review, the photocatalytic properties of TiO2 anatase have been considered for 

applications in self-cleaning glasses, in which a TiO2 anatase layer deposited on glass allows the 

photodegradation reactions of organic molecules that compose the dirt accumulated on glass.  

To produce TiO2 anatase/glass there are two main methods: in situ techniques and two-step 

techniques. The in situ techniques such as Chemical Vapour deposition (CDV), spray pyrolysis 

and Atomic Layer Deposition (ALD) can produce uniform and compact TiO2 anatase layer on 

glass, but their resulting films have a low Specific Surface Area (SSA), < 3m2/g, which is the main 

drawback for their photocatalytic efficiency. The two-step techniques consist of a first step 

focused on the TiO2 anatase material synthesis, followed by a second step in which the 

synthesized material is deposited on glass by dip coating, spin coating or screen printing. The 

advantage of the latter methods, to make TiO2/glass, is the possibility of producing nano-scaled 

anatase material in the synthesis step to exploit properties, such as the high SSA (50-359 m2/g), 

that increase the density of active sites for a superior photocatalytic activity. Based on these 

considerations, this literature review also reports methods to produce anatase nanoparticles. 

The most used method is the sol-gel that is based on the hydrolysis and condensation of an 

inorganic metal salt or an organic metal alkoxide, acid or base catalyzed. The sol-gel methods 

can be controlled to obtain precise shape and size of nanoparticles, but it generally yields 
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amorphous material, so that a thermal treatment is needed to get crystalline anatase 

nanoparticles. This is the main drawback of the sol-gel synthesis, because the high temperatures 

required for the crystallization represent an energy consumption with environmental and 

economic negative consequences. An alternative method for the synthesis of anatase 

nanoparticles is the forced hydrolysis of TiCl4. By this method is possible to obtain TiO2 anatase 

nanoparticle (≈ 5nm), running the synthesis in water, at a relative low temperature of 80°C and 

in 30 min. This is an approach much more environment friendly and low cost compared to the 

sol-gel. For this reason in this work the anatase nanoparticles are synthesized through the forced 

hydrolysis of a water solution 0.125 M of TiCl4*2THF, using a procedure already experimented 

by Charbonneau et al. [95], but changing the precursor to make the process more user friendly 

compared to the use of TiCl4, that is extremely exothermic in contact with water and needs 

practice to be handled.  

The final anatase colloid product needs to be treated with an appropriate dispersant to be used 

as wet precursors for the deposition of TiO2 transparent layers on glass, so that section 2.4.3 of 

the literature review is focused on the control of the agglomeration of nanoparticles dispersed 

in their medium. This section reports a selection of different dispersants depending on the 

degree of agglomeration of a colloid, suggesting that even small molecules can promote a 

successful deagglomeration. Based on these studies, in this work the dispersant chosen is oxalic 

acid, that is a natural small molecule that is compatible with the green friendly route adopted 

for the fabrication of self-cleaning glasses. The use of oxalic acid, at low concentration (5*10-4 

M), allows the deposition of transparent TiO2 anatase layers on glass, feature needed for 

applications of self-cleaning glass in building windows. 

However, the deposition of water based 0.1 wt % anatase colloid is done by drop casting, since 

the other deposition methods mentioned above require the use of a more viscous wet 

precursor, slurry or paste, that is avoided because the increase of the viscosity can be achieved 

by increasing of the concentration of the colloid, that can lead to opaque layers, or by an 

extensive use of solvents and polymers that makes the process less green friendly.  

To test the photocatalytic activity of self-cleaning glasses some methods are described in this 

literature review, highlighting the reliability of the stearic acid test that is used in this work. 

The last section of this literature review is based on solvent transfer of the TiO2 nanoparticles 

from their aqueous medium for applications on different substrates. 
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Chapter 3: Experimental  

 

3.1 Introduction 

 

This chapter is focused on all the experimental details of this thesis. In the first part, chemicals 

materials and procedures used are provided, starting from the TiO2 anatase nanoparticles 

synthesis, passing through the colloid agglomeration control to fabricate TiO2 anatase thin films 

on glass, ending with the photocatalytic test of these composites and the TiO2 nanoparticles 

solvent transfer to prepare wet precursor suitable for deposition of TiO2 on metal substrate. The 

second part of the chapter is related to the instruments used to characterize the TiO2 

nanoparticles, in their dry and colloidal forms, the TiO2 thin films on glass, the TiO2 nanoparticles 

transferred in an organic medium and the corrosion effect of TiO2 colloids, in aqueous or organic 

medium, deposited on metal. 

 

3.2 Chemicals, materials and procedures 

 

3.2.1 Synthesis of TiO2 nanoparticles 

 

TiO2 nanoparticles were synthesized using a TiCl4*2THF complex (98%, Alfa Aesar) precursor 

used without any further purification. The reaction was carried out in ultrapure water (resistivity 

ρ=18.18 MΩ·cm at room temperature). The TiO2 synthesis was achieved through forced 

hydrolysis of the precursor as follows: 4.18 g (0.0125 moles) of TiCl4*2THF were dissolved in a 

small beaker with 10 ml of cold water ≈ 5 °C, while 90 ml of water was pre-heated up to 80° C 

and maintained to this temperature in a round bottomed flask fitted in a heating mantle (the 

reaction temperature was monitored using a thermometer fixed inside the flask with a clamp 

attached to a stand). The dissolved precursor was poured into the round bottom flask, reaching 

a final concentration of 0.125M in TiCl4*2THF. This procedure allowed the precursor to dissolve 

in a minimum quantity of cold water to stop any premature hydrolysis reaction and, upon mixing 

with the pre-heated water, to minimize the equilibration time needed to bring the reaction 

temperature back to 80°C within approximately 3 min. According to kinetics study, reported in 

section 3.2.2, the time needed to obtain the maximum yield (≈96%) of TiO2 nanoparticles was 

30 min, considering as time zero (t0) 3 min after mixing the precursor with water at 80°C. Other 

parameters were atmospheric pressure and 1000 rpm of constant stirring using a magnetic bar.  
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After synthesis, the TiO2 nanoparticles 0.125M dispersed in water were left to cool to room 

temperature and then were stored in 250 ml glass bottle with a screw cap in a refrigerator at     

≈ 5°C. The TiO2 nanoparticles appeared translucent with a white-blueish tinge. The as 

synthesized and stored TiO2 nanoparticle dispersions were named as “Sample A” and this term 

is used in all experimental chapter for clarity and simplicity, unless it is otherwise specified. 

 

3.2.2 Kinetics of TiO2 nanoparticles synthesis 

 

The end time of the TiO2 nanoparticles synthesis reaction was determined through a kinetics 

study performed by quantifying the unreacted Ti4+ (aq) in 2 ml samples withdrawn at different 

reaction times, in the 0-60 mins range, with time zero (t0) corresponding to 3 mins after mixing 

the precursor with water at 80°C. The samples collected were immediately introduced in ice-

cooled 7 ml vials filled with 100 μl of 5 % HCl to immediately cease the conversion of unreacted 

Ti4+(aq) to TiO2(s). All samples were then filtered using a Merck UFC900324 Amicon Ultra-15 

Centrifugal Filter Unit with Ultracel-3 membranes and a 3KDa cut off to remove any solid 

particles. The filtrate was diluted with water (to have a concentration in Ti4+ within the 2.1*10-5 

M to 5.2*10-4 M range) and analyzed by microwave plasma atomic emission spectroscopy (MP-

AES, section 3.3.1.1). The results (section 4.2) showed that the end time of reaction was 30 min, 

time at which there was the maximum conversion of Ti4+(aq) to TiO2(s) with a yield of ≈96%. 

 

3.2.3 TiO2 colloids agglomeration control 

 

The TiO2 colloids agglomeration was controlled by the aid of oxalic acid (98% Sigma Aldrich). This 

experiment was performed at room temperature (≈25°C) using Sample A. Details of the oxalic 

acid treatment are reported in table 3.1. The amount of oxalic acid used was associated with the 

loading on the TiO2 nanoparticles, expressed as molecules of oxalic acid/nm2 of TiO2, using the 

following equation:  

 

𝐶𝑜𝑥 ∗ 𝑉𝑜𝑥 ∗ 𝑁𝐴

𝑚𝑛𝑝𝑠 ∗ 𝑆𝑆𝐴𝑛𝑝𝑠 ∗ 10
18
=
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠𝑜𝑥

𝑛𝑚2
 

 

Where Cox is the concentration, expressed as molarity, of oxalic acid added to the colloid; Vox is 

the volume in liters of oxalic acid added to the colloid, NA is the Avogadro constant; mnps is the 

mass in grams of TiO2 nanoparticles; SSAnps is the specific surface area of TiO2 nanoparticles (200 

m2/g) and moleculesox are the number of molecules of oxalic acid.  

  (3.1) 
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Considering the theoretical maximum loading of 5.56 molecules of oxalic acid/nm2 of TiO2[1], 

the amounts of oxalic acid used aimed to provide three different options in which:  

1) the coverage was not complete; 

2) the number of molecules of oxalic acid/nm2 of TiO2 was 3 times higher than the maximum 

loading; 

3) the number of molecules of oxalic acid/nm2 of TiO2 was 30 times higher than the maximum 

loading”. 

Table 3.1. TiO2 colloids treated with Oxalic acid 

 

Based on the results obtained from Transmission Electron Microscopy (TEM), which confirmed 

faceted TiO2 nanoparticles with 6±2nm size, and from Dynamic Light Scattering (DLS) according 

to which the hydrodynamic size of the TiO2 nanoparticles (where the shape was approximated 

to a sphere) in their original suspension was 20 nm, this experiment aimed to deagglomerate 

Sample TiO2 0.125 M(aq) Oxalic acid 0.1 

M(aq) 

Loading  

molecules/nm2 

Total volume 

control 1ml (1.25*10-4 

moles in a total 

volume of 10 ml, 

1.25*10-2 M final 

concentration) 

0 ml 0 10 ml (up to 

volume with 

H2O) 

1 1ml (1.25*10-4 

moles in a total 

volume of 10 ml, 

1.25*10-2 M final 

concentration) 

50µl (5*10-6  

moles in a total 

volume of 10 ml,  

5*10-4 M final 

concentration) 

1.5 

 

10 ml (up to 

volume with 

H2O) 

2 1ml (1.25*10-4 

moles in a total 

volume of 10 ml, 

1.25*10-2 M final 

concentration) 

500µl (5*10-5 

moles in a total 

volume of 10 ml, 

5*10-3 M final 

concentration) 

15 10 ml (up to 

volume with 

H2O) 

3 1ml (1.25*10-4 

moles in a total 

volume of 10 ml, 

1.25*10-2 M final 

concentration) 

5ml (5*10-4   

moles in a total 

volume of 10 ml, 

5*10-4 M final 

concentration) 

150 10 ml (up to 

volume with 

H2O) 
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the TiO2 nanoparticles in their colloidal form. The oxalic acid treatment was performed on TiO2 

colloid samples at a concentration (TiO2 1.25*10-2 M) suitable for the formulation of wet 

precursor to be deposited on glass substrates. However, these colloids were too excessively 

concentrated to allow a DLS analysis after the treatment with oxalic acid. So that the evaluation 

of the deagglomeration by oxalic acid was theoretical and based on the speciation of the oxalic 

acid in the different cases reported in table 3.1.  

 

3.2.4 TiO2 films deposition on glass 

 

To fabricate all TiO2 thin films on glass reported in this study, the glass substrate used was soda 

lime glass purchased from C.G. Toft (Leaded Lights) Ltd, cut with dimension 

30mm*30mm*3mm. All the glass slides were cleaned in an ultrasonic bath with Hellmanex III 

detergent (Hellma Analytics), acetone and isopropanol in sequence for 10 min. After cleaning 

the substrates were dried using compressed nitrogen between each step. Cleaned substrates 

were finally subjected to 15 min of UV-ozone plasma treatment.  

The nano-based TiO2 films were made using as wet precursor an optimized colloid with the 

following characteristics: TiO2 concentration 1.25*10-2 M, solvent 70% v/v in water and 30% v/v 

in isopropanol (99.5% ACS reagent, Sigma Aldrich) and oxalic acid at concentration 5*10-4 M. 

Assuming a uniform drying step, to obtain 25 nm thick TiO2 layers the necessary quantity of the 

optimized colloid was calculated as follows: 

 

                                                     𝑉(𝑇𝑖𝑂2 𝑡ℎ𝑖𝑛 𝑙𝑎𝑦𝑒𝑟) ∗  𝜌𝑇𝑖𝑂2 = 𝑚 𝑇𝑖𝑂2                                      (3.2)                                

 

Where V(TiO2 thin layer) is the volume in cm3 of the TiO2 thin layer, ρ TiO2 is the density of the 

material (approximated to anatase = 3.78 g/cm3, as explained in section 4.5) and m TiO2 is the 

mass, expressed in grams, needed to make the desired TiO2 layer. 

85 µL (corresponding to 85 µg of TiO2) of this wet precursor was drop casted on glass substrates 

held at 30°C by the use of a hot plate. After drying, the nano-based TiO2/glass samples were 

annealed by heat at temperatures in the range 60°C to 500°C (hot plate) or by a UV treatment 

(UV curing system with irradiance 684 mW/cm2) at different exposure time between 3 s and 3 

min.  

Other TiO2/glass composites were made using spray pyrolysis and atomic layer deposition (ALD) 

techniques. For the TiO2/glass made by spray pyrolysis the precursor used was titanium 

diisopropoxide bis(acetylacetonate) (Ti-AcAc, 75 wt% in isopropanol, Sigma Aldrich) mixed with 

isopropanol in a ratio 1:9. The spray system was a handheld spray gun connected to compressed 
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dry air at 25 psi as the carrier gas. The sprays were applied using the spray system on clean glass 

substrates held at 350°C on a hot plate, one pass was 2 s long allowing 15 s between each spray 

for solvent evaporation and for the substrate temperature to return to the set value; the general 

scheme of the setup is described in figure 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Spray pyrolysis setup for TiO2 thin layer deposition on glass (reprinted with permission 

from reference [2]) 

 

To form a 25 nm TiO2 layer the number of sprays dispensed were 25 (≈ 1nm/spray). After spray 

deposition the samples were annealed at 500 °C for 30 min on the hot plate. 

The ratio thickness/spray was deduced in a previous work [3] by cross sectional Scanning 

Electron Microscopy (SEM) images on fluoride doped tin oxide (FTO)/glass samples sprayed 15-

50 times observing a linear build-up of ≈1 nm/spray. In that work the same setup, thermal 

treatment (spraying temperature and annealing temperature and time) and precursor 

preparation were used.  

For the samples made by ALD, the instrument used was a Savannah S200 (Ultratech/Cambridge, 

Nanotech). Tetrakis(dimethylamido) titanium (TDMAT, Sigma Aldrich) and H2O were the source 

of titanium and oxygen, respectively.  High purity N2 was used as carrier and purging gas with a 

flow rate of 1.5 *10-6 m3/s. The reactor temperature was kept at 150 °C. For one cycle, TDMAT 

pulse time/purge time was 0.1 and 5 s followed by H2O pulse time/purge time 0.015 and 5 s. The 

thickness of the final layer was 25 nm per 554 deposition cycles, as measured in a previous work 

by ellipsometry (not yet published). All the TiO2/glass sample made in this work are summarized 

in table 2.2. 
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Table 3.2.: TiO2/glass samples specifics: Nps= made by Nanoparticles; SP= made by Spray Pyrolysis; 

ALD= made by Atomic Layer Deposition 

 

 

 

3.2.5 Photocatalytic test 

 

For the photocatalytic test of all the TiO2/glass samples, made as described in section 3.2.4, were 

dip coated with stearic acid using a solution of stearic acid 0.2 M (95% reagent grade Sigma 

Aldrich) in chloroform (99.8% Thermo Fisher Scientific), before exposure to a UV lamp (365nm) 

for its photodegradation. Another two sample were used in this test: a benchmark ActivTM glass 

purchased from NSG as a comparative commercial product and a control sample that was a soda 

lime glass slide, both cut with the same dimensions of the other samples (section 3.2.4) and dip 

coated with stearic acid as mentioned above. The experiment was based on measuring the 

stearic acid photodegradation, using Fourier Transform Infra-Red (FTIR) spectroscopy (section 

3.3.5.1), against UV exposure time, to determine the kinetics of stearic acid photodegradation 

for each TiO2/glass sample. The final results were expressed as Formal Quantum Efficiency (FQE):  

Sample name  Precursor formulation Deposition method  Annealing method 

Nps 60 °C  TiO2 1.25*10-2 M in H2O:IPA 
70:30 % + oxalic acid  
5*10-4 M 

Drop casting  Hot plate at 60 °C 

Nps 120 ° C TiO2 1.25*10-2 M in H2O:IPA 
70:30 % + oxalic acid  
5*10-4 M 

Drop casting Hot plate at 120 °C 

Nps 300 °C TiO2 1.25*10-2 M in H2O:IPA 
70:30 % + oxalic acid  
5*10-4 M 

Drop casting Hot plate at 300 °C 

Nps 500 °C TiO2 1.25*10-2 M in H2O:IPA 
70:30 % + oxalic acid  
5*10-4 M 

Drop casting Hot plate at 500 °C 

Nps UV 3s TiO2 1.25*10-2 M in H2O:IPA 
70:30 % + oxalic acid  
5*10-4 M 

Drop casting UV curing (684 
mW/cm2) for 3s 

Nps UV 30s TiO2 1.25*10-2 M in H2O:IPA 
70:30 % + oxalic acid  
5*10-4 M 

Drop Casting UV curing (684 
mW/cm2) for 30s 

Nps UV 3mins TiO2 1.25*10-2 M in H2O:IPA 
70:30 % + oxalic acid  
5*10-4 M 

Drop casting UV curing (684 
mW/cm2) for 3 min 

SP  Titanium diisopropoxide 
bis(acetylacetonate)  

Spray pyrolyzed on 
hot plate at 350°C  

Hot plate at 500 °C 

ALD Tetrakis(dimethylamido) 
Titanium (TDMAT) 

ALD at 150°C Not required 
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𝐹𝑄𝐸 =  
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑜𝑓 𝑆𝐴 (

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
𝑐𝑚2𝑠

)

𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛 𝑓𝑙𝑢𝑥 (
𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑐𝑚2𝑠

)
 

 

A description of the photocatalytic test set-up is reported in figure 3.2. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Photocatalytic test on TiO2/glass samples set-up 

 

In the set-up showed in figure 3.2 the bricks used to lift the three UV lamps had a height of 7.5 

cm, so that, considering the height of the polystyrene tray ≈ 2cm, the distance between the 

sample and UV light source was approximately 5.5 cm. For each lamp the maximum number of 

samples fitted underneath was four. The UV lamps used were UVP XX-Series UV bench lamps 40 

W (Fisher Scientific). Before starting the photocatalytic experiment for each sample, made as 

explained in section 3.2.4, it was measured the correspondent irradiance of the UV lamps, 

reported in table 3.3, using a UV power meter (Analytikjena, UVP UVX Radiometer, Jena, 

Germany). The value of the different irradiance measurements was taken into account for the 

calculation of the incident photon flux as follows: 

 

                          Photon flux (photons cm-2 s-1) = Irradiance (W cm-2)/ Energyλ=365nm (J)              (3.3) 

 

 

 

 

(3.2) 
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Table 3.3 UV light irradiance for each TiO2/glass sample used in the photocatalytic test. Nps= made by 

Nanoparticles; SP= made by Spray Pyrolysis; ALD= made by Atomic Layer Deposition  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.6 TiO2 nanoparticles solvent transfer 

 

The TiO2 nanoparticles transfer from their aqueous liquor to another solvent was attempted, at 

the liquid-liquid interface, in hexane (95% Sigma Aldrich), diethyl ether (95% Sigma Aldrich) and 

2-butanol (99% Sigma Aldrich), at room temperature (≈25 °C). The carrier molecule used was 

hexanoic acid (98% Sigma Aldrich) at its critical micelle concentration (C.m.C.), 0.1 M (aq). In all 

transfer experiments the original pH of the water based TiO2 colloids was increased 

progressively by a 1 M NaOH (ACS reagent 97 %, pellets, Sigma Aldrich) solution in water. The 

pH change could not be measured by a pH-meter in this biphasic system (top phase: organic; 

bottom phase: aqueous), so that it was monitored using Universal Indicator. The parameters 

used to make the biphasic systems of this experiment are listed in table 3.4. The TiO2 solvent 

transfer was successful for the biphasic system 2-butanol/water (biphasic system 3 in table 2.4) 

when the addition of NaOH 1M (aq) was 500 µl (5*10-4 moles), so that, after this test, to use the 

TiO2 nanoparticles dispersed in 2-butanol, either for their analysis or as wet precursor for TiO2 

nanoparticles deposition on metal substrates (section 3.2.6), a separation from the aqueous 

phase was needed. The separation was performed using this procedure: in a 100ml separatory 

funnel a 2-butanol/water biphasic system was prepared using the same parameters showed in 

table 3.4 (except for the universal indicator) in a ratio 4:1, hence 20 ml of aqueous phase and 20 

Sample Irradiance (mW cm-2) 

Control 3.09 

Nps 60°C 2.53 

Nps 120°C 4.8 

Nps 300°C 6.36 

Nps 500°C 5.48 

Nps UV 3s 2.46 

Nps UV 30s 3.02 

Nps UV 3 min 2.58 

SP 2.25 

ALD 2.58 

ActivTM 2.67 
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ml of 2-butanol phase, with 2 ml NaOH 1 M (aq) (2*10-3 moles). The mixture was shaken for 1 

min for three times to allow the TiO2 nanoparticles to move completely in the upper 2-butanol 

phase. After holding the separatory funnel using a stand with a ring support, a 50 ml beaker was 

put underneath and the tap of the funnel was slightly opened to collect the bottom aqueous 

phase. After all the aqueous phase was collected, using another 50 ml beaker, the 2-butanol 

phase containing the TiO2 nanoparticles was collected. The two separated phases were stored 

in 40 ml vials in a refrigerator at 5°C. 

 

Table 3.4: TiO2 nanoparticles solvent extraction: description of parameters of biphasic systems 

 

The Critical Micelle Concentration (C.m.C) of the hexanoic acid was determined by surface 

tension measurements. The surface tension measurements at different hexanoic acid 

concentrations were carried out by an Optical Contact Angle (OCA35, Dataphysics) using a 

pendant droplet method and a software called Fta 32 2.1. The data obtained are listed in table 

3.5. In this experiment the plot of the surface tension of hexanoic acid aqueous dispersions 

against concentration was composed by a descending trend (at lower concentrations) and a 

steady trend (at higher concentrations) and the value of the C.m.C was found by the cross point 

of the two linear fits of the above mentioned trends (section 6.5).  

Aqueous phase 

TiO2 1.25*10-4 

moles (1ml of 

TiO2 0.125M) 

HCl 5*10-4 

moles (as TiO2 

synthesis 

byproduct) 

pH increased by 

NaOH 1M (aq) 

with aliquots of 

100 µl in the 0-1 

ml range (0-

1*10-3 moles) 

Hexanoic acid  

1 M (aq) 500 µl 

(5*10-4 moles in 

5 ml of total 

volume, 0.1 M 

final 

concentration 

(C.m.C)) 

Total volume     

5 ml 

Organic phases 

 Biphasic 

system 1 

Biphasic 

System 2 

Biphasic   

System 3 

 

 Hexane Diethyl ether 2- Butanol  

Total volume 5ml 5ml 5ml  

pH change evaluation 

 2 drops of Universal indicator  
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Table 3.5: Surface tension measurements at different Hexanoic acid concentration in water (collection 

of data needed for Hexanoic acid Critical Micelle Concentration (C.m.C.) evaluation) 

 

Hexanoic acid concentration 

in water (M) 

Surface tension (N/m) 

(average of 3 measurements) 

Standard deviation (N/m) 

 

0 72.054 ±0.011 

0.025 45.447 ±0.015 

0.035 38.555 ±0.014 

0.5 35.332 ±0.022 

0.065 32.935 ±0.019 

0.075 30.389 ±0.037 

0.0875 29.234 ±0.065 

0.1 28.716 ±0.056 

0.125 28.451 ±0.061 

0.15 28.313 ±0.039 

0.175 29.042 ±0.041 

0.2 29.553 ±0.113 

0.225 29.405 ±0.101 

0.25 30.208 ±0.432 

0.275 28.301 ±0.523 

 

 

3.2.7 TiO2 colloids deposition on metal substrates 

 

For the deposition of TiO2 colloids on metal, the substrates used were Electrolytic Chromium 

Coated Steel (ECCS) and Trivalent Chromium-Coating Technology (TCCT) purchased from Tata 

Steel, cut with dimensions 30mm*30mm*1mm. The choice of these substrates was due to a 

scientific collaboration between the provider and Swansea University. The characteristics of the 

TiO2 wet precursors deposited on these substrates are reported in table 3.6.  
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Table 3.6:  Specifics of TiO2 colloids deposited on metal substrates 

Sample TiO2 0.125 M 

(aq) 

Oxalic Acid 

0.01 M (aq) 

Solvent Total 

volume 

pH 

1 1ml (1.25*10-4 

moles in a total 

volume of 10 ml, 

1.25*10-2 M final 

concentration 

500µl (5*10-6 

moles in a total 

volume of 10 ml, 

5*10-4 M final 

concentration 

H2O 10 ml 1.35 

2 1ml (1.25*10-4 

moles in a total 

volume of 10 ml, 

1.25*10-2 M final 

concentration 

500µl (5*10-6 

moles in a total 

volume of 10 ml, 

5*10-4 M final 

concentration 

70% H2O 

30% IPA 

(isopropanol) 

10 ml 1.35 

3 1ml (1.25*10-4 

moles in a total 

volume of 10 ml, 

1.25*10-2 M final 

concentration 

500µl (5*10-6 

moles in a total 

volume of 10 ml, 

5*10-4 M final 

concentration 

70% H2O 

30% IPA 

(isopropanol) 

10 ml 2.33 

4 4ml (5*10-4 

moles in a total 

volume of 20 ml 

of aqueous 

suspension, 

extracted as 

reported in 3.2.6 

in 20 ml of 2-

butanol at final 

concentration 

2.5*10-2 M 

0 µl 2-Butanol 20 ml  

 

These colloids were drop casted on the metal substrates in aliquots of 100 µL. This experiment 

was not focused on making a uniform thin layer on metal, but the aim was checking the 

compatibility of the TiO2 colloids listed in table 3.6 with the metal substrates (absence or 

presence of corrosion, section 3.3.7) 
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3.3 Characterization methods 

 

3.3.1 Kinetics of TiO2 nanoparticles synthesis reaction 

 

3.3.1.1 Microwave Plasma-Atomic Emission Spectroscopy (MP-AES) 

 

The TiO2 synthesis reaction kinetics study was performed on samples collected as reported in 

section 3.2.1, by using a 4100 MP-AES, Agilent instrument. Titanium standards at concentration 

from 2.1*10-5 M to 5.2*10-4 M, prepared from dilution of a 2.1*10-2 M ICP standard solution 

(TraceCERT®, Sigma Aldrich), and a blank 5% in HCl were used for the calibration curve, figure 

3.3. The wavelength at which was measured the emission intensity was 334.941 nm  

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 3.3: MP-AES calibration curve using Ti4+ standards in the range 2.1*10-5M to 5.2*10-4M 

 

3.3.2 TiO2 dry powders 

 

3.3.2.1 X-Ray Diffraction (XRD) 

 

The XRD analysis was run by a D8 Discover diffractometer from Bruker configured in a Bragg–

Brentano geometry with CuKα X-ray source (40 mA, 40 mV).  

For evaluation of the crystalline phases present in the as synthesized TiO2 nanoparticles, the 

sample used was: Sample A dried on a microscope slide at 60 °C, until reaching ≈100 mg.  
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The diffractogram was collected from 10° to 70° 2θ range with 0.01° step and acquisition time 8 

s. 

In case of the analysis of the solid content in the aqueous and organic phase, in the TiO2 solvent 

extraction experiment, the whole suspensions were dried at 60°C and the solid powders 

obtained were then calcined at 500°C, using ceramic crucibles, in an oven (to remove the 

hexanoic acid adsorbed completely) before being entirely analyzed. The diffractograms were 

collected in the 2θ range from 15° to 75° with 0.05° step and acquisition time 4 s. 

 

 

3.3.2.2 Differential Scanning Calorimetry (DSC) 

 

The DSC analysis was performed using a STA (Simultaneous Thermal Analyzer) 449 F5 Jupiter 

from Netzsch on 50-55 mg of Sample A dried at 30°C. Analysis parameters were: 244.3ml/min 

Ar flow and temperature range 25-1000°C, with ramps of 20 °C/min and 40 °C/min. The scope 

of the analysis was evaluating the amorphous content present in the TiO2 nanoparticles by 

quantification of ΔH of TiO2 amorphous>anatase associated with sample analyzed and comparison with 

the standard ΔH of TiO2 amorphous>anatase reported in the literature [4,5]. 

 

3.3.2.3 Thermogravimetric Analysis-Gas Chromatography/Mass Spectrometry (TGA-GC/MS) 

 

The TGA-GC/MS analysis was carried out using a STA 6000-GC/MS Clarus 680 from Perkin-Elmer 

on ≈ 60 mg of Sample A dried at 30° C. The analysis was run from 28 to 700 °C with a N2 flow of 

20 ml/min. The temperature profile was: 5 min of isothermal step at 28°C; 5 min of 20°C/min 

ramp; 10 min of isothermal step at 120°C; 20°C/min ramp until 700°C. This experiment allowed 

to detect weight losses associated to physisorbed and chemisorbed chemical species on TiO2 

nanoparticles surface. 

 

3.3.2.4 Specific surface area and pore size analysis (BET and BJH) 

 

The specific surface area and pore size of the TiO2 nanoparticles were measured by N2 

adsorption/desorption experiments, followed by BET (Brunauer-Emmett-Teller) and BJH 

(Barrett-Joyner-Halenda) mathematical fitting, using a Tristar II 3020 instrument from 

Micrometrics. The samples used were: 120-150 mg of Sample A dried at 30°C and degassed by 

N2 at 75°C overnight.  
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3.3.2.5 Transmission Electron Microscopy (TEM) 

 

TEM images were taken by using a JEM-2100F instrument from JEOL, operating at 200 kV. For 

the analysis, Sample A was first diluted 1 to 1000 with water (1.25*10-4 M in TiO2 final 

concentration) and one/two drops were then deposited and left to dry on a copper/carbon grid. 

This TEM images were needed to evaluate the shape and size (statistical analysis, using a 

software called “Comptage de particules” [6], section 4.3) of the TiO2 nanoparticles. 

 

3.3.2.6 X-ray Photoelectron Spectroscopy (XPS) 

 

XPS analysis was performed using an Axis Supra instrument from Kratos, equipped with a 

monochromatic Al Kα X-ray source. The data were analyzed by CasaXPS 2.3.17dev6.4k software. 

A total of four samples were prepared by drying ≈ 80 mg of Sample A on glass microscope slides 

at 60°C, 120° C, 300°C and 500°C respectively. The choice of these temperatures was linked with 

the TGA results that showed two main weight losses: the first between 28°C and 120° C; the 

second between 120°C and 500°C. To have an insight on the chemical species thermally 

released, the XPS analysis provided semi-quantitative data on samples treated at 60°C and 300°C  

(within the temperature ranges of the losses), and at 120°C and 500°C (temperatures marking 

the end of the losses). 

 

3.3.3 TiO2 colloids 

 

3.3.3.1 pH measurements 

 

The pH measurements were carried out at ambient temperature using a double-junction pH 

probe from Cole Parmer. The probe was calibrated regularly using pH 4, 7 and 10 buffers. When 

necessary, samples were first diluted using deionized water to avoid acid/alkaline errors. 

 

3.3.3.2 Ultraviolet-visible (UV-Vis) spectroscopy 

 

The UV-Vis spectroscopy was run using a Lambda 750S spectrometer by Perkin Elmer, over the 

spectral range 200-800 nm. Sample A diluted 1 to 1000 (TiO2 1.25*10-4 M) was analyzed using 

quartz cuvettes, collecting the data in transmission mode for evaluation of the band gap of the 

TiO2 nanoparticles.  
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3.3.3.3 Dynamic Light Scattering (DLS) and Zeta potential 

 

DLS and Zeta potential measurements were both carried out by a Nanosizer instrument from 

Malvern, using quartz cuvettes and disposable folded capillary cells (DTS1070, Malvern), 

respectively. DLS was measured on fresh Sample A suspensions diluted 1 to 1000 diluted (TiO2 

1.25*10-4 M), without any previous sonication, at 173° backscattered angle. Zeta potential 

measurements needed preliminary samples preparation as follows: 500 μl of Sample A 

suspensions were diluted up to 500 ml, to get a TiO2 concentration of 1.25*10-4 M, and collected 

in plastic bottle recipients; each sample contained NaCl at concentration 10 mM to fix its ionic 

strength and further underwent nitrogen bubbling before pH adjustment by NaOH and HCl 0.01 

M. 

 

3.3.4 TiO2 films 

 

3.3.4.1 Micro-Raman spectroscopy 

 

Micro-Raman spectra were obtained using an InVia Confocal Raman from Renishaw with a 532 

nm laser excitation and in the wavenumber range 100-4000 cm-1. The spectra were collected at 

50x distance from the sample with 1 s per accumulation for a total of 10 accumulations, using 

50% of the beam energy. Although Raman spectroscopy is not directly a crystal structure analysis 

technique as X-ray Diffraction (XRD), it is based on detecting changes in the polarizability of the 

sample's molecules. The technique generates a spectrum of scattered light intensities as a 

function of Raman shifts, which result from inelastic scattering due to light-matter interactions. 

During this process, incident laser light excites the molecules to a virtual energy state. If there is 

an exchange of vibrational energy between the incident light and the molecules, the scattered 

light undergoes a frequency shift. These Raman shifts correspond to the vibrational modes of 

the sample, which are influenced by the symmetry of a crystal structure. Consequently, Raman 

spectroscopy can effectively identify specific vibrational modes characteristic of distinct TiO2 

phases. Therefore, as reported in other studies [7,8], this experiment was performed to 

indirectly check the presence crystal phases on thin TiO2 films/glass samples used in this work 

(table 3.3). On thin films, this technique was easier to use compared with X-ray Diffractometry 

(XRD), that, in this case, is performed in a grazing angle mode, which has generally the main 

drawback to give a weak signal.  
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3.3.5 Photocatalytic activity 

 

3.3.5.1 Fourier Transformed Infra-Red spectroscopy (FT-IR) 

 

FT-IR spectroscopy was run by a Spectrum One FT-IR spectrometer from Perkin Elmer. This 

technique was used to monitor the photocatalytic degradation of stearic acid by the all 

TiO2/glass samples object of this studies (table 3.3). As time zero (t=0) of the experiment it was 

considered the time of acquisition of all the spectra before exposure to UV radiation. The loading 

at t=0 of stearic acid on the TiO2/glass samples, by dip coating, could be different depending on 

the technique used to make the samples, however since the kinetics of degradation of stearic 

acid is zero order, the starting quantity of stearic acid does not affect the kinetics, thus possible 

different loadings were discounted.  

The FT-IR spectra were collected over the range 3000-2700 cm-1 to detect the decrease of the 

intensity of the -CH2- and -CH3 stretching bands of the stearic acid against UV radiation time. The 

kinetics of photodegradation of stearic acid were determined by plotting the integrated areas 

under the -CH2- and -CH3 peaks versus UV radiation time. The integrated area values, expressed 

in cm-1 (figure 3.4), were converted in molecules of stearic acid cm-2 using a conversion factor 

estimated in a previous study [9]:  

 

                              1cm-1 of integrated area = 9.7*1015 molecules of stearic /cm2                                     (3.4) 

 

The final evaluation of the photocatalytic activity of the TiO2/glass samples was expressed as 

Formal Quantum Efficiency (FQE), as mentioned in section 3.2.5. 

 

 

 

 

 

 

 

 

 

Figure 3.4: FT-IR spectrum acquired before Uv light treatment for sample nano-TiO2/ glass annealed at 

500°C coated with stearic acid showing peaks of C-H asymmetric and symmetric stretching in the -CH2- 

group. The black rectangle explains the meaning of the unit used for the integrated area under the 

curve (cm-1) 

Integrated area under 

the IR peaks 

Black area: 0.05 A * 20 cm-1 =1 A cm-1 

Since A is dimensionless, we can rewrite 

it as: Black area = 1 cm-1 
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3.3.6 TiO2 solvent transfer  

 

3.3.6.1 Field Emission Gun- Scanning Electron Microscopy (FEG-SEM) 

 

FEG-SEM images were taken by S4800 instrument from Hitachi, in secondary electron mode with 

a 12 kV electron beam, 10 mA and working distance of 8 mm. The samples analyzed were 

prepared as follows: few drops (2-3) from the aqueous and 2-butanol phases (TiO2 solvent 

transfer in section 3.2.6) were dried separately at 60°C, by the use of a hot plate, on fluoride 

doped tin oxide (FTO) glasses and annealed at 500°C in an oven (to remove the hexanoic acid), 

before the analysis. Chemical composition of the samples was acquired by Energy Dispersive X-

ray Analysis (EDX) using an Oxford Instruments detector. The objective of this analysis was to 

check the morphology and chemical composition of the dried product present in the aqueous 

and 2-butanol phases after the TiO2 nanoparticles were transferred from their aqueous medium 

to 2-butanol. 

 

3.3.7 TiO2 colloids deposition on metal substrates 

 

In this experiment 100 µl of the TiO2 colloids listed in table 3.6 were drop casted on 2 different 

metal substrates (Electrolytic Chromium Coated Steel (ECCS) and Trivalent Chromium-Coating 

Technology (TCCT), both purchased from Tata Steel) and their compatibility was visually 

monitored using a Reflex D5300 camera from Nikon for a period of time of 4 days. The feature 

observed was the presence or absence of corrosion on the metal substrates after the deposition 

of the TiO2 colloids, considering the formation of a layer with typical brown-reddish colour, due 

to the corrosion reaction. A qualitative and quantitative analysis of this layer was not performed, 

since, for the aim of the experiment, any damage observed on the metal substrate was sufficient 

to show lack of compatibility between the TiO2 colloid used and the substrate on which it was 

deposited. 
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Chapter 4: Synthesis and characterization of TiO2 nanoparticles 

 

4.1 Introduction 

 

The study presented in this chapter is centred on the synthesis and characterization of TiO2 

nanoparticles. In the first part of the chapter the synthesis reaction and its kinetics are discussed. 

In the synthesis process, a classical sol-gel technique is replaced by forced hydrolysis (2.4.2) of 

TiCl4*2THF (readapting a procedure used by Charbonneau et al [1]) as precursor at 80°C, that 

aims to yield crystalline anatase TiO2 nanoparticles in a single step. The kinetics of the forced 

hydrolysis reaction have been monitored to determine the end time of the reaction.  

On the synthesized product a structural analysis has been performed. The most important 

structural feature is the crystalline anatase content that is quantified and compared with the 

amorphous content to assess the photo-active potential of the TiO2 nanoparticles. Particle size 

measurements complete the structural properties survey.  

As discussed in the literature review, these structural characteristics have an influence on the 

TiO2 nanoparticles photophysical properties, such as their band gap, hence this energy gap is 

measured to evaluate the wavelength of light at which the photocatalytic effect can take place.    

In the last part of the chapter, a surface characterization of the nanoparticles is provided. The 

specific surface area (SSA) is measured to understand the availability of adsorption sites for the 

nanomaterial involved in photocatalytic processes. A combination of thermogravimetric analysis 

(TGA) and X-ray photoelectron spectroscopy (XPS) techniques has been used to detect chemical 

species linked to the TiO2 nanoparticles surface. Particular interest is given to a semi-

quantitative analysis of -OH groups, which according to previous studies [18] can enhance the 

photocatalytic activity of the material by increasing the number of •OH radicals produced per 

unit of time, which are the main species involved in the mechanism of the photocatalytic 

process, as mentioned in section 2.1.4. Additional chemical species investigated are -OR groups 

(R= alkyl group) to evaluate some possible carbon content bound to the nanoparticles surface, 

coming as by-product of the synthesis, to have a clearer understanding of all chemical groups 

present at the surface of the nanoparticles.   

 

4.2 TiO2 Nanoparticles synthesis and kinetics 

 

The synthesis of TiO2 nanoparticles presented in this work is inspired from the approach 

described by Charbonneau et al. [1] where an aqueous colloid of very fine TiO2 nanoparticles 
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was obtained by hydrolytic conversion of 0.2 M TiCl4(aq) in water. That work demonstrated the 

successful production of well dispersed crystalline TiO2 particles under atmospheric conditions 

of pressure and relatively low temperature (80 °C). The reaction was performed in two steps: in 

the first step a TiCl4 (aq) precursor was prepared by dilution of pure TiCl4(l); in the second step 

this solution was poured in a vessel containing water at 80°C, reaching a 0.2M TiCl4 (aq) solution, 

and the TiO2 products were formed in 30 mins. However, the very strong exothermic character 

of reacting pure concentrated TiCl4(l) with water made the preparation of the precursor lengthy 

and technically difficult so that drop-by-drop addition of the pure TiCl4(l) was operated in an ice 

bath to prevent the formation of TiO2 solid products, which were an irreversible amorphous 

phase even at the end of the isothermal step at 80°C. The final concentration of the precursor 

had to be monitored by inductive coupled plasma atomic emission spectroscopy before 

adjusting the solution to its final 0.2 M concentration. 

Here, the precursor was prepared by dissolving TiCl4*2THF(s) at a concentration of 0.125 M. The 

tetrahydrofuran groups stabilize TiCl4 reducing the exothermic character of its dissolution and 

preventing the premature formation of TiO2 solid product. The precursor was dissolved in a 

minimum quantity of water before its mixing in a reaction vessel with water heated up at 80 °C 

by a heating mantle. The reaction set up is shown in figure 4.1. 

When TiCl4·2THF(aq) is added to water, it behaves as a Lewis acid, and its interaction with water 

molecules leads to the formation of hexadentate TiClx(OH)y(H2O)z·aTHF complexes (x + y + z + a 

= 6: the total number of ligands, and x + y = 4: negative charges carried by ligands Cl- and OH-). 

The dissolution mechanism of TiCl4·2THF(aq), can be summarised as per equation 4.1: 

 

TiCl4·2THF(aq) + (z+y) H2O(l)  
(𝑇𝑎𝑚𝑏,𝑃𝑎𝑡𝑚) 
→          TiClx(OH)y(H2O)z·aTHF(aq)+ 4-x HCl(aq) + 2-a THF(aq)   (4.1) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Reaction set up for forced hydrolysis of TiCl4*2THF 
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Setting the reaction temperature at 80°C in this system leads to the substitution of Cl- and THF 

ligands with water molecules which get deprotonated to form TiO2, in the desired crystalline 

phase (anatase), as per equation 4.2:  

 

                          TiClx(OH)y(H2O)z·aTHF  
(80 ℃,𝑃𝑎𝑡𝑚) 
→         TiO2(s) + x HCl(aq,g) + aTHF(aq,g)                 (4.2) 

 

With a boiling point of 66 °C (pure THF, [2]) it is assumed that at 80 °C THF leaves the system 

mostly as vapour, but equation 4.2 indicates that part of THF remains in solution solvated by 

water (THF(aq)). The quantity of THF present at the end of the reaction in the suspension 

containing TiO2 nanoparticles was not measured, but some additional considerations can be 

done to estimate the quantity of THF(g) leaving the system. As every liquid, the H2O(l)+THF(l) 

mixture produces a vapour phase, containing both compounds with their respective partial 

pressures, until a liquid-vapour equilibrium is reached. The ratio between THF(g) and THF(aq) is 

given by the Henry’s volatility constant: KH=Cg/Ca, where Cg and Ca are the THF concentrations in 

the gas phase and the aqueous solution, respectively. KH for THF in water at 25°C is 1.83*10-3[3], 

this means that at the liquid-vapour equilibrium at 25 °C, only a small quantity of THF(aq) leaves 

the solution as THF(g). The value KH depends on the temperature and increase as the temperature 

increases. To express how the temperature affects the liquid-vapour equilibrium, the Henry’s 

solubility constant (Hcp= ca/p, where p is the partial pressure of the component in its vapour 

phase) is used (conversion from Hcp to KH is reported in the literature [1]) as follows:  

 

                                                       𝐻(𝑇) = 𝐻°exp (
−𝛥𝑠𝑜𝑙𝐻

𝑅
(
1

𝑇
−
1

𝑇°
))                                                        (4.3)                              

 

Where H(T) is Hcp at the temperature of interest (in Kelvin), H° is Hcp at 298.15 K (25°C), ΔsolH is 

the enthalpy of dissolution, R is the ideal gas constant, T is temperature of interest (in Kelvin). 

However, equation 4.3 can be used in a range of temperatures in which ΔsolH doesn’t change 

considerably with temperature. Hence it cannot be used starting from a temperature of 25 °C 

to find a value for 80°C, that is the temperature at which the TiO2 nanoparticles synthesis is run. 

Given the impossibility of using equation 4.3 and the unavailability of KH data for the equilibrium 

concentration of THF(g) and THF(aq) in a 80°C system, it can only be assumed that KH at 80°C would 

be significantly bigger than KH at 25°C, without knowing its exact value. Moreover, considering 

that the system is open, the vapour phase is constantly replaced by the air fluctuations above 

the solution container and therefore the evaporation of THF doesn’t stop during the synthesis 

time. 
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Based on these considerations, the concentration of THF in H2O at 80°C, when the TiO2 

nanoparticles synthesis is completed, should be reduced relative to H2O which boils at 100°C. 

Also, THF can undergo opening ring reaction that may lead to the formation of -OR (R=alkyl 

group) groups instead of -OH groups on the surface of the TiO2 nanoparticles. This aspect is 

analyzed at the end of the chapter.  

The conversion of Ti (IV) to TiO2 was monitored as function of time, as reported in figure 4.2. 

 

  

 

  

 

 

 

 

 

 

 

 
 

 
Figure 4.2: Percentage of Ti4+ (aq) reacted as function of time at 80 °C, pressure 1 atm (measured by 

MP-AES). Black dots: experimental points; grey dashed line: fitted kinetics trend 
 

 

In the experiment, time zero (t=0) corresponds to the time after the precursor is added to the 

reaction vessel and the system is left to re-equilibrate to reach again the temperature of 80°C. 

As is possible to observe at t=0, 7.5% of Ti4+ is already converted to TiO2 indicating that the 

hydrolysis starts before the system reaches the temperature of 80°C, probably forming nuclei, 

as confirmed in a similar study [1]. The precipitation of TiO2(s) proceeds rapidly for the first 10 

min where nucleation prevails over particle growth, leading to 65% conversion yield. The kinetics 

of reaction slow down between 10-30 min as particles growth now predominates. A maximum 

conversion yield of 95.7 % is reached at 30 min. If the reaction is left to proceed any longer, a 

two steps decrease-increase of the percentage of Ti4+ converted to TiO2 is recorded. This is due 

to the dissolution and re-crystallisation of the solid product with an increase of Ti (IV) solvated 

species between 30 and 50 min, followed by re-precipitation of TiO2 nanoparticles, until the 
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maximum conversion yield of 95.7% is reached. This phenomenon was also observed in the 

hydrolysis of TiCl4 0.2M (figure 4.3) reported in a previous study by Charbonneau et al. [1]. This 

may be due to an increase of the HCl concentration (by-product dissolved in water medium in 

reaction 4.2) that increases the solubility of TiO2 inducing a dissolution-recrystallisation event as 

elsewhere reported [4] [5].  

 
 

Figure 4.3: Mole fraction of Ti4+ (aq) reacted as function of time at 80 °C, pressure 1 atm (measured by 
ICP-AES). Black and white dots: experimental points; grey lines: fitted kinetics trends; dashed black 

line: heated up time from room temperature to 80°C; black arrow: end of the synthesis time  
(reprinted with permission from reference [1]) 

 

In their work, Charbonneau et al. demonstrated that the re-crystallisation process leads to 

unwanted particle clustering and growth (Ostwald ripening), alongside crystalline structure 

rearrangements of the solid products from the anatase to the rutile phase. For the above 

explained considerations, in this work the optimal reaction time was fixed at 30 min. 

 

4.3 Structural characterization of TiO2 nanoparticles 

 

After synthesis the TiO2 nanoparticles were analyzed as dry product to perform their structural 

characterization. In this study it is important to check the crystallinity of the nanoparticles, 

crucial for their photocatalytic activity. This feature was analyzed by using X-ray diffractometry 

(XRD). The results are shown in figure 4.4. 



65 
 

 

 

Figure 4.4:  X-Ray Diffractogram (XRD) of TiO2 nanoparticles (black line); X-Ray Diffractogram patterns 

for anatase (red line), rutile (blue line), brookite (green line) 

 

In figure 4.4 the peaks are broad due to the nano-size of the material, according to the Scherrer 

equation [6]:  

 

                                                                            𝑑 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
                                       (4.4)                                             

 

where d is the diameter of the particle (nm), λ is the incident X-ray wavelength (0.1506nm), K is 

a dimensionless constant called shape factor (0.9 for a spherical particle, approximation 

discussed in the Transmission Electron Microscopy (TEM) data), β is the Full Width at Half 

Maximum (FWHM) of a selected peak (in radians) and θ is the diffracting angle corresponding 

at the maximum of the selected peak (in radians).  Even though this equation was used in the Y. 

Abdel-Monem work [5] to show how the broadening of the XRD peaks is linked with a nanosized 

material, in this work it was not used due to the superimposition of peaks of different crystalline 

phases. Hence the estimation of the size of the nanoparticles was evaluated by TEM as it is 

mentioned below. 

The 2θ values indicates the presence of different crystalline phases such as anatase, rutile and 

brookite. For evaluation of the crystalline phases content present in the sample a semi-

 

Anatase 

Rutile 

Brookite 
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quantitative analysis was performed by applying a method developed by Zhang and Banfield [7]: 

a Gaussian fit in the 21° to 34° 2θ range, shown in figure 4.5a. This range is chosen as the most 

intense peaks for anatase (A), rutile (R), brookite (B) crystalline planes are detected within it. In 

picture 4.5a the original signal (black line) is deconvoluted into 5 peaks (1 for Anatase and Rutile 

and 3 for Brookite), where the overall outcome (total, red line) results in a high precision match 

showing a clear predominance of anatase phase over other phases: 82% anatase; 6% rutile; 12 

% brookite.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: a) Gaussian fit in the 21° to 34° 2θ range of XRD in figure 4.4; b) Differential Scanning 

Calorimetry (DSC) of TiO2 nanoparticles 

It should be mentioned that the semi-quantitative analysis reported in figure 4.5a is not always 

possible, since the XRD peaks are commonly defined as pseudo-Voigt functions, which are linear 

combinations of Gaussian and Lorentzian functions. However, as suggested from a previous 

study [7], when a peak shape is closer to a Gaussian function (Lorentzian contribution reduced 

to a minimum), it is possible to simplify the analysis using a Gaussian fit.  

a) 

b) 
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In figure 4.4 the background associated with the diffractogram indicates the presence of 

amorphous content that was quantified by Differential Scanning Calorimetry (DSC). The data 

collected at a scan rate of 20 °C/min are shown in figure 4.5b. Distinctive features include a large 

endothermic peak centered at 210 °C (peak 1), followed by two much smaller exothermic peaks 

centered at 520 °C (peak 2) and 670 °C (peak 3). Peak 1 is assigned to residual water molecules 

adsorbed at the surface of the particles, typical of high surface area hydrophilic materials such 

as TiO2 nanopowders [8]. The exothermic peaks 2 and 3 are respectively assigned to amorphous-

to-anatase and anatase/brookite-to-rutile TiO2 phase transitions. At 800°C, there seem to be 

another exothermic peak associated with another thermal event. However, this can be 

considered an instrumental artefact, since the anatase/brookite to rutile transition starts at 

T>600°C and it can end a T>800°C [9], so that apparent peak at 800°C is due to a split of the 

phase transition started at T>600° and assigned to peak 3. According to Marinescu et al. [10] up 

to a 1/3 of the brookite content may transform to anatase at T<600 °C whilst 2/3 continues 

transforming to anatase and then to rutile at T > 600 °C. But considering the particle size in our 

sample is mostly < 10 nm (as reported below in the size analysis), the majority of brookite 

particles is expected to transform directly to rutile, with the heat released in the process 

contributing, to a small extent, towards the magnitude of peak 3. The fraction of amorphous is 

determined based on the mass enthalpy of peak 2, given by the area under the peak between 

430-570°C (inset in figure 4.5b). ΔH2 is computed at two different scan rates, at 20 °C/min and 

40 °C/min, giving ΔH2, 20 °C/min = -41.42 J.g-1 and ΔH2, 40 °C/min = -40.59 J.g-1, which demonstrate good 

analytical reproducibility. The thermodynamics of TiO2 phase transformations was studied by 

many research groups and a variety of analytical techniques, such as oxide melt calorimetry [11], 

fluorine combustion calorimetry [12], and differential scanning calorimetry [10], were applied 

to determine the enthalpy difference, ΔH, associated to phase transitions between the different 

TiO2 polymorphs. Ranade et al. [11] reviewed some of these studies and recommended based 

on their model that ΔHamorphous > bulk rutile = -24.25 ± 0.88 kJ.mol-1 whilst ΔHnano-anatase > bulk rutile 

depends on the surface area of anatase nanoparticles. Assuming nanopowders with 200 m2/g 

of specific BET surface area (section 3.4), ΔHnano-anatase (200m2/g) > bulk rutile ~ -9.6 kJ.mol-1. This suggests 

a crystallisation enthalpy for the TiO2 nanoparticles amorphous fraction: 

        ΔHamorphous > nano-anat (200m2/g) = ΔHamorphous > bulk rut -ΔHnano-anat (200m2/g) > bulk rut ≈ -14.65 kJ.mol-1 (4.5) 

(ΔHamorphous > nano-anatase (200m2/g) ≈ -14.65 kJ.mol-1 ≈ -183.4 J.g-1) 

From this value the fraction of amorphous in the TiO2 nanoparticles can be estimated as follows: 

                                     famorphous TiO2 = ΔH2, 20 °C/min / ΔHamorphous > nano-anatase (200m2/g) = 0.226              (4.6) 

%amorphousTiO2 = famorphous TiO2*100= 23% 
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In another study, Xie et al. [13] reported ΔHamorphous > nano-anatase = -217.8 J.g-1 for the crystallisation 

of TiO2 anatase nanoparticles produced by hydrolysis of aqueous TiCl4 in the range 20-95°C, a 

synthesis route comparable to that reported here. However, authors comments suggest the 

value they obtained for ΔHamorphous>nano-anatase may be over-estimated. Therefore, the 

ΔHamorphous>nano-anatase value used to calculate the percentage of amorphous in the TiO2 

nanoparticle was the value found by Ranade et al. [11]. 

Other structural properties of the particles such as their shape and size were investigated by 

Transmission Electron Microscopy (TEM). From figure 4.6a the shape of the particles can be 

considered almost spherical owing to the very small size of the particles and limitation in 

achievable resolution at this magnification. In figure 4.6b, crystalline planes are however 

resolved for many particles, suggesting they are crystalline and hence faceted. Instead, for 

amorphous particles, the shape resembles a sphere. Overall, considering the amorphous 

content randomly distributed among the particles, they could have a crystalline core surrounded 

by amorphous material with a final shape closer to that of a sphere. Therefore, in some 

experiments, the approximation to a spherical shape is considered. With regard to the particle 

size a software called Comptage de particules (section 3.3.2.5) was employed to analyze the TEM 

images and build a size distribution, figure 4.7a and 4.7b. The average size of the nanoparticles 

was estimated over a sample of 176 nanoparticles finding a value of 6±2nm. Moreover, the high 

resolution TEM image (figure 4.6b) shows several crystalline planes and some amorphous areas, 

in agreement with the XRD and the DSC results according to which the TiO2 synthesized 

nanoparticles are highly crystalline, mostly anatase, with a percentage of amorphous of 23%. 

 

Figure 4.6: a) Transmission Electron Microscopy (TEM) image of TiO2 nanoparticles; b) High Resolution 

Transmission Electron Microscopy (HRTEM) image of TiO2 nanoparticles with crystalline planes (yellow 

shaded areas) and amorphous areas (blue circle) 
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Figure 4.7: a) Analysis of a TEM image of TiO2 nanoparticle by the software Comptage de particules;       

b) Particle size distribution of TiO2 nanoparticles 

 

4.4 Band gap measurement of TiO2 nanoparticle 

In the structural characterization, it was shown that the synthesized TiO2 nanoparticles were 

formed by an amorphous fraction (23%) and a polycrystalline fraction (77%) which was mainly 

anatase. Considering a possible application of this material as photocatalyst, it is important to 

measure its band gap to assess the wavelength at which it can be photo-activated (e.g. in the 

visible or UV range), knowing that the light induced generation of electron and hole pairs across 

a semiconductor band gap is the first step of the photocatalysis mechanism (2.2.1). The sample 

used to measure the band gap of the nanoparticles was a suspension with a concentration of 

TiO2 1.25*10-4 M. The feature was collected by recording the absorbance in the UV-vis range 

and applying a Tauc plot to this data. In Figure 4.8a the absorbance of the sample in the UV-vis 

range is shown. From the Absorbance is possible to find the absorption coefficient (α) of the 

sample using the following relationship:  

α = 2.303 A/t                                                                    (4.7)                        

where A is the absorbance and t is the thickness of the sample. Usually this equation is used for 

thin film where t is in the order of micrometers, but in case of a liquid sample, t is equal to 1 cm 

that is the optical path of the cuvette. After calculating the absorption coefficient of the TiO2 

nanoparticles against the wavelength, a mathematical equation can be used to express a Tauc 

relationship [14]: 

                                                              (𝛼ℎ𝜈)1/𝑛 = 𝐴(ℎ𝜈 − 𝐸𝑔 )                                                        (4.8) 

a) 
b) 
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Where hν is the energy in electron volt (eV) of the incident light, A is a constant called the Band 

Tailing parameter, Eg is the band gap and n is another constant called the power factor of the 

transition mode, e.g. n=1/2 direct allowed transition, n=2 indirect allowed transition. In the 

literature, TiO2 anatase nanoparticles showed an indirect allowed transition (n=2) [4], but 

considering that the TiO2 nanoparticle synthesized in this work are not only in the anatase phase, 

the n factor can be determined empirically by plotting the (αhν)1/n against hν for each transition 

(n=2, n=1/2) and comparing the value of the band gap obtained with the literature data. To find 

the band gap value of the TiO2 nanoparticles using a Tauc plot, the linear section of the plot 

needs to be extrapolated to zero to have hν=Eg according to equation 4.8. In figure 4.8b for n=2, 

the Eg=3.43eV, while for n=1/2 the Eg=4.12. The band gap found for a n=1/2 (direct transition) is 

considered excessively wide for the material under analysis, in fact, in the literature a material 

that has a direct transition band gap with a value of 4.12eV is ZnS [15]. Instead, both the indirect 

transition [4] and the band gap value of 3.43eV are typical of TiO2 nanoparticles with high 

percentage of anatase and small size, confirming the previous characterisation results. 

 

 

 

 

 

 

Figure 4.8: a) UV-vis absorbance of TiO2 nanoparticles 1.25*10-4M, b) Tauc plot of UV-vis absorbance 

of TiO2 nanoparticles 1.25*10-4M: The blue line is a Tauc plot for a value of n=2 in equation 4.8; the red 

line is a Tauc plot for a value of n=1/2 in equation 4.8 

 

 

4.5 Surface characterization of TiO2 nanoparticles 

 

The surface properties of the TiO2 nanoparticles are of particular importance for their 

application as photocatalyst. The first parameter observed in nanomaterials is their surface area 

which is linked with the number of active sites per nanoparticle. The method used in this work 

to estimate the specific surface area (SSA) of the nanoparticles was through 

absorption/desorption of N2 on 120 mg of sample dried at 60 °C and degassed by N2 at 75° C 

overnight, followed by a Brunauer-Emmett-Teller (BET) model applied to the data. The 

a) b) 
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absorption/desorption isotherm of N2 is plotted as quantity adsorbed/desorbed (cm3/g) versus 

the relative pressure (P/Po) in figure 4.9. 

 

Figure 4.9: N2 adsorption/desorption isotherm on TiO2 nanoparticles. Red rectangle: inset of hysteresis 

shown on the right. 

The data show a small hysteresis which according to the IUPAC classification [16] is similar to a 

type IVa profile that is related to a mesoporous material. The range of the isotherm between 

0.05 and 0.2 P/Po is used to apply the BET model:  

1

𝑣[1 − (𝑝0/𝑝)]
=
𝑐 − 1

𝑣𝑚𝑐
(
𝑝

𝑝0
) +

1

𝑣𝑚𝑐
 

Where v is adsorbed gas quantity, vm is the monolayer adsorbed gas quantity and c is the BET 

constant. Equation 4.9 can be plotted as a straight line with 1/v[1-(p0/p)] on the y-axis and p/p0 

on the x-axis (figure 4.10) and the values of the intercept (I) and slope (S) used to calculate the 

monolayer adsorbed gas quantity vm, and the BET constant c, as follows: 

 

                                                                           vm= 1/(I+S)                                                                  (4.10) 

                     

                                                                            c= 1 + S/I                                                                    (4.11) 

 

 

  (4.9) 
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Figure 4.10: BET plot in the p/p0 range 0.05-0.2 

Once the vm value is found, a simple relationship gives the total surface area (Stotal): 

Stotal = (vmNAs)/V                                                                (4.12) 

Where NA is the Avogadro number, s is the adsorption cross section of the adsorbate and V is 

the molar volume of the adsorbate gas. From the total surface area, the specific surface area 

(SSA or SBET) can be calculated using this equation:  

SBET=Stotal/m                                                                  (4.13) 

Where m is the mass of the solid sample.  

In this BET analysis, the nanoparticles show a SSA of 202 m2/g. This value means that the 

nanoparticles synthesized have a great potential as photocatalyst for their many active sites 

present at the surface. From the N2 adsorption/desorption data another model called Barrett, 

Joyner, Halenda (BJH) is used to estimate the pore size of the nanomaterial. The result is a pore 

size of 2 nm, which classifies the material as mesoporous [17], in line with the IUPAC 

classification of the shape profile of the N2 adsorption/desorption isotherm.  

Although the size of the TiO2 nanoparticles was already determined by TEM images, from the 

SSA value is also possible to calculate the size (DBET, based on spherical model) as follows:  

𝐷𝐵𝐸𝑇 =
6000

𝑆𝑆𝐴 ∗ 𝜌
 

Where ρ is the density of the material. The nanoparticles are 23% amorphous and 77% 

polycrystalline with a predominance of anatase phase (82%), so that the density of the material 

should be measured, e.g. by pycnometer, to have a correct value. However, considering that this 

y = 0.0215x + 6E-05
R² = 0.9996
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size determination is to be used only to compare the results obtained by TEM, the density used 

in equation 4.14 was approximated to the anatase phase (ρTiO2 anatase = 3.78 g/cm3). The DBET 

found is ≈8 nm which is close to the 6±2nm estimated by TEM, confirming a good correlation of 

the collected data.  

Another important feature of the TiO2 nanoparticles is represented by their surface chemical 

groups. Their analysis was performed following a previous study by Wu et al. [18] where 

Thermogravimetric Analysis (TGA) was used for the quantification of -OH groups at the surface 

of the TiO2 nanoparticles. The thermogravimetric (TGA) and differential thermal (TDA) analysis 

data are reported together with the temperature profile in figure 4.11. The temperature profile 

features two isothermal sections at 28 °C (t=0-5min) and 120 °C (t=10-20 min) and a temperature 

ramp of 20 °C/min between t=5-10 min and t > 20 min 

 

 

Figure 4.11: Thermogravimetric Analysis (TGA) and Differential Thermal Analysis (DTA) on TiO2 

nanoparticles 

 

 



74 
 

The TGA profile shows two inflection points at 11 min (sharp DTA peak centred at 120°C) and 

25.5 min (broad DTA peak centred at 230°C), which mark the losses of lightly bonded 

physisorbed and strongly bonded chemisorbed species, respectively. The first weight loss of 

11.5% is assigned to physisorbed water. The second weight loss of 10% is mostly due to water 

coming from surface hydroxyl groups (chemisorbed), with possible traces of chlorine and 

carbon. The shape of the second DTA peak seems to show a subtle change when temperature 

reaches 300 °C, feature that could be assigned to an additional chemical species, e.g. organic 

molecules by-product (THF complex precursor), thermo-released. However the corresponding 

evolved gas injected into mass spectrometer (MS) instrument in real time (TGA-MS technique) 

did not show any trace of them, probably due to the detection limit of the MS instrument. X-ray 

Photoelectron Spectroscopy (XPS) was used to clarify this behaviour. The overall XPS 

experiments were carried out on TiO2 nanoparticles samples dried on glass slides at 60 °C 

(NPsD60), 120 °C (NPsD120), 300 °C (NPsD300) and 500 °C (NPsD500) to evaluate qualitative 

atomic composition and its quantitative changes under the 60-500 °C temperature treatments 

range. Other than Ti and O, the presence of Cl and C coming from HCl (equation 4.1) and 

contamination (adventitious carbon), respectively, is expected. Additional elements found are 

Si for all samples and Na for only NPsD500. Both are due to samples preparation steps, with Na 

arising from the glass substrate at 500 C as its ion mobility increases at this temperature [19]. Cl 

by-products (Table 4.1) are low in content, with 1.3 % in atomic weight for both samples NPsD60 

and NPsD120, whereas in NpsD300 and NPsD500 this percentage goes to zero. These results 

confirm that the HCl(aq) produced during the TiO2 NPs synthesis, after completely drying the 

medium in which they were originally dispersed, evaporated. Thus, on dried nanoparticles, Cl 

presence it is only limited to traces which can be considered negligible.  

Table 4.1: X-ray photoelectron spectroscopy carbon and chlorine atomic percentage on TiO2 

nanoparticles treated at temperatures 60-500°C 

 

 

 

 

 

 

 

  C% Cl% 

  CxHy COR COOX total total 

NPs D60 22.6 6.6 2.6 31.8 1.3 

NPS D120 22.8 6 3 31.8 1.3 

NPs D300 16.2 3 1.8 20.9 none 

NPs D500 9.8 1.9 1.7 13.4 none 

BE(eV) 284.8 286.5 288.7 285 198  
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Figure 4.12: X-ray photoelectron spectra of carbon 1s on TiO2 nanoparticles treated at different 

temperatures: top left 60°C; top right 120°C; bottom left 300°C; bottom right 500°C 

Particular interest is given to quantitative analysis of C across the above mentioned temperature 

range. Table 4.1 shows that at the lowest temperature, 60°C, the total C% is 31.8 and it doesn’t 

change until 120°C. By steadily increasing the temperature, the C% decreases to 20.9 at 300°C, 

reaching a final value of 13.4% at 500 °C. In figure 4.12 the carbon 1s XPS spectra are reported, 

where the total fit, centred at BE 285 eV is further deconvoluted into 3 subcomponents assigned 

to: CxHy (aliphatic chains); COR (ether groups); COOX (carboxylic groups and their derivatives). 

CxHy and COR components follow a descending trend with increasing temperature from 120°C 

to 500°C, conformal to the total, while COOX shows a decrease at 300°C, but it remains stable 

at 500° C. According to their BE any relationships of those groups with Ti-O-C species cannot be 

confirmed, but possible sources of C into the TiO2 bulk (≈282eV) can be excluded. From this set 

of data it is assumed that overall carbon found belongs to two different sources: adventitious 

and bound on the nanoparticles surface. In fact at 500 °C TGA/DTA data showed no weight losses 

on the nanomaterial and assuming any contamination sample preparation-related can be 

considered constant, sample NPs D500 represents a reference containing only adventitious 

carbon.  
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Figure 4.13: X-ray photoelectron spectra of oxygen 1s on TiO2 nanoparticles treated at different 

temperatures: top left 60°C; top right 120°C; bottom left 300°C; bottom right 500°C 

 

In figure 4.13, the O 1s XPS signal is deconvoluted in 3 peaks, ascribed to different types of 

bonds, present in all samples; only sample NPs D500 shows an additional fourth peak due to a 

type of oxygen bond not present in the other samples [20, 21, 22, 23]. The peak at binding energy 

529.7-530.3 eV is assigned to oxygen belonging to Ti-O bonds into the TiO2 bulk. The O 1s peak 

at binding energy 531-531.6 eV is assigned to bridging hydroxyls, TiOH, present at surface of the 

TiO2 nanoparticles, and also to C=O bonds that can be present in adventitious carbon 

compounds coming from contamination of the samples before the XPS analysis. The O1s peak 

at binding energy 532.3-532.9 eV is assigned to two types of bonds: terminal hydroxyls, Ti-OH, 

and C-O bonds that can be due to both TiO2 surface oxygen bound to carbon (Ti-O-C) residues 

during the TiO2 nanoparticles synthesis (TiO2*2THF precursor), or contamination. The fourth 

peak, present only in sample NPs D500, as mentioned above, is centred at binding energy 535.1 

eV and is assigned to adsorbed H2O coming from moisture, hence due to contamination. 
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Table 4.2: X-ray photoelectron spectroscopy oxygen atomic percentage on TiO2 nanoparticles treated 

at temperatures 60-500°C 

 

Quantification of each component, expressed as atomic percentage of oxygen, is reported in 

table 4.2. In this table the peak at binding energy 529.7-530.3 eV shows a slightly different 

percentage, with an average of 34%, in samples dried at 60°C, 120°C and 500°C, whereas in 

sample dried at 300°C the percentage is 45.6%. The quantification of the oxygen bound to 

titanium into the bulk of the nanoparticles is not expected to change in the 60°-500°C range of 

the temperature treatment (since possible carbon and nitrogen bound to titanium in the bulk 

are excluded from other XPS data). So even if the percentage of this species is different in sample 

dried at 300°C compared to the other samples, the relevance of these data can be assessed only 

when compared with the Ti 2p XPS spectra to confirm a ratio of 2 to 1 between oxygen and 

titanium. The peak at binding energy 531-531.6 eV slightly decreases from 10.7 % to 9.7% by 

increasing the thermal treatment temperature from 60°C to 120°C, it keeps decreasing from 

9.7% to 5.8 %, almost by half, with increasing temperature from 120°C to 300°C and it finally 

reduces to 4.6% at 500°C. This behaviour can be explained by considering the signal of the 

bridging hydroxyl, TiOH, which undergoes a reduction in the temperature range 60-500°C. Since 

the hydrogen is bound to the bridging oxygen, Ti-O-Ti, on the surface of the nanoparticle, it can 

react with the terminal hydroxyl, Ti-OH, yielding chemisorbed H2O, that leaves the sample 

completely at 500 °C (TGA-DTA experiment). The remaining oxygen content under this peak, 

4.6% at 500°C, is due to C=O coming from contamination (adventitious oxygen), that, similarly 

to the discussed results on C 1s, it can be considered a constant quantity for all samples. The 

peak at binding energy 532.3-532.9 eV shows a decrease from 5.2% to 4.4 % when the treating 

temperature of the sample increases from 60°C to 120°C, it decreases further to 3.4 % with 

increasing temperature from 120°C to 300°C, and it goes back up to 4 % at the final temperature 

of 500°C. In this trend a reduction of the signal in the temperature range 60°C-300°C can be due 

to a decrease of the terminal hydroxyls, Ti-OH, and possible C-O bonds, present at the surface 

of the nanoparticles, for the thermal treatment. Hence, the percentage left at 300°C represents 

the remaining fraction of the above mentioned species and C-O bonds in chemical compounds 

  O% 

  TiO2 
TiOH 
C=O 

Ti-OH 
C-O O/H2O total 

NPs D60 32.5 10.7 5.2 none 48.4 

NPS D120 34.6 9.7 4.4 none 48.7 

NPs D300 45.6 5.8 3.4 none 54.8 

NPs D500 35.2 4.6 4 1.7 43.8 

BE(eV) 529.7-530.3 531-531.6 532.3-532.9 535.1  
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coming from contamination. However, an anomaly is found in the sample dried at 500 °C, in 

which this peak increases again in atomic percentage, when it should actually keep reducing for 

the effect of further removal of surface hydroxyl and carbon bound species due to the increase 

of the thermal treating temperature from 300°C to 500°C. The only possible explanation for this 

result is that the concentration of the C-O species, related to adventitious carbon, in the sample 

dried at 500°C are more compared to other samples, giving out a higher percentage than 

expected. The peak at binding energy 535.1 eV with a percentage of 1.7 % is present only in the 

sample dried at 500°C and according to literature data is due to oxygen in physisorbed H2O. The 

treatment of the TiO2 nanoparticles at 500°C removes both physisorbed and chemisorbed H2O 

(TGA-DTA) present on their surface, so that the presence of this species can be explained by 

moisture contamination before the XPS analysis. This type of contamination should be present 

in all samples but it is probably very low to be recorded in samples dried at 60°C, 120°C and 

300°C. An additional consideration can be done about the absence of this peak in the sample 

dried at 60°C, where the temperature is not high enough to remove completely all physisorbed 

H2O, present in the original sample as it was observed in the TGA-DTA experiment. This result 

can be due the fact that the XPS analysis was not run straight after the sample preparation, so 

that further evaporation of physisorbed H2O may be occurred in sample dried at 60 °C, even 

after its temperature treatment, giving an absence of signal during the XPS survey.  

In figure 4.14 the Ti 2p XPS spectra are reported, in which the main signal is deconvoluted in two 

peaks for all samples. The two peaks are assigned to Ti 2p3/2 and Ti 2p1/2 that are spin-orbital 

splitting photoelectrons with a difference of 5.7 eV that are typical of Ti (IV) species [24]. Another 

important feature is represented by the difference of 71.3 eV between O 1s TiO2 and Ti 2p 3/2 

peaks that confirms they belong to Ti-O bonds in the TiO2 bulk [25]. The overall atomic 

percentage of Ti can be compared with the O 1s TiO2 showing a ratio 1:2 for all samples as 

expected. 
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Figure 4.14: X-ray photoelectron spectra of titanium 2p on TiO2 nanoparticles treated at different 

temperatures: top left 60°C; top right 120°C; bottom left 300°C; bottom right 500°C 

 

Table 4.3: X-ray photoelectron spectroscopy titanium atomic percentage on TiO2 nanoparticles treated 

at temperatures 60-500°C 

 Ti% 

 Ti 2p3/2 Ti 2p1/2 Total 

NPs D60 11 5.7 16.7 

NPs D120 11.3 5.6 16.9 

NPs D300 15.1 7.7 22.8 

NPs D500 11.3 6.8 18.1 

BE(eV) 458.4-458.9 464.1-464.6  

 

From the surface characterization of the TiO2 nanoparticles it is possible to draw a schematic of 

the chemical groups present on their surface, as reported in figure 4.15. 

 

 

 

 

 

Figure 4.15: Schematic of the chemical groups present on the TiO2 nanoparticles surface. Ot (red): 

terminal oxygen; Ob (blue): bridging oxygen; R: alkyl group 
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The chemical groups found on the surface are -OH and -OR, due to chemisorbed water and to 

the synthesis reaction by-products of THF, (contained in the TiO2 nanoparticles precursor, 

TiCl4*2THF), respectively. Moreover, the surface -OH groups can be distinguished in two types 

with different pKa: bridging (-OHb) more acidic; terminal (-OHt) less acidic [18].  

Regarding the schematic reported in figure 4.15, it can also be added that the -OR groups 

presence on the TiO2 surface was only indirectly deduced by the data collected but it was not 

possible to be confirmed, hence it can be considered as a possibility only. 

  

4.6 Conclusions 

 

The TiO2 nanoparticles synthesized via forced hydrolysis of TiCl4*2THF at 80°C can be compared 

with commercially available products, in table 4.4, to address their potential for photocatalytic 

applications. In this table were reported 3 samples: TiO2 P25 (Degussa) 80:20 (anatase/rutile), 

as declared by the provider; TiO2 nanoparticles (ST-01) (Ishihara Sangyo Kaisha, Japan); TiO2 

nanoparticles synthesized in this work. Degussa does not report any analysis about possible 

amorphous content, but in a study carried out by Tobaldi et al. [26], based on indirect method 

(advanced X-ray Diffractometry (XRD): Rietveld-RIR (reference intensity ratio) and whole 

powder pattern modelling (WPPM)), which allowed a precise quantification of the crystalline 

phases and the estimation of the amorphous content as difference, it was showed that the 

amorphous content was 13%. Similarly for the ST-01, it was declared a 100% of anatase phase 

of the product without reporting any experiment showing the absence of possible amorphous 

phase. For the nanoparticles synthesized in this work the amorphous content of 23% was 

directly estimated by Differential Scanning Calorimetry (DSC) and accurately compared with 

other literature data, so that it represents a further step into the deep understanding of the 

material properties, even though the use of DSC for this scope cannot be considered a novelty. 

The amorphous content is not reported to give a contribution on photocatalytic activity of TiO2 

[27], but, with regard to the crystalline content (63.2 % anatase, 4.6% rutile, 9.2% brookite), a 

predominance of anatase phase with presence of rutile and brookite phases, as found in the 

synthesized TiO2 nanoparticles, showed a superior photocatalytic activity when compared with 

both pure anatase and mixed anatase/rutile particles, according to a study reported by Mutuma 

et al [28]. The particle size of the synthesized TiO2 nanoparticles in this work, 6±2 nm, is smaller 

than P25, 21 nm, while it can be considered the same of ST-01, 7nm. This parameter is inversely 

proportional to the Specific Surface Area (SSA) of the sample, as explained in section 4.5, so that 

P25 has a SSA of 55 m2/g, while the nanoparticles produced in this work and ST-01, have a SSA 

of 202m2/g and 290 m2/g, respectively. The SSA is directly linked with the number of active sites 
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for photocatalytic reactions, so that the material produced in this work can perform better than 

P25, but its performance can be less effective when compared with ST-01, considering this 

parameter. The band gap of the TiO2 nanoparticles synthesized in this work is wider than P25 

and ST-01 (3.43 eV versus 3.14eV and 3.28 eV), but they can still be activated under a UV light 

source as the other samples. The last parameter observed was the percentage of chemisorbed 

water on the TiO2 nanoparticles surface, that for the sample obtained in this work was much 

higher than both commercial products (≈10% versus 3.3%(P25) and 3.4%(ST-01)). This value is 

linked with a higher quantity of -OH/nm2 that can increase the number of •OH produced per 

unit of time, after exposure to UV light, which are directly involved in the photocatalysis 

mechanism.  

All these properties make the product synthesized in this work a good candidate to be employed 

as photocatalyst, despite it was synthesized by a simple method and at relative low temperature 

of 80°C.  

 

Table 4.4: Comparison of parameters found for the synthesized TiO2 nanoparticles in this work with 

other commercial TiO2 nanoparticles 

 

From the photocatalytic potential and their small size it was thought to use these TiO2 

nanoparticles in their colloidal form as wet precursor to fabricate thin films on glass substrates, 

giving them self-cleaning properties. This part of the study is presented in the next chapter. 

 

 

 

 

 

 

 

Sample 

Anatase (A) 

Rutile (R) 

Brookite(B) 

(%) 

 

Amorphous 

(%) 

 

Particle 

size 

(nm) 

 

Band 

gap 

(eV) 

 

 

SSA 

(m2/g) 

 

Chemisorbed H2O on TiO2 

surface 

(%) 

Degussa P25 

(80:20% 

Anatase/rutile) 

76.3(A)[26]; 

10.6(R)[26]; 

none (B)[26] 

13.1[26] 21[18] 3.14[30] 55[18] 3.3 [18] 

 

This work 

 

63.2(A); 

4.6 (R); 

9.2(B) 

23 6±2 3.43 202 ≈10 

ST-01 100% (A) undeclared 7 [18] 3.28[29] 290 [18] 3.4 [18] 
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Chapter 5: TiO2 colloids agglomeration control and fabrication of self-

cleaning glasses 

 

 

5.1 Introduction 

 

The previous chapter is focused on the synthesis and characterization of TiO2 nanoparticles as 

dry product. In this chapter, the study switches onto the TiO2 nanoparticles in their original 

colloidal form and their related properties, considering their application as a wet precursor to 

be deposited on glass to fabricate self-cleaning glass composite. In the first part of the chapter, 

important parameters such as hydrodynamic radius and Z-potential are measured to assess the 

TiO2 nano-colloids agglomeration state and stability, respectively. After this preliminary 

screening on the as synthesized nano-colloids (6±2 nm particles, crystalline mostly anatase, 

0.125 M, pH= 0.30), experiments on the formulation are performed, by the use of oxalic acid as 

a dispersant and the addition of isopropanol to improve their wetting properties and enable the 

wet precursors to form uniform and transparent layers when dried on glass slides. The drying 

step is followed by an annealing step that is done by two different energy sources, thermal 

heating (hot plate) and UV radiation, at different temperature or time of exposure, respectively. 

The different annealing conditions are compared aiming to find the best way to obtain a stable 

and uniform TiO2 thin film with a high photocatalytic activity. The technique used to fabricate 

TiO2/glass samples is drop-casting, so that for up-scalable techniques such as ink-jetting or slot 

die coating, these colloids may need additional change of their formulation to work. In the last 

part of the chapter a characterization of the photocatalytic activity of the TiO2 colloid coated 

glasses is performed, including a comparison with a commercial self-cleaning glass and TiO2 

coated glass samples obtained through Atomic Layer Deposition (ALD) and Spray Pyrolysis.  

 

5.2 Hydrodynamic radius of TiO2 nanoparticles in their colloidal form 

 

In chapter 4 the particle size of the TiO2 nanoparticles was measured through Transmission 

Electron Microscopy (TEM) finding an average size of 6±2 nm. The TEM images show that the 

dry particles are not monodispersed. However, to understand their behaviour in their colloidal 

form another analytical technique is needed. By using Dynamic Light Scattering (DLS) it is 

possible to measure the size of the nanomaterial in suspension. The feature measured is called 

hydrodynamic radius (approximating the shape of the TiO2 nanoparticles to a sphere) which 
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takes into account the interactions among the particles. In particular, it gives information on the 

agglomeration state of the colloid in its original form. The analysis of the scattering is simplified 

when the particles do not collide during the measurement. These collisions can be avoided by 

diluting the samples. Since the initial concentration of the TiO2 colloids is 0.125 M, this 

concentration exceeds the requirement to be studied (collisions among the particles cannot be 

avoided). So, an extreme dilution is needed to obtain an almost ideal suspension where the 

particles collision can be suppressed, with good results obtained for a sample diluted 1/1000 of 

the original concentration, hence 1.25*10-4 M.  

Results on a sample prepared by diluting the as synthesized colloid to 1/1000 of its initial 

concentration in TiO2, from 0.125 M to 1.25*10-4 M, and keeping the original pH of 0.30 using 

HCl, are shown in figure 5.1.  

 

 

Figure 5.1: a) volume distribution against particle size, b) scattering intensity distribution against 

particle size for a colloid of TiO2 nanoparticles containing 1.25*10-4 M of TiO2  

 

In figure 5.1a the distribution of volume against size is plotted giving a single peak centered at a 

value of 20 nm. In figure 5.1b the intensity of the signal versus the size gives two peaks centred 

at 100 nm and 20 nm. In both cases the size of the nanoparticles in their colloidal form is 

different from the TEM analysis of the dry powder. This is due to an agglomeration trend that 

occurs within the colloid. Considering the volume plot, the nanoparticles tend to form clusters 

of four when suspended into their liquor. Looking at the intensity plot it is possible to distinguish 

two different kinds of clusters, with the bigger (100 nm) more intense than the smaller (20 nm).   

These features are different from the volume plot which shows a hydrodynamic diameter of 20 

nm as the main one. This is explained by using the mathematical equation linked with the 

intensity of the light of scattering: 

 

𝐼 = 𝐼0
(1+𝑐𝑜𝑠2𝜃)

2𝑅2
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2𝜋

𝜆
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                                 (5.1) 
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Where IO is the intensity of the beam of unpolarized light from the instrument; λ is the 

wavelength of this light beam; R is the distance between this beam and the sample; θ is the 

resulting scattering angle; n is the refractive index of the scattering materials; d is the diameter 

of the scattering particles assuming a spherical model [1]. As it is possible to observe the 

intensity of the scattering is directly proportional to d6, so that the 100 nm cluster not visible in 

the volume plot is visible in the intensity plot and scatters much more than the 20 nm cluster. 

Therefore, the conclusion from this analysis is that the colloid agglomerate is mainly in the form 

of small clusters of four particles with some bigger clusters up to 100 nm. It has to be noted that 

through dynamic light scattering it is not possible to quantify the percentage of two 

agglomerates with different size distributions. An alternative technique (not used in this study) 

is Analytical Disc Centrifugation (ADC) that is a high-resolution particle sizing method that 

measures an unknown particle size distribution in a known centrifugal field by measuring the 

sedimentation time of the particles in a fluid of known density and viscosity. Fissan et al. [2] used 

ADC to resolve binary dispersion of particles, obtaining quantitative information on the two 

different types of particles with different size. 

 

5.3 Zeta-potential measurements on TiO2 colloids  

 

The stability of a colloid is a parameter of crucial importance when it is used as a wet precursor 

to obtain uniform and compact layers upon deposition. The as-synthesized TiO2 colloids are 

highly stable in their original liquor which contains HCl as by-product (pH=0.30) of their synthesis 

reaction (figure 5.3 for pH<2.9). The HCl is a source of H+ for the TiO2 nanoparticles surface          -

OH groups, which are protonated making the surface positively charge. The counter ions, Cl-, are 

attracted to the surface charge by Coulomb force, but are free ions not anchored to the particles. 

This generates around the nanoparticles a double layer that has its thickness with the maximum 

value at a distance called the slipping plane, as shown in figure 5.2, considering a shape 

approximated to that of a sphere (section 4.3) to simplify the analysis.  
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Figure 5.2: Schematic of a charged stabilized TiO2 nanoparticle in acidic medium by HCl (with shape 

approximated to a sphere, adapted with permission from reference [3]) 

The potential difference between the stationary fluid surrounding the TiO2 nanoparticles at the 

slipping plane and the dispersion medium is the Zeta-potential (ζ). High values of Zeta-potential, 

either positive or negative, are linked with high stability of a colloid. The Zeta-potential depends 

on the pH and ionic strength of the medium in which the colloid is dispersed. By fixing the ionic 

strength, a useful plot of the Zeta-potential against the pH allows to know the Point of Zero 

Charge (PZC) of the colloid and the pH intervals in which the colloid is stable.  

In figure 5.3 a Zeta-potential versus pH plot is shown for TiO2 colloids at concentration       

1.25*10-4 M and fixed ionic strength at 2.10-3 M by NaCl. The pH is adjusted by HCl and NaOH to 

get a total of seven experimental points. 

 

 

 

 

 

 

 

 

 

  

Figure 5.3: Zeta-potential versus pH of TiO2 colloids at concentration 1.25*10-4 M 
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The data presented in figure 5.3 show a positive Zeta potential that goes from 35 to 30 mV 

between pH 1.35 and 2.9, followed by a descending trend that approaches zero at pH 4 (PZC). 

After pH 4 the value of Zeta potential turns negative and keeps going down reaching a plateau 

at a value of -30mV between pH 6.5 and 8.9. From pH 9 to 10.5 the Zeta-potential starts 

decreasing again until a final value of -42 mV. 

Considering a value of ±30 mV as a sign of stability [4], the colloid is positively charged and stable 

in the acidic pH range ≤2.9. When the particles of the colloid are charged negatively (-OH on the 

particles surface become deprotonated) their stability is at pH ≥ 6.5. At pH 4 the sum of positive 

and negative charges on the nanoparticles equals zero meaning that the electrostatic repulsion 

among the particles of the colloid is neutralized causing the dispersion to precipitate. Around 

pH 4 the Z-potential is below ± 30mV, so the colloid is considered poorly stable. 

This zeta potential against pH trend found for the TiO2 nanoparticles synthesized in this work 

can be compared with similar experiments run on other commercial samples, such as TiO2 P25 

(Degussa, 80/20 % anatase/rutile) [5] and TiO2 ST-01 (100% anatase) [6] (Ishihara Sangyo Kaisha, 

Japan). These data are shown in figures 5.4 and 5.5. 

 

 

 

 

 

 

 

 

 

Figure 5.4:  Zeta potential vs. pH for TiO2 P25 (reprinted with permission from reference [5]) 

 

 

 

 

 

 

 

 

Figure 5.5: Zeta potential vs. pH for TiO2 ST-01 (black dots: as purchased, white squares: modified by 

alkaline hydrogen peroxide. Reprinted with permission from reference [6]) 
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The two TiO2 commercial samples showed a similar Zeta potential against pH trend, with the 

same PZC at pH= 6.3 and stability range at pH ≤4.5 and pH ≥8. The difference in the pH of the 

PZC for the TiO2 nanoparticles synthesized in this work (pH=4) and for the two commercial 

samples can be due to a different amount of -OHt (terminal hydroxyl, less acidic) and -OHb 

(bridging hydroxyl, more acidic), with a majority of the latter on the nanoparticles surface 

synthesized in this work and a consequent shift of the stability range to pH ≤2.9 and pH ≥6.5. In 

particular, in section 4.5 the XPS O 1 data showed signals associated with bridging oxygen (Ti-O-

Ti) and terminal oxygen (Ti-OH), but these peaks are superimposed with other chemical species, 

so that it is not possible to know the exact percentage of them. 

From the Dynamic Light Scattering (DLS) and Zeta potential measurements on the TiO2 

nanoparticles additional conclusions can be drawn. In both experiments, a colloid 1.25*10-4 M 

in TiO2 is used; this diluted sample allows to suppress the particles collisions within the colloid 

and thus enables the collection of the above mentioned data, while it still represents the as 

synthesized colloid. In the DLS analysis a main agglomeration trend of the nanoparticles is found 

(20nm), which indicates that the colloid is not monodispersed. From the Zeta potential data, the 

colloid results stable at pH≤2.9 so that a less agglomerated colloid is expected in high acidic pH 

(original colloid pH=0.30). This agglomeration trend found can be explained by considering that 

single particles have a small size (6±2 nm at TEM) and high surface area (200 m2/g), so that in 

their original liquor tend to form small agglomerates (e.g. up to 4 particles) to reduce their high 

surface area and minimize their dispersion enthalpy [7], while keeping their stability. 

 

5.4 Oxalic acid treatment on the TiO2 colloids 

 

The deposition of nanoparticles to form compact films on glass requires a high level of 

deagglomeration and a stable dispersion of the particles in their wet precursor. The presence of 

large agglomerates has an impact on the homogeneity of the film thickness. In an attempt to 

further disperse the particles present in the colloid, experiments were carried out to modify the 

interactions among the particles. Oxalic acid was chosen as a dispersant based on the following 

considerations: 1) its carboxylic acid groups (two opposite to each other) have a high chemical 

affinity for the surface of TiO2 [8] and allow to keep agglomerated particles apart acting as a 

spacer; 2) oxalic acid molecules have mono-deprotonated (HA-) and a bi-deprotonated (A2-) 

species that, when adsorbed on the TiO2 nanoparticles surface, allow a fine tuning of the surface 

charge; 3) oxalic acid is a short organic molecule, it can easily be degraded into CO2(g) and 
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H2O(g,l) through post film deposition treatment by using a hot plate or a UV radiation source; 4) 

it is non-toxic and widely available. 

Oxalic acid was added to 1.25*10-2 M TiO2 colloids (original batch diluted 10 times) aiming to 

obtain three samples of equal volume of 10 ml with a final concentration of 5*10-4 M, 5*10-3 M 

and 5*10-2 M in oxalic acid. These concentrations are related to different loading of oxalic acid 

molecules per nm2 of TiO2 nanoparticle by the following equation [9]: 

 

𝐶𝑜𝑥 ∗ 𝑉𝑜𝑥 ∗ 𝑁𝐴
𝑚𝑛𝑝𝑠 ∗ 𝑆𝑆𝐴𝑛𝑝𝑠 ∗ 10

18
=
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠𝑜𝑥

𝑛𝑚2
 

 

Where Cox is the concentration, expressed as M, of oxalic acid added to the colloid (starting batch 

0.1 M in oxalic acid); Vox il the volume, expressed in liters, of oxalic acid added to the colloid, NA 

is the Avogadro constant; mnps is the mass, expressed in grams, of TiO2 nanoparticles; SSAnps is 

the specific surface area of TiO2 nanoparticles (200 m2/g) and moleculesox are the number of 

molecules of oxalic acid. 

The concentrations of oxalic acid 5*10-4 M, 5*10-3 M, 5*10-2 M provide 1.5, 15, 150 

molecules/nm2 respectively. With a theoretical maximum loading of 5.56 molecules of oxalic 

acid/nm2 [9], the concentrations of oxalic acid used aim to have three different scenarios in 

which:  

1) the coverage is not complete;  

2) the number of molecules of oxalic acid/nm2 of TiO2 is 3 times higher than the maximum 

loading; 

3) the number of molecules of oxalic acid/nm2 of TiO2 is 30 times higher than the maximum 

loading; 

Before discussing the results of this experiment, some preliminary considerations clarify 

important aspects related to the TiO2 nanoparticles treatment with oxalic acid. The first data to 

be considered are the possible types of interaction between the oxalic acid molecules and the 

TiO2 surface, starting from a generic carboxylic acid, as reported in figure 5.6. 

 

 

 

(5.2) 
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Figure 5.6: possible interaction modes of carboxylic (-COOH) group on TiO2: (i) Electrostatic attraction; 

(ii) double H-Bonding; (iii) single H-Bonding; (iv) Monodentate (ester-like linkage); (v) Bidentate 

bridging; (vi) Bidentate chelating (reprinted with permission from reference [10]) 

 

For instance, Charbonneau et al. [9] studied the adsorption of oxalic acid on TiO2 colloids 

(anatase) after mixing the latter with aqueous solutions 0.1*10-3 – 3*10-2 M of oxalic acid, 

without any further treatment. They estimated the theoretical maximum loading of oxalic acid 

molecules per nm2 of TiO2 nanoparticles, using an approach based on crystallography data, 

which considers the number of titanium atoms available at the surface and how many oxalic 

acid molecules could be hosted per nm2, suggesting either a monodentate or bidentate binding 

mode. Their hypothesis was confirmed by Attenuated Total Reflectance-Fourier Transform 

Infrared (ATR-FT-IR) spectroscopy on TiO2 nanoparticles samples mixed with oxalic acid 3*10-2M 

in water, after a drying step at 80 °C. The IR spectrum showed peaks at ca. 3400 cm-1, ca. 1690 

cm-1, ca. 1500 cm-1 and ca. 1400 cm-1, due to a O-H group stretching, a carbonyl group (C=O) 

stretching and a C-O bond asymmetric and symmetric stretching, respectively. The reduction of 

the intensity of the O-H band and the shifts of the two C-O peaks when compared with pure 

oxalic acid, led to the conclusion that in their work the oxalic acid was chemisorbed on TiO2 

nanoparticles, through ester-like bonds. In another study, Mendive et al. [11] studied the 

absorption of an oxalic acid aqueous solution 2*10-3 M on a TiO2 anatase nanoparticles layer 

using a continuous flow apparatus, for the oxalic acid aqueous solution to circulate constantly 

over the TiO2 layer, and collected the ATR-FT-IR spectra to monitor the absorption of oxalic acid 

on TiO2. They found the presence of 1717 and 1697 cm-1 peaks, assigned to the carbonyl (C=O) 

stretching vibration, and 1420 and 1270 cm-1 peaks, assigned to C-O, C-C and O-C=O symmetric 

stretching mode in the first case, and O-C=O bending mode in the latter. From these results and 

comparison with other studies in similar conditions [12] [13] [14], they confirmed that the oxalic 

acid was chemisorbed on the TiO2 anatase surface, through formation of surface complexes by 

displacement of water molecules (-OH groups on the TiO2 nanoparticles surface).  
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Using additional quantum chemical calculations, their conclusion was that in these complexes 

the oxalic acid was adsorbed in a bidentate mode, showing two most energetically stable 

configurations, as reported in figure 5.7 

 

 

 

 

 

 

 

 

Fig 5.7: Complexes between oxalic acid and TiO2 anatase surface: species A on the right; species B on 

the left. Reprinted with permission from reference [11] 

 

Based on these results, it can be concluded that in the oxalic acid treatment on TiO2 (mainly 

anatase) colloids, the interactions are based on a chemisorption behaviour. This chemisorption 

is due to a complexation equilibrium of the oxalic acid on the TiO2 surface, with the coverage 

depending on the value of the associated constant, that is not reported in the literature. 

Moreover, the complexation equilibrium involved can be affected by the pH of the aqueous 

medium, giving as result the predominance of one the most stable species in figure 5.7 over the 

other. The results of the TiO2 colloids treated with oxalic acid are reported in figure 5.8 

 

 

 

 

 

Figure 5.8: TiO2 colloids treated with oxalic acid at final concentration, from left to right, 0 M,         

5*10-4 M, 5*10-3 M, 5*10-2 M 
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As shown in figure 5.8 the addition of oxalic acid at concentration 5*10-4 M slightly changes the 

physical appearance of the colloid. When the concentration of oxalic acid is 5*10-3 M the colloid 

is cloudier due to agglomeration, caused by the partial neutralization of the nanoparticles 

surface charges. By increasing the concentration of oxalic acid to 5*10-2 M the nano-colloid is 

well dispersed showing high transparency. The colloids tested in figure 5.4 have a concentration 

of TiO2 1.25*10-2 M to simulate a possible wet precursor to be deposited on glass. However at 

this concentration any possible test by DLS or Zeta-potential, to further understand their 

behaviour when they are treated with oxalic acid, could not be run for a limit of those techniques 

which require sample extremely diluted to give readable results as explained in 5.2 and 5.3. 

Another approach to explain the observations of the oxalic acid treatment on the TiO2 

nanoparticles in figure 5.8, was theoretical and based on a simplified speciation of the oxalic 

acid (which does not consider the complexes in figure 5.7) at different concentrations in the 

colloid liquor. This aimed to understand which oxalic acid species can change the agglomeration 

and surface charges of the TiO2 nanoparticles in the different scenarios. The oxalic acid is a di-

carboxylic acid so that its speciation is linked with the following equations:  

 

        𝐶𝑎 = [𝐻2 𝐴] + [𝐻𝐴
−] + [𝐴2−] 

 

                                                 [𝐻+] = [𝐶𝑙−] + [𝑂𝐻−] + [𝐻𝐴−] + 2[𝐴2−]                                         

 

𝐾𝑎1 =
[𝐻𝐴−][𝐻+]

[𝐻2𝐴]
 

 

 

𝐾𝑎2 =
[𝐴2−][𝐻+]

[𝐻𝐴−]
 

 

   𝐾𝑤 = [𝐻
+][𝑂𝐻−]                            

 

Where [H2A], [HA-] and [A2-] are the concentration of the oxalic acid di-protonated, mono-

protonated and deprotonated, respectively; Ca is the total concentration of oxalic acid; Ka1 

(5.32*10-2, pKa1=1.27) and Ka2 (1.53*10-4, pKa2=3.81) are the first and the second acidic 

    (5.3) 

(5.4) 

 (5.5) 

 (5.6) 

 (5.7) 
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dissociation constant; Kw (1*10-14) is the water dissociation constant. By combining equation 5.3 

with equation 5.5 and 5.6 is possible to express the concentration of H2A, HA- and A2- as function 

of H+: 

 

𝐻2𝐴 =
[𝐻+]2

[𝐻+]2 + 𝐾𝑎1[𝐻+] + 𝐾𝑎1𝐾𝑎2
∗ 𝐶𝑎 

 

𝐻𝐴− =
[𝐻+]𝐾𝑎1

[𝐻+]2 + 𝐾𝑎1[𝐻+] + 𝐾𝑎1𝐾𝑎2
∗ 𝐶𝑎 

 

𝐴2− =
𝐾𝑎1𝐾𝑎2

[𝐻+]2 + 𝐾𝑎1[𝐻+] + 𝐾𝑎1𝐾𝑎2
∗ 𝐶𝑎 

 

From equations 5.8-5.10 a logarithmic diagram of the concentrations of the chemical species in 

equilibrium (log C) versus pH can be drawn as below: 

 

Figure 5.9: Oxalic acid speciation (log C versus pH) for Ca= 5*10-2 M, Ca= 5*10-3 M, Ca= 5*10-4 M 
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In figure 5.9 for any different Ca of oxalic acid the corresponding calculated pH of the colloids is 

represented with the same colour, with pH0 (in gray) corresponding to the pH of the colloid with 

no addition of oxalic acid. By using the pH values and equations 5.8-5.10 is possible to build a 

table of all chemical species present in the colloid liquor after the oxalic acid addition.  

Table 5.1: Chemical species at equilibrium before and after oxalic acid addition at Ca= 5*10-2 M,          

Ca= 5*10-3 M, Ca= 5*10-4 M 

 

  

 

 

 

 

 

When the oxalic acid Ca is equal to 5*10-4 M the pH of the liquor is not affected and the 

concentration of the H2A and HA- are two orders of magnitude smaller than H+ without any 

visible change of the liquid. At this concentration the HA- species lowers the zeta potential value, 

counterbalancing few positive charges, but in synergy with H2A species their key role is to 

interpose themselves among clusters (100nm and 20nm), providing an also known electro-steric 

control. By increasing the oxalic acid concentration to 5*10-3 M, the pH is slightly more affected, 

HA- starts to increase, remaining 1/20 of H+, and the colloid becomes cloudier. Due to higher 

negative charges coming from HA- and surrounding the TiO2 nanoparticles within the Stern layer, 

a partial neutralisation of positive charged particles is possible even at pH<PZC. Hence the Zeta 

potential lowers; electrostatic repulsion among particles is less effective causing the oxalic acid 

steric effect to be overcome for its small size, giving a dispersion less stable than the 5*10-4 M 

oxalic acid treated. When oxalic acid is 5*10-2 M, the pH is shifted to a more acid value with HA- 

being consequently proportional to H+, H2A follows the same trend and A2- species rise to 1/1000 

of H+, giving a well dispersed liquid suspension. In this case the TiO2 nanoparticles are negative 

charged and the Z potential turns negative with the oxalic acid that provides both electrostatic 

and steric control in suspension.  

The interactions between oxalic acid at different concentration and the TiO2 nanoparticles are 

showed in a schematic representation in figure 5.10. 

0 
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Figure 5.10: Schematic of nanoparticles interactions at different total concentration of oxalic acid 

(Ca= concentration of oxalic acid) 

 

In figure 5.10, at Ca=0 (Ca= concentration of oxalic acid) the TiO2 colloid present mainly 20 nm 

clusters and some 100 nm clusters. At Ca= 5*10-4M there is a deagglomeration of the clusters 

by the oxalic acid species H2A and HA-. When Ca=5*10-3 M the oxalic acid species HA- increases, 

lowering the Zeta-potential on the TiO2 nanoparticles, which tend to get closer to each other. 

Finally, at Ca=5*10-2 M a further increase of the oxalic acid species HA- alongside with few A2- 

turns negatively the charges on the TiO2 nanoparticles, which exert a repulsive force to each 

other. 

The dispersion properties of the oxalic acid are important for the formulation of TiO2 colloids to 

be used as wet precursors for the deposition of thin on glass. To test this aspect 170µl of TiO2 

colloids (1.25*10-2M) treated with different amount of oxalic acid (as reported in figure 5.8) were 

drop casted on glass slides with dimensions 30mm*30mm*3mm and the resulted films were 

dried at 30°C. The amount of TiO2 colloids used was calculated to get films of 50 nm thickness, 

assuming a uniform drying step, as follows:  

 

                                                     𝑉(𝑇𝑖𝑂2 𝑡ℎ𝑖𝑛 𝑙𝑎𝑦𝑒𝑟) ∗  𝜌𝑇𝑖𝑂2 = 𝑚 𝑇𝑖𝑂2                                    (5.11) 

 

Where V(TiO2 Thin layer) is the volume in cm3 of the TiO2 thin layer, ρ TiO2 is the density of the 

material (approximated to anatase = 3.78 g/cm3 as in section 4.5) and m TiO2 is the mass, 

expressed in grams, needed to make the desired TiO2 layer. 
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Another parameter that can be modified is the formulation of the colloid solvent. In this study 

the reference solvent is only water which is used as a comparison with another mixture that is 

30% in isopropanol (IPA) and 70 % in water. The addition of IPA was done to improve the wetting 

of the colloid on the glass surface and this H2O/IPA ratio was chosen after different attempts in 

order to maximize the increase of wettability without exceeding with the use of IPA, to keep the 

whole process with a carbon footprint as low as possible. The results are shown in figure 5.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11: a) TiO2 films prepared with different amounts of oxalic acid by using a water based 

precursor; b) TiO2 films prepared with different amounts of oxalic acid by using a water:isopropanol  

70:30% v/v precursor; c) optical microscope images of TiO2 films in a; d) optical microscope images of 

TiO2 films in b 
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The experimental results in figure 5.11 are linked with the dispersing properties of the oxalic 

acid at different concentrations. Without any oxalic acid addition in the film cast from the 

formulation containing only water as solvent, there are many small cracks that scatter light 

causing the opacity of the layer. In the sample containing a solvent IPA:H2O at 30:70 % the cracks 

are less evident for the improved wetting so that the opaque layer is due to nanoparticles  

agglomerates of 20 nm and 100 nm in the colloid that upon drying on glass tend to merge in 

bigger ones forming an opaque layer. 

The addition of a small quantity of oxalic acid at 5*10-4 M improves the deagglomeration of 

clusters of nanoparticles by changing their surface charge, resulting in a transparent dried film, 

where the presence of cracks is visible in localized areas in which the wet precursor is not dried 

uniformly. Better results are visible in the film deposited by the colloid with a mixed solvent 

IPA/Water 30/70 %. At oxalic acid 5*10-3 M the deagglomeration of the nanoparticles clusters is 

counterbalanced by the increase of negative charges that lowers the repulsions among the 

positive charged particles. These are forced to bundle in segregated areas when the solvent is 

water, but are less visible when the solvent contains IPA. By further increasing the concentration 

of oxalic acid at 5*10-2 M, the nanoparticles are negative charged and the repulsion among them 

is due to the high concentration of the dispersant, which crystallize on the glass when the film 

dries, without different effect based on the solvent, yielding an opaque layer similar to the one 

deposited without oxalic acid.  

From these results it is possible to choose the best combination of dispersant quantity and 

solvent to use for transparent and uniform TiO2 film deposition. The concentration of oxalic acid 

chosen is 5*10-4 M, which is the smallest amount tried. Hence it is easier to be removed by post 

deposition sintering treatment. The best solvent is the mixture of 30% IPA and 70% water, which 

allows an even spreading of the colloid on the glass substrate.  

Following this tuning of the colloids, the deposition of nano-TiO2 films was done by drop casting, 

aiming to a 25 nm thickness by calculation of the quantity to be cast (85µl, eq. 5.11) and 

assuming a uniform drying step. The thickness of the TiO2 layer was not checked in this study 

but an additional experiment, such as cross-sectional Scanning Electron Microscopy (SEM), could 

be run to complete the characterization of the nano-TiO2/glass samples reported in the next 

section.  
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5.5 Characterization of the TiO2/glass composites 

 

As explained above the oxalic acid treatment on the colloids allows the deposition of thin 

uniform and transparent layers of TiO2 on glass for applications such as self-cleaning windows. 

Hence, the transmittance properties of the films post sintering are important in view of 

developing these TiO2/glass composites into added-value building materials. In table 5.2 a list of 

TiO2/glass samples used in this study is provided. To assess their transparency, their light 

transmittance was measured against the wavelength in the UV-vis range from 200 nm to 800 

nm.   

Table 5.2: TiO2/glass samples preparation and annealing method: Nps= made by Nanoparticles;        

SP= made by Spray Pyrolysis; ALD= made by Atomic Layer Deposition 

 

  

 

 

 

Sample name  Precursor formulation Deposition method  Annealing method 

Nps 60 °C  TiO2 1.25*10-2 M in H2O:IPA 
70:30 % + oxalic acid  
5*10-4 M 

Drop casting  Hot plate at 60 °C 

Nps 120 ° C TiO2 1.25*10-2 M in H2O:IPA 
70:30 % + oxalic acid  
5*10-4 M 

Drop casting Hot plate at 120 °C 

Nps 300 °C TiO2 1.25*10-2 M in H2O:IPA 
70:30 % + oxalic acid  
5*10-4 M 

Drop casting Hot plate at 300 °C 

Nps 500 °C TiO2 1.25*10-2 M in H2O:IPA 
70:30 % + oxalic acid  
5*10-4 M 

Drop casting Hot plate at 500 °C 

Nps UV 3s TiO2 1.25*10-2 M in H2O:IPA 
70:30 % + oxalic acid  
5*10-4 M 

Drop casting UV curing (684 
mW/cm2) for 3s 

Nps UV 30s TiO2 1.25*10-2 M in H2O:IPA 
70:30 % + oxalic acid  
5*10-4 M 

Drop Casting UV curing (684 
mW/cm2) for 30s 

Nps UV 3mins TiO2 1.25*10-2 M in H2O:IPA 
70:30 % + oxalic acid  
5*10-4 M 

Drop casting UV curing (684 
mW/cm2) for 3 min 

SP  Titanium diisopropoxide 
bis(acetylacetonate)  

Spray on hot plate 
at 350°C  

Hot plate at 500 °C 

ALD Tetrakis(dimethylamido) 
Titanium (TDMAT) 

ALD at 150°C Not required 

ActivTM Unknown Unknown Unknown 



101 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: Transmittance percentage of TiO2/glass samples in the UV-vis range 

 

In Figure 5.12 nano-TiO2/glass samples annealed at different temperature or UV radiation 

exposure time are compared with a commercial self-cleaning glass (ActivTM) and TiO2/glasses 

obtained through Spray Pyrolysis (SP) and Atomic Layer Deposition (ALD) techniques. From the 

graph it is possible to see that the transmittance of all samples goes to zero in the UV zone from 

370 to 300 nm due to the absorbance of the TiO2 anatase layer and the glass substrates which 

overlap. All nano-TiO2/glass samples follow the same trend with a transmittance of 80% from 

800 to 350 nm. This means that the different post deposition treatments don’t change the 

transparency of the films which is kept high considering a 90% transmittance of a plain glass as 

a maximum. The ALD sample absorbs more in the visible range with a transmittance descending 

trend starting at 70% at 800 nm and ending at 50% at 370 nm. The ActivTM sample has a 

transmittance of 80% from 800 nm to 600 nm and then starts to absorb more decreasing the 

transmittance from 80% to 60% in the range from 600 to 370 nm. The SP sample has a 

transmittance of 70% at 800 nm, then it goes first up reaching a maximum of 85% at 610 nm and 

after it goes down with a minimum of 60% at 430 nm. 

Overall, the transparency of the ALD, SP and ActivTM samples compared with the nano-TiO2 

samples has some differences due to a different process of production of the TiO2 layers. 

Moreover, the SP sample has a yellow tint which explains its absorption at 430nm, probably due 

to oxygen vacancies [15]. 

In the data above shown the nano-TiO2 films present a transmittance of 80% in all the visible 

range which is slightly higher that the ALD, SP and ActivTM samples, so that they can be used as 

coatings for self-cleaning glasses.  
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All the transmittance measurements refer to the centre of the TiO2/glass composites so that 

around the edges of the samples they can give a different result. However, the films made by 

drop casting of the TiO2 colloid represent only the initial stage of making a self-cleaning glass 

that needs further improvement to obtain a compact and uniform thin layer all over the glass 

substrate. With regards to the other TiO2/glass sample made by other techniques (ALD and SP) 

and the commercial ActivTM the difference in the uniformity of the TiO2 layer between the centre 

and edges should be minimal.  

After the nano-TiO2/glass samples assembly it is important to check if the anatase phase is 

maintained in the composites that undergo post film deposition annealing treatment. As 

discussed in section 3.3.4.1, an indirect technique, commonly used to analyze this aspect on thin 

films, is Raman spectroscopy. The results are shown in figure 5.13. 

 

 

 

 

 

 

 

Figure 5.13: a) Raman spectra for nano TiO2 , ALD, SP and Activ films (gray dashed lines: Anatase 

peaks; gray dotted lines: Rutile peaks); b) most intense Eg peak for nano-TiO2 film annealed at 

different temperatures, c) most intense Eg peak for nano-TiO2 annealed by Uv -Vis light at different 

time of exposure 
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In Figure 5.9a the Raman spectroscopy on all TiO2 /glass composite displays signals at 560, 800 

and 1100 cm-1 assigned to glass substrates (Si–O–Si symmetric stretching vibration modes, Si 

motions in its tetrahedral oxygen cage and Si–O stretching vibration modes) [16]. With regard 

to TiO2 anatase a comparison with a bulk phase is needed, which according to the literature has 

six Raman active modes: Eg (145 cm-1); Eg (197 cm-1); B1g (396 cm-1); A1g+B1g (516 cm-1); Eg (638            

cm-1)[17].  

All nano-TiO2/glass samples display an intense Eg peak in the range 149-157 cm-1, whereas other 

expected Raman active modes (listed above) are not visible as they are covered by the glass 

substrates. This is due to the small crystalline range of these samples, that causes broadening of 

all peaks for the nano-anatase with respect to the bulk crystal [18], and the relative weak 

intensity for 25 nm thin films [19].  

As reported in other studies, here nanoparticle-based TiO2 thin films present a slight shift of the 

Eg peak of the bulk anatase depending on the different annealing treatment [20]. The samples 

annealed by heat at different temperatures show an Eg peak that goes from 155 cm-1 to               

150 cm-1 in the range 60°C-500°C with a shape that narrows as function of temperature. A similar 

effect is found in samples annealed by UV radiation at different time of exposure with a shift of 

the Eg peak from 157 to 153 cm-1 for exposure time from 3 seconds to 3 minutes and narrowing 

of the band as function of exposure time. In these samples a progressive energy exposure either 

to heat or UV light, causes a coarsening effect onto films formed by nanoparticles that 

consequently grow in size and give a signal closer to the bulk anatase at 145 cm-1.  

In the ALD, Active and SP samples the Raman peaks are more pronounced so they are not 

covered by the glass substrates. The ALD and ActivTM spectra show all listed above anatase peaks 

with no significant shift. This behaviour confirms a bulk-alike nature of TiO2 thin films designed 

by techniques which do not employ nanomaterials synthesized a priori in a separate step, 

followed by deposition. The spray pyrolyzed film is the only sample showing wide peaks at 445 

and 610 cm-1. These are assigned to rutile modes Eg and A1g respectively, as a result of mixed 

anatase-rutile polymorphism due to extended annealing time in an oven at 500 °C. 

From the Raman analysis it is possible to conclude that all nano TiO2/glass after the annealing 

process do not merge in bulky films, where the properties of the nanocrystals, such as the large 

Specific Surface Area (SSA), are lost, maintaining the high number of active sites useful for the 

photocatalytic activity 
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5.6 Photocatalytic activity of TiO2/glass composites  

 

These TiO2/glass samples have been tested as self-cleaning glasses through the photocatalytic 

properties of the TiO2 layers. When exposed to light irradiation (hν) equal to their band gap         

(Ebg ), TiO2 anatase exhibits a catalytic behaviour which may be used to enhance the degradation 

of organic molecules reacting with O2 as follows:  

 

                                                                   Red                   Ox  

 

As discussed previously, the method used to assess the photocatalytic activity of the 

TiO2/glasses was the stearic acid (SA) test [21]. In this test a thin layer of stearic acid is deposited 

onto the TiO2 films by dip coating and its photocatalytic destruction monitored as a function of 

UV irradiation time. The choice of this test is based on the following reasons: 1) the stearic acid 

is stable under UV illumination in absence of a TiO2 photocatalyst film; 2) stearic acid films, 

usually 2.5 nm thick, are easily deposited from methanol or chloroform solution; 3) the kinetics 

of degradation of stearic acid are simple and zero-order so that the photocatalytic activity is not 

dependent from the thickness of stearic acid film; 4) there are many ways to monitor the 

depletion of stearic acid.  

The reaction involved in the test is the following: 

   

CH3(CH2)16CO2H + 26O2                  18CO2 +18H2O 

 

The mechanism of this reaction is not reported in the literature, but from other studies [22] it is 

known that the first step is the chemisorption of stearic acid onto the TiO2 surface through an 

ester-like bond, and then it can be assumed that the photoactive species formed at the surface 

of the TiO2 anatase layer (•OH, O2
•-) attack progressively the aliphatic chain of the stearic acid 

obtaining as final result its mineralization. Reaction 5.13 can be monitored by measuring the 

amount of CO2 generated, using gas chromatography [23], or the change in thickness of the 

stearic acid film, by ellipsometry [24]. However, the most common method to study reaction 

5.12 is monitoring the disappearance of the stearic acid film using infrared absorption 

spectroscopy (IR). The stearic acid adsorbs in the range 2700-3000 cm-1 with peaks at 2958        

cm-1, 2923 cm-1 and 2853 cm-1 corresponding to asymmetric in plane C-H stretching in the CH3 

group, and asymmetric and symmetric C-H stretching in the CH2 groups, respectively. The 

analysis of the IR absorbance of the stearic acid as function of UV irradiation time is done in the 

range 2700-3000 cm-1 and an example for the nano-TiO2/glass annealed at 500°C is shown in 

O2, TiO2 

hν≥E
bg

 

TiO
2
 

hν≥E
bg
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figure 5.14. By calculating the integrated area under the peaks for each sample is possible to 

build a plot of integrated area values against UV irradiation time, which represents the kinetics 

of degradation of the stearic acid. The FT-IR data collected versus time of UV irradiation for all 

samples investigated here (Table 5.2) are reported in figure 5.15. 

 

 

 

 

 

 

 

 

 

Figure 5.14: FT-IR spectra at different time of UV light exposure for sample nano-TiO2/glass annealed 

at 500°C coated with stearic acid showing peaks of C-H asymmetric and symmetric stretching in the -

CH2- group (the black arrows show the reduction of the intensity of the peaks from time of UV light 

exposure=0 to time of UV light exposure=23.5 hours) 

 

 

Figure 5.15: Photodegradation of stearic acid film on TiO2/glasses by monitoring of integrated area of 

FT-IR band 2700-3000 cm-1 of stearic acid, corrected for different UV irradiances, versus time of UV 

light exposure. 
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From figure 5.15 it is possible to see that all nano-TiO2/glass samples have much faster kinetics 

for stearic acid degradation when compared with the commercial ActivTM glass and the 

TiO2/glass sample obtained by spray pyrolysis. The ALD sample does not show any change in the 

kinetics of degradation of stearic acid, being comparable with the control sample. Among the 

nano-TiO2 coated glasses the highest rate of stearic acid degradation is given by the sample 

annealed by UV light for 3 minutes.  

However, these results need to be more representative of the photocatalytic activity of the 

samples, since in the data produced there is not a direct correlation with the quantity of stearic 

acid destroyed per unit of time. 

The integrated area values are reported in cm-1 and can be converted in molecules of SA cm-2, 

by the conversion factor of 9.7*10-15 molecules of SA cm-2 ≡ 1 cm-1 [21]. In this way the rates are 

converted in molecules destroyed per cm2 per second and considering the incident photon flux 

(photons cm-2 s-1) is possible to have the formal quantum efficiency (FQE) of the photocatalytic 

glasses by the following equation: 

 

𝐹𝑄𝐸 =  
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑜𝑓 𝑆𝐴 (

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
𝑐𝑚2𝑠

)

𝑟𝑎𝑡𝑒 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑙𝑖𝑔ℎ𝑡 (
𝑝ℎ𝑜𝑡𝑜𝑛𝑠
𝑐𝑚2𝑠

)
 

 

The results are shown in figure 5.16. 

 

 

 

 

 

 

 

 

 

 

Figure 5.16: Formal Quantum Efficiency of TiO2/glass samples 
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Following the rates of stearic acid degradation, the sample with the highest FQE is the                

nano-TiO2/glass annealed by UV light for 3 min. All nano-TiO2/glasses have a FQE much higher 

than the commercial ActivTM glass. The SP sample has a FQE almost two times higher than the 

ActivTM glass and the ALD sample has not photocatalytic activity. These results can be explained 

in terms of crystallinity and specific surface area (SSA). All nano-TiO2 coated glass have a TiO2 

coating made of small nanoparticles with high surface area (200 m2/g, section 4.4) and some 

amorphous content (23%, section 4.3), so that their different performance is due to their surface 

area and crystallinity properties change in the annealing process. When the samples are 

annealed by heat at different temperatures, the series starts with a sample annealed at °60 C in 

which the SSA of the nanoparticles is maintained giving a higher FQE than samples annealed at 

120 °C and 300°C, where the increased temperature dries all the physiosorbed water and makes 

the nanoparticle merge in bigger grains with the effect of lowering their SSA. In the sample 

annealed at 500° C, the original SSA of the nanoparticles is further reduced, but the FQE is the 

highest of the series due to improvement in crystallinity at this temperature. 

In the samples annealed by UV light (UV curing, 684 mW/cm2) at different exposure time, the 

samples treated for 3 seconds and 30 seconds have a similar FQE due to the nanoparticles SSA 

that is still high. In the sample exposed for 3 minutes, similarly with the sample annealed at 

500°C, the crystallinity is improved, but in this case the SSA of the nanoparticles is less reduced, 

providing a combination that gives the highest photocatalytic activity. With regard of the spray 

pyrolyzed TiO2/glass, a possible explanation for its limited photocatalytic activity compared with 

the nano-TiO2/glass is the nature of the film that is made by a technique that does not yield 

small grains with high SSA, even though its crystallinity is proved by Raman spectroscopy. 

Despite its high crystallinity, (see Raman) the TiO2/glass made by ALD does not show any 

photocatalytic activity. To better understand this behaviour, a comparison of the FT-IR of the 

stearic acid analyzed against UV light exposure time between the ALD sample and the control 

(glass without TiO2 coating) is reported in figures 5.17 and 5.18. 
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Figure 5.17: FT-IR spectra at different time of UV light exposure for control sample (glass) coated with 

stearic acid showing peaks of C-H asymmetric and symmetric stretching in the -CH2- group (the black 

arrows show how the intensity of the peaks change from time of UV light exposure=0 to time of UV 

light exposure=23.5 hours) 

 

 

 

 

 

 

 

 

 

Figure 5.18: FT-IR spectra at different time of UV light exposure for TiO2/glass made by ALD coated 

with stearic acid showing peaks of C-H asymmetric and symmetric stretching in the -CH2- group (the 

black arrows show how the intensity of the peaks change from time of UV light exposure=0 to time of 

UV light exposure=23.5 hours) 

 

From figure 5.17 it can be seen that before the UV light was turned on, the shape of FT-IR signal 

seems different from all the other spectra recorded after UV light exposure. Considering that 

this sample is the control (no photocatalytic layer is deposited), it was not expected to change 

during the entire experiment, given the photo-stability of the stearic acid. However, by 

measuring the integrated area under the spectrum before UV light exposure and comparing it 

with all the other integrated area under the spectra after UV light exposure, no change was 

recorded and this parameter was overall constant, in line with absence of photocatalytic activity. 

The TiO2/glass sample made by ALD showed a very similar trend to the control sample, so that 

for this reason this sample was not considered photo-active in the degradation of stearic acid. 

This result that can be explained by a really low SSA of the TiO2 film obtained through this 
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technique. It can also be argued that TiO2/glass made by ALD adsorbs less stearic acid compared 

with other TiO2/samples, after being dip coated with a solution of stearic acid 0.2 M in CHCl3. 

This could explain its extremely low performance. However, the kinetics of stearic acid 

degradation are zero order. Thus, they do not depend on the initial amount of stearic acid. 

Another aspect that can influence the photocatalytic performance of the TiO2/glass samples is 

the rate of recombination of electron-hole pairs generated under UV light exposure. In TiO2 thin 

films obtained by different techniques, the lifetime of electron-hole pairs photogenerated can 

vary depending on surface defects, such as oxygen vacancies or Ti3+ sites [25] produced during 

the film deposition process, which induce trap states that reduce the recombination rate. To 

assess this parameter a technique which could be used is time resolved photoluminescence [26], 

that could explain the absence of photocatalytic activity of the TiO2/glass sample made by ALD. 

This sample was characterized by an extremely smooth and conformal layer of TiO2, typical of 

samples made by this technique. This could result in having a faster recombination rate of the 

photogenerated electron-hole pairs compared to the nano-TiO2/glass samples or TiO2/glass 

made by spray pyrolysis. Even though the lack of photocatalytic activity of the TiO2/glass made 

by ALD was considered, in the literature [27] a TiO2 layer on porous anodic alumina (PAA) made 

by ALD was tested by the stearic acid test and compared with commercial self-cleaning products, 

showing a good photocatalytic activity under UV light exposure, degrading ≈70% of the initial 

quantity of stearic acid deposited on the sample. This data that is not in line with the results 

shown in the study reported in this work, even though the substrate is different, so that any 

further attempt to explain this discrepancy could be not conclusive and the best option would 

be repeating the experiment related to the ALD TiO2/glass sample.  

Additional considerations on the photodegradation of the stearic acid are related with its 

orientation with respect of the TiO2 thin films surface. According to previous studies [28] [29], 

based on production of organic dyes to be adsorbed on a TiO2 anatase layer for Dye Sensitized 

Solar Cells (DSSC), organic molecules such as triphenylamine and benzothiazole half-squaraines, 

were chemisorbed on the TiO2 anatase film surface through terminal carboxylic groups and 

showed horizontal orientation at the dye-TiO2 interphase, following Density Functional Theory 

(DFT) calculations and XPS spectroscopy. Regarding the stearic acid orientation with respect of 

TiO2 anatase films there is not any specific reference reported in the literature. However, as 

shown for other carboxylic acids such as salicylic and nicotinic acids [30], the most stable 

orientation is horizontal when the TiO2 surface is widely available, then, when the surface is 

mostly covered, the carboxylic acid molecules start to be oriented vertically. For this reason, it 

can be assumed that the stearic acid on the TiO2 surface is flat-lying oriented until surface 

saturation. This orientation enhances the photodegradation considering that the photoactive 
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species (•OH, O2
•-) are generated at the stearic acid-TiO2 interface, so they are closer to the 

stearic acid alkyl chain compared with an up-right orientation where the alkyl chain is more 

distant (the photoactive species migration path is longer). The high SSA of the nano-TiO2/glass 

allowed to host more molecules of stearic acid in a horizontal position before reaching 

saturation compared with TiO2/glass sample obtained by other techniques, with the results of 

having a better performance, as already mentioned without considering the stearic acid 

orientation factor. 

 

5.7 Conclusions 

 

The focus of this chapter was the use of the TiO2 colloid, obtained as explained in the previous 

chapter, as wet precursors for the deposition of thin films on glass substrates to be used as self-

cleaning glass. To achieve this result a number of steps were needed. The first step was a 

screening of the colloidal property such as hydrodynamic size and zeta potential. These 

experiments showed a moderate agglomeration of the TiO2 colloid (hydrodynamic size centered 

at 20 nm with some bigger clusters up to 100 nm against a particle size, in the dry form, of 6±2 

nm) and zeta potential of 35 mV at pH ≤ 1.35, which was a sign of stability of the colloid that had 

an original pH = 0.30. The second step of the study was the agglomeration control of the TiO2 

colloid using oxalic acid as dispersant. The choice of this dispersant represented a green and low 

carbon footprint alternative approach compared with other dispersant reported in the literature 

that are generally big amphiphilic molecules with long alkyl chain [31]. Good deagglomeration 

results were obtained in liquid form even at small concentrations. This agglomeration control 

enabled the use of these colloids as wet precursors for the deposition of thin TiO2 films on glass 

substrates by drop casting. The optimized colloid was 0.0125 M in TiO2 with oxalic acid at       

5*10-4 M in a solvent water/isopropanol 70%/30%. After their fabrication, the nano-TiO2/glass 

samples were annealed either by heat in the temperature range 60-500°C or by UV radiation 

(684 mW/cm2) at exposure time 3s-3min to get compact films. In order to check their possible 

use as self-cleaning glass to be applied in windows used in buildings, another step of the study 

was the assessment of the nano-TiO2/glasses transparency in the visible range, which showed a 

≈ 80 % trasmittance of the light in the 400-800 nm range, thus they were considered viable for 

this kind of application. The last step of the study was the photocatalytic activity (self-cleaning 

property) test of the nano-TiO2/glass samples by the photodegradation of stearic acid under UV 

irradiation and a comparison with a commercial self-cleaning glass called ActivTM and 

TiO2/glasses obtained by spray pyrolysis and ALD. All nano-TiO2/glass samples showed a much 

higher photocatalytic activity, expressed as formal quantum efficiency (FQE), than other 
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samples, demonstrating that the TiO2 films formed by nanoparticles can enhance significantly 

the self-cleaning properties of the glass in which are deposited due to the high specific surface 

area of the nanomaterial.   
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Chapter 6: TiO2 colloids compatible for metal substrates 

 

 

6.1 Introduction  

 

In the previous chapters TiO2 coatings were applied on glass for its self-cleaning properties due 

to their photocatalytic behavior. This characteristic makes TiO2 coatings useful also for metal 

surfaces [1]. 

In general, TiO2 coatings are applied on metal by Atomic Layer Deposition (ALD), Chemical 

Vapour Deposition (CVD) or thermal spraying methods (chapter 2), similarly to glass coating, so 

that an in situ synthesis is performed. This kind of approach has the advantage of producing a 

uniform coating on metal slides, but it does not control the properties like a nanocolloid, 

synthesized in a separate step. Other studies have used dry TiO2 nanoparticles deposited by a 

supersonic nozzle in a vacuum chamber at room temperature [2], which is an expensive set up 

and has the disadvantage of using a large amount of nanoparticles in powder that are harmful 

for the operators. On the contrary, wet nanocolloids of TiO2 are affordable, can avoid respiratory 

system damage by eliminating the use of dry nanomaterial and they can be used in a variety of 

formulations as their application changes. In chapter 5, some tuning of the original liquor was 

needed to allow a TiO2 nanoparticles layer to be formed onto glass slides. However, no drastic 

change of formulation was performed for deposition on that surface. By changing the surface 

from glass to metal the colloid must be adapted to be compatible with this surface. Therefore, 

the scientific challenge of this chapter is represented by finding a stable TiO2 colloid formulation 

that can be deposited on metal surfaces, avoiding any drying of the TiO2 nanoparticles in this 

process, that can lead to a loss of their surface properties.  

 

6.2 Effect of pH adjustment on TiO2 aqueous nanocolloids 

 

The as-synthesized TiO2 colloid has a 0.125 M concentration with a pH of 0.30 resulting from the 

HCl by-product of the synthesis. As reported in chapter 5, this original batch is diluted in a ratio           

1:10, in water/isopropanol 70%/30%, and treated with oxalic acid at 5*10-4 M, before being used 

as wet precursor for thin film deposition on glass, with a final TiO2 concentration 1.25 *10-2 M 

and a pH of 1.30. This acidic pH of the nanocolloid liquor is compatible with glass, but on metal 

it can cause corrosion (section 6.9). To overcome this effect, the acid present into the 

nanocolloid formulation can be neutralized by the addition of an alkaline solution. The alkaline 
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solution to be used can be a strong or a weak alkali. In this study both are used, NaOH and 

NH4OH (Kb= 1.8*10-5) respectively, to see if they have a different effect on the colloidal samples. 

In the acid neutralization experiment, two series of TiO2 colloids diluted in a ratio 1:10 with 

water, hence at concentration 1.25*10-2 M in TiO2 and initial pH of 1.30, were treated separately, 

one with NaOH 1M and the other NH4OH 1M. The addition of the alkaline solutions was done 

progressively by aliquots of 100 µl until a maximum of 1ml. For each vial the final volume 

reached was 10 ml. The results are reported in figure 6.1 and 6.2. 

 

 

 

 

 

 

Figure 6.1: TiO2 nanocolloids containing 1.25*10-2 M TiO2 and at initial pH 1.30, following the addition  

of NaOH 1 M (0 to 1 mL from left to right) 

 

 

 

 

 

 

 

 

Figure 6.2: TiO2 nanocolloids containing 1.25*10-2 M TiO2 and at initial pH 1.30, following the addition 

of NH4OH(aq) 1 M (0 to 1 ml from left to right) 

 

For each series, a correspondent titration profile (calculated) is reported in figure 6.3. In both 

experiments, the first sample on the left-hand side corresponds to 0 ml addition of alkali with a 

pH of 1.30 (original colloid diluted ten times) and it is used as a reference. The experiments, 

from left to right, are analyzed in terms of colloidal properties such as transparency and stability.  

In figure 6.1, from vial 2 to 5 the TiO2 suspensions become cloudier as an index of agglomeration 

increase with some precipitation in vial 5. From vial 6 to 11 it is possible to distinguish a solid 

and a liquid phase as a result of suspension precipitation.  

1      2       3      4     5      6      7      8      9    10   11 

 1       2      3      4       5      6      7      8      9     10   11 
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In figure 6.2, from vial 2 to vial 5 the suspensions progressively lose their original transparency 

(agglomeration), while maintaining their stability without precipitating. From vial 6 to 11, all 

samples present a suspension precipitation with the nanoparticles settling at the bottom. 

Both experiments are similar with exception of vial 5 which starts losing stability in the NaOH 

series, while in the NH4OH series is still well dispersed. 

The colloid stability is at 0<pH<2.9 or 6.5<pH<14 (section 5.3), in the positive and negative zeta 

potential range, respectively. Therefore, in both NaOH and NH3 series from vial 2 to 4, being the 

pH below 2 (figure 6.3), the suspensions keep their stability.  

The sediment in vial 5 of the NaOH series, at pH=2 (figure 6.3), can be explained from the 0.04 

M concentration of NaCl salt that starts to affect the stability of the suspension by changing the 

ionic strength [3]. This salt concentration can be enough to destabilize the nanoparticle 

repulsions, by changing the electrical double layer present onto their surface, with the effect of 

enhancing the attractive forces among the particles before the colloidal instability pH interval 

[4].  

On the contrary in the NH4OH series in vial 5 (pH=2) the stability of the suspension is maintained 

even with a concentration of NH4Cl salt of 0.04 M. This is probably due to a different nature of 

the cation that has less impact on the electrical double layer of the TiO2 nanoparticles. 

In vial 6 of the NaOH series the suspension has a pH of 7 (figure 6.3), so that is out of instability 

zone, but the ionic strength of 0.05 M is even higher than in vial 5 and gives a precipitation by 

salt effect.  

In Vial 6 of the NH4OH treated colloid the precipitation is explained by its pH value of 5.28 within 

the colloidal instability zone (figure 6.3). However, its ionic strength increase, by NH4Cl at 0.05M, 

contributes to make the suspension unstable.  

From vials 7 to 11 in both NaOH and NH4OH there should be well dispersed suspensions since 

their pH is within the negative zeta potential range. However, this behaviour is not 

experimentally visible. This can only be explained by the ionic strength increase, which 

overcomes the pH stability effect by tending to make the zeta potential closer to its isoelectric 

point (Point of Zero Charge).    

French et al. [5] obtained similar results for TiO2 anatase nanoparticles 4-5 nm in size in aqueous 

suspension by fixing the pH far from the isoelectric point and increasing the ionic strength. In a 

previous experiment, they determined the isoelectric point by a Zeta potential versus pH 

experiment with a fixed 0.0045 M NaCl concentration, finding the Point of Zero Charge (PZC)         

at pH = 6.8; subsequently they fixed the pH at 4.5 and increased the NaCl concentration from 

0.0045 M up to 0.0165M, monitoring the suspensions by Dynamic Light Scattering (DLS). They 

found that, at ionic strength of 0.0085 M, the mean size of the agglomerate was 500 nm and by 
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increasing further the ionic strength up to 0.0165 M the mean size of the agglomerates was 2-3 

µm (a value close to the limit of the instrument), causing a fast precipitation of the TiO2 

nanoparticles suspension.  

In the experiments reported in figure 6.1 and 6.2, a complete analysis could include a DLS 

measurement for each vial to check the increase in size of the agglomerates, knowing that the 

untreated suspensions (vials 1 of the experiments) have a mean hydrodynamic size of 20 nm 

(section 5.2). However the colloids have an initial concentration of 1.25*10-2 M in TiO2, that is 

above the limit of detection for a DLS measurement, as already discussed in section 5.2. For this 

reason a dilution of the samples (e.g. 1:100) should have been applied, which implied a lower 

ionic strength, compared with the samples used in the experiments, so that in those conditions 

the effect on the stability of the colloids could be different. Moreover after the dilution the 

results could not represent anymore the purpose of the run experiments, that was reducing the 

acidity of TiO2 colloid at a concentration suitable to be used as wet precursor for deposition on 

metal surfaces. 

 

 

Figure 6.3: TiO2 colloids pH change against alkali addition (calculated). Blue dots: NH4OH; orange dots: 

NaOH; grey line: TiO2 colloid instability pH range according to Zeta potential vs pH data, yellow line: 

TiO2 colloid instability pH range given by this experiment 
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6.3 Alternative strategy for colloidal acidity reduction 

 

As shown in the previous section, the unsuccessful neutralization of the TiO2 nanocolloid liquor 

depends on its instability at neutral pH alongside the unavoidable increase of the ionic strength. 

To solve this problem, a possible solution is represented by transferring the TiO2 nanoparticles 

from their original liquor to another solvent. Researchers reported studies on surface 

functionalization to make nanoparticles compatible with different solvents from hydrophilic to 

hydrophobic, by using long chain amphiphilic molecules [6] [7]. 

The novel strategy used in this study is based on the choice of a relatively short molecule 

(hexanoic acid, as reported in 6.4) that can interact with the titania nanoparticles surface and 

be compatible with a new solvent at the same time, as illustrated in figure 6.4.  

 

6.4 Liquid-Liquid transfer: experimental design 

 

In order to perform the TiO2 nanoparticles solvent transfer the related experimental design 

requires different steps: 

 

1. Using an appropriate carrier molecule 

2. Choosing a solvent to extract the nanomaterials into  

3. Changing the pH of the TiO2 nanoparticles in their original liquor to find the optimum 

value at which the solvent transfer happens  

 

Normally, carrier molecules chosen in these experiments are synthetic surfactants with little 

environmental sustainability. For instance, Zhao et al. [8] used synthetic sodium dodecyl sulfate 

(SDS) (alkyl chain with 12 C atoms) to transfer TiO2 nanoparticles from an aqueous phase to a 

petroleum ether/silicone oil organic phase.  In another study, Pauly et al. [6] transferred TiO2 

nanoparticles (95% anatase) in CHCl3 using synthetic alkyl phosphonate molecules with linear 

alkyl chains (5, 8, 12 and 18 C atoms) obtaining good results with a concentration of the ligands 

of 1.7 mmol per gram of TiO2 nanoparticles. Starting from this last study, it was thought that the 

length of the alkyl chain of the carrier molecule could be reduced to less than 10 C atoms to 

perform TiO2 nanoparticles extraction in an organic solvent. Hence an alternative natural carrier 

molecule hexanoic acid (6 C atoms alkyl chain), also known as caproic acid, was selected. This 

kind of approach was not reported in the literature yet. The aim is exploring different scenarios 

in which the hexanoic acid, a surfactant-like molecule with a six carbon atoms hydrophobic chain 

and a carboxylic polar head, can extract the TiO2 nanoparticles in a solvent after a liquid-liquid 



120 
 

biphasic system is formed (figure 6.4). The solvent choice depended on its miscibility with water, 

to be kept as little as possible, and different polarities can be used and discussed. The work 

explored the role of pH since in solvent extraction it is considered an important parameter to be 

adjusted to allow the target particle or molecule to move into the chosen extractant solvent. 

 

 

 

 

 

 

 

 

Figure 6.4: Hexanoic acid-TiO2 interaction in a water/organic solvent biphasic system 

 

 

6.5 Carrier molecule and concentration: Hexanoic Acid 

 

As discussed in the previous section, hexanoic acid is the carrier molecule chosen for the solvent 

transfer of the TiO2 nanoparticles. The first step linked with the use of a carrier molecule is its 

solubility in water. When the molecule is amphiphilic its concentration can exceed its solubility 

to reach a microemulsion state (micelle) allowed by its critical micelle concentration [9]. In this 

study the aim was to have a structure, such as a micelle, able to encapsulate the TiO2 

nanoparticle and transfer them into a new solvent different from the original liquor. Hence, the 

optimum concentration for hexanoic acid was deduced from its critical micelle concentration. 

This is estimated by producing a diagram representing the surface tension of mixtures of water 

and hexanoic acid as a function of increasing concentration of the organic acid, reported in figure 

6.6. Measures of the surface/interphase tension of the samples were carried out through a 

pendant droplet method, reported in figure 6.5. When this method is used, the surface tension 

is given by the following equation:  

 

𝛾 =
𝛥𝜌𝑔𝐷2

𝐻
 

 

Hexanoic acid 

Aqueous liquor 

Polar head 

Hydrophobic chain 

Organic solvent 

TiO2 

      (6.1) 
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Where γ is the surface tension, Δρ is the difference between the air (ρB) and the liquid (ρA) 

density, g is the gravity force, D is the equatorial diameter, d is the diameter at the distance D 

from the top of the drop (figure 6.5 left hand side), H is the shape depend parameter depending 

on the shape factor S=d/D, tables of 1/H versus S are available in several reference [10,11] 

 

 

 

 

 

 

 

 

 

Figure 6.5: Surface tension measurement by pendant droplet method (left: schematic of the droplet, 

reprinted with permission from reference [12]; right: real time picture and software analysis of one 

droplet) 

 

The graph in figure 6.6 has a descending trend (blue) when the hexanoic concentration is 

increased, as an effect of a less intense surface tension given from a growing population of 

amphiphilic molecules at the liquid/air interface. By increasing the hexanoic acid concentration 

two linear trends are visible, one in gray and the other orange, and their cross point is the critical 

micellar concentration (C.m.C.), which here has a value of 0.1 M.  

 

 

 

 

 

 

                   

 

 

  

 

 

Figure 6.6: Surface tension of hexanoic acid aqueous solution against concentration 
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The hexanoic acid has its dissociation constant, Ka (1.32*10-5) and two species: C5H11COOH (HA), 

protonated form; C5H11COO- (A-), deprotonated form. According to previous studies related to 

carboxylic acids-TiO2 interactions [13] it was shown that both species could form complexes with 

the positively charged TiO2 surface (pH<PZC), hence a chemisorption, through a monodentate 

bond formation, was involved as follows:  

 

 

                                          -TiOH2
+ + HOOC-C5H11                                    + H2O                                    (6.2)                         

 

                                       

                                            -TiOH2
+ + -OOC-C5H11        + H2O                                    (6.3) 

 

Chemisorption of carboxylic acids can also happen when the TiO2 surface is neutral (pH=PZC): 

 

                                           -TiOH + HOOC-C5H11                + H2O                                  (6.4) 

                                            

                                          

                                           -TiOH + -OOC-C5H11                   + OH-                                   (6.5) 

 

At pH=8 (pH>PZC), when the TiO2 was mainly negatively charged (-Ti-O- surface groups) and the 

carboxylic acid predominated in its deprotonated form (A-), the formation of complexes 

between the carboxylate and the TiO2 surface could not be detected [14]. 

It has to be considered that the equilibria shown in equations 6.2-6.5 are related to aqueous 

based systems. However, in the experiment reported in figure 6.4, the introduction of an organic 

solvent for the extraction of the TiO2 nanoparticles from their aqueous medium, has an effect 

on the equilibria shown in equation 6.2 and 6.4, due to a general higher solubility of the HA 

species in the organic solvent (partition coefficient, section 6.6), that leaves in the aqueous 

medium a lower quantity of HA species. This effect can be expressed by the equilibrium that lies 

on the left, reported in equation 6.6: 

C5H11 

C5H11 

C5H11 

C5H11 
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                                                                     HA(org)              HA(aq)                                                           (6.6) 

This equilibrium can be shifted on the right by increasing the pH (progressive addition of alkali, 

as reported in section 6.6) of the aqueous phase according to the HA (aq) dissociation 

equilibrium, equation 6.7 

                                                             HA(aq)               H+
(aq) + A-

(aq)                                                        (6.7) 

Considering that the constants for the equilibria shown in equations 6.2-6.5 are not provided in 

the literature, the theory cannot confirm, in a biphasic system, the optimum pH to obtain the 

fully coverage of TiO2 nanoparticles with hexanoic acid. However, in the next section the 

attempts to extract the TiO2 nanoparticle in an organic solvent are performed in a wide range of 

pH from acidic to alkaline, so that it can be empirically possible to find the pH value at which 

there is the maximum hexanoic acid coverage and the extraction happens. Moreover, by finding 

this pH, it could be possible to check which hexanoic acid species (HA or A-) predominates and 

thus deduce which complexation equilibrium it is mainly involved between the TiO2 

nanoparticles and the hexanoic acid. 

To evaluate the behaviour of hexanoic acid at different pH values, a speciation diagram of 

hexanoic acid can be useful. To build this diagram the following equations are needed: 

                                                                   

𝐾𝑎 =
[𝐴−][𝐻+]

[𝐻𝐴]
 

 

                                                                     𝐶𝑎 = [𝐻𝐴] + [𝐴−]                                                           (6.9) 

 

                                                                     [𝐻+] =  [𝐴−] + [𝑂𝐻−]                                                                        

 

                                                                     𝐾𝑤 = [𝐻+][𝑂𝐻−]                                                          (6.11) 

 

Where Ca is the hexanoic acid total concentration (0.1 M) and Kw is the water dissociation 

constant (1*10^-14). By combining equation 6.8 and 6.9 is possible to express HA and A- as H+ 

functions as shown in equations 6.8a and 6.9a. From these equations a logarithmic diagram of 

the concentrations of the chemical species in equilibrium (log C) versus pH can be drawn as 

below. In this graph lines for H+ and OH- species are also plotted by using the definition of pH 

(pH = -log [H+]) and the logarithm of equation 6.11, respectively. 

 

   (6.8) 

   (6.10) 
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[𝐻𝐴] =
[𝐻+]

𝐾𝑎 + [𝐻+]
∗ 𝐶𝑎 

 

[𝐴−] =
𝐾𝑎

𝐾𝑎 + [𝐻+]
∗ 𝐶𝑎 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7: Theoretical hexanoic acid speciation versus pH  

 

Another aspect to discuss it is related to the orientation that the hexanoic acid shows after its 

chemisorption on the TiO2 nanoparticles surface. As already discussed in section 5.6 a series of 

studies related to the TiO2-carboxylic acids interaction [15] reported a horizontal orientation of 

these molecules after they form a bond with the surface -OH of TiO2 through their carboxyl 

group. However, as the surface saturation of the TiO2 nanoparticles is approached, the 

orientation of the carboxylic acid started to be vertical. Since in the extraction experiment the 

moles of hexanoic acid and moles of TiO2 are in ratio 4:1, respectively 5*10-4 and 1.25*10-4 

moles, the excess of hexanoic acid aims to anchor as many surface -OH groups of titania as 

possible, saturating completely the nanoparticles surface, hence a switch from a horizontal to a 

vertical orientation of the alkyl chain of hexanoic acid is more likely to happen. 
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6.6 Solvent choice 

  

Solvents with different polarities and H-bond donor properties can be used to perform the TiO2 

nanoparticle transfer from their original liquor. Here, hexane, diethyl ether and 2-butanol have 

been compared (table 6.1). 

 

 

Table 6.1: Solvents used in TiO2 nanoparticles transfer from aqueous liquor 

 

Upon mixing the TiO2 nanocolloids with hexanoic acid and one of the new solvents, two liquid 

phases were formed. A third phase is given by the solid TiO2 nanoparticles. This complex system 

cannot be analyzed by a classical theoretical approach but only experimentally. However, 

concepts coming from solvent extraction theory need to be taken into account for the partition 

of the hexanoic acid between the two liquid phases across a range of pH. This is to enable 

understanding in which phase and at what pH, the hexanoic acid anchors to the nanoparticles 

when they are transferred into the solvent of choice. 

From the theory, concepts of partition coefficient (P) and subsequently distribution coefficient 

(D) are expressed as follows: 

 

𝑃 =
 [𝐻𝐴𝑜𝑟𝑔]

[𝐻𝐴𝑎𝑞]
 

  

Where [HAorg] and [HAaq] are the concentration of hexanoic acid in the organic and aqueous 

phase, respectively.  

In water the hexanoic acid undergoes dissociative reaction with its Ka and mass balance: 

 

                                                             HAaq+H2O                 H3O+
aq +A-

aq 

 

 

Solvent Polarity H-bond donor Dielectric constant 

[16] 

Hexane apolar no 2.0 

Diethyl Ether apolar no 4.3 

2-Butanol polar yes 58 

   (6.12) 

   (6.13) 
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𝐾𝑎 =
[𝐻3𝑂𝑎𝑞

+ ][𝐴𝑎𝑞
− ]

[𝐻𝐴𝑎𝑞]
 

 

[𝐻𝐴𝑎𝑞]𝑡𝑜𝑡 =  [𝐻𝐴𝑎𝑞] + [𝐴
−
𝑎𝑞] 

 

 

So that D can be expressed as:  

                                                                       

𝐷 =
 [𝐻𝐴𝑜𝑟𝑔]𝑡𝑜𝑡
[𝐻𝐴𝑎𝑞]𝑡𝑜𝑡

 

                                                                                                                                                     

Where [HAorg]tot is the total concentration of hexanoic acid in the organic phase and [HAaq]tot is 

the total concentration of hexanoic acid in the aqueous phase in its two species [HAaq] and [A-
aq] 

(hexanoate). 

By rearranging all the previous equations and applying the log of the final one we obtain [17]: 

 

log𝐷 = log𝑃 + log [
1

1 + 10(𝑝𝐻−𝑝𝐾𝑎)
] 

 

For many molecules, log P refers to octanol (standard) as organic phase but it is possible to find 

other literature values for different organic phases.  

The first solvent used to attempt a transfer of the TiO2 nanoparticles from their aqueous phase 

was hexane, which is apolar (Dielectric constant=2 [16]) and aprotic. Starting from a reference 

vial (first on left hand side in figure 6.9) containing 1.25*10-4 moles of TiO2, the hexanoic acid at 

its Critical Micellar Concentration (C.m.C.) of 0.1 M (this concentration refers to the total volume 

of 5ml of the aqueous phase, before the addition of the organic solvent, that gives 5*10-4 moles) 

and hexane as upper liquid phase, a series of vials was made by adding progressively NaOH 1M 

to increase the pH (the aqueous phase has an initial pH of 1.30). A universal indicator (colour 

scale in figure 6.8) was also used to visually see the simultaneous change of pH during the 

experiment that cannot be measured in such system, neither calculated given the presence of 

two acids, HCl and hexanoic acid, in a biphasic mixture with many equilibria involved.  

The log P of the hexanoic acid between hexane and water is -0.46 [18]. From this value and the 

pKa of hexanoic acid (pKa=4.88 [19]) is possible to draw a corresponding graph of log D vs pH 

which is reported in figure 6.10. 

   (6.14) 

   (6.15) 

   (6.16) 

   (6.17) 
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Figure 6.8: Universal indicator pH scale 

 

 

 

                          

 

 

 

Figure 6.9:  Biphasic system hexane/water for hexanoic acid-TiO2 partition against pH with  

universal indicator 

 

 

 

 

 

 

 

 

 

 

Figure 6.10: Theoretical calculation of Log D of hexanoic acid in hexane/water against pH 

In Figure 6.9 from left to right, there is no evidence of transfer of nanoparticles from the bottom 

phase (water) to the upper phase (hexane). In the bottom phase, it is possible to see that the pH 

is kept acidic from vial 1 to vial 5, passing through at an almost neutral pH in vial 7 and 8 with 

some solid material precipitated, ending its series at an alkaline pH for the remaining vials with 

the nanoparticles settling at bottom of the vials. The upper phase has a negligible miscibility 
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with water (solubility in water=9.5 mg/l [20]). Hence it is not affected from the colour change of 

the universal indicator and remains transparent for all series.  

Analyzing the Log D diagram, it is possible to observe that the hexanoic acid is distributed slightly 

less in hexane, compared with the water phase, even at the start of the experiment when the 

undissociated form (HA) predominates, and after pH 4 it starts descending more in water until 

a value of Log D=-6 at pH 10.5.  

From these results it is possible to infer that any sort of interaction between hexanoic acid and 

the TiO2 nanoparticles, in a range of pH from acidic to alkaline and using hexane as a solvent, is 

not sufficient for the transfer to happen. As already explained in section 6.5, the conditions for 

the formation of a monodentate bond between the hexanoic acid and TiO2 nanoparticles are 

provided in a wide range of pH values, and to verify this aspect a Fourier-transform infrared 

spectroscopy (FT-IR) experiment on the dried nanoparticles treated with hexanoic acid, taken 

from the aqueous phase of each vial, could be run. However, even though there are not similar 

experiments for TiO2 nanoparticle transfer in hexane reported in the literature, a study on gold 

nanoparticles [21], capped with citric acid, transferred from water to hexane, by the aid of 

alkylamines of different carbon chain length, suggested that a successful transfer can happen 

using an alkylamine with at least 12 C atoms in its alkyl chain (1-dodecylamine). This work 

highlighted that the compatibility of functionalized nanoparticles with hexane was dependent 

on the strength of their hydrophobic interactions. Since in the experiment reported in figure 6.9 

the hexanoic acid can provide an alkyl chain of only 6 C atoms, the unsuccessful transfer of the 

TiO2 nanoparticles from water to hexane was probably not due to a lack of functionalization by 

hexanoic acid, but to the relative short alkyl chain of the hexanoic acid that was not enough to 

make the TiO2 nanoparticles compatible with hexane. 

A similar experiment was performed using diethyl ether as a solvent (dielectric constant=4.3 

[16], solubility in water=6.05 mg/100ml [22]). The results and the log D (log P =1.95 [18]) versus 

pH graph are reported as follows:  

 

 

 

 

 

 

 

Figure 6.11: Biphasic system diethyl ether/water for hexanoic acid-TiO2 partition against pH with  

universal indicator 
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Figure 6.12: Theoretical calculation of Log D of hexanoic acid in diethyl ether/water against pH 

 

Figure 6.11 shows an upper phase slightly coloured by the universal indicator across all vials. 

According to the log D vs pH, the hexanoic acid distribution between the organic phase and the 

aqueous phase has a ratio of 100:1, at the start of the experiment (pH=1.30). From vial 1 to 5 

there is no sign of TiO2 nanoparticles transfer, with a bottom aqueous phase containing the 

nanoparticles dispersed at an acidic pH, and a clear upper organic phase. By increasing the pH 

at a value around 5, in vial 6, the hexanoic acid distribution between the organic phase and the 

aqueous becomes around 30 parts over 1, with more hexanoic acid in the water phase compared 

to the start. At this pH, the bottom phase starts to change and a thick white intermediate layer 

between the two phases is formed, leaving the bottom clear from solid material. This is sign of 

an attempt of the nanoparticles to pass into the organic phase, but the interactions between 

the TiO2 nanoparticles and the hexanoic acid, at pH≈5, are not sufficient to overcome the 

interlayer barrier between the diethyl ether and the water phase. From vials number 7 to 10, 

the pH goes up around 6 with a clear upper phase and a scattered bottom phase, indicating 

some change in the nanomaterials interaction and stability. The final vial has a pale green color 

corresponding at a neutral pH and two net different phases, the clear upper one and the bottom 

one with all solid nanomaterial settling down.  

As explained in section 6.5, in this experiment the functionalization of the TiO2 surface with 

hexanoic acid, through a monodentate bond, can happen at different pH values, giving a 

complex between the TiO2 nanoparticles surface and the hexanoic acid as reported in equations 

6.2-6.5 and this could be checked by FT-IR spectroscopy on the solid nanoparticles. In particular 

pH≈5 seemed the optimum pH for a complete coverage of the TiO2 nanoparticles with hexanoic 
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acid and a transfer in diethyl ether, but the solvent transfer eventually did not happen. Similarly 

to the TiO2 solvent transfer in hexane attempted using hexanoic acid, there are not studies on 

TiO2 nanoparticles transfer in diethyl ether in the literature. However, in the already mentioned 

study related to gold nanoparticles extracted by alkylamines in different solvents [21], a 

successful extraction in diethyl ether was linked to the length of the alkyl chain (12-18 C atoms) 

of the carrier molecule that enhances the hydrophobic interactions with the solvent to allow the 

functionalized gold nanoparticles to be extracted. Hence the functionalization of TiO2 

nanoparticles with hexanoic acid, providing only a 6 C atoms alkyl chain, was probably not 

compatible with diethyl ether. 

The last solvent used to attempt the TiO2 transfer from their liquor was 2-butanol that is polar 

(Dielectric constant=58) and protic. The log P for the hexanoic acid in the biphasic system 2-

butanol/water is not provided in the literature, but alternatively a mathematical correlation with 

octanol, within the limit of similar type of molecule, can be used to estimate this value by using 

the Collander’s equation [23], 

 

𝑙𝑜𝑔 𝐾𝑠𝑤 = 𝑙𝑜𝑔 𝐾𝑜𝑤 + 𝑙𝑜𝑔 (
𝑉𝑂
𝑉𝑠
) +

𝑉𝑖 [(𝛿𝑖 − 𝛿𝑜)
2 − (𝛿𝑖 − 𝛿𝑠)

2]

2.303 𝑅𝑇
 

 

where Ksw is the partition coefficient of the i-molecule (hexanoic acid in this study) between the 

solvent of choice and water; Log Kow is the partition coefficient of the i-molecule between 

octanol and water; Vo is the octanol molar volume; Vs is the solvent molar volume; Vi is the molar 

volume of the i-molecule; δo is the Hildebrand parameter of octanol; δi is Hildebrand parameter 

of the i-molecule, δs is the Hildebrand parameter of the solvent, R is the ideal gas constant and 

T is the temperature (25°C). For the hexanoic acid in the 2-butanol/water system all parameters 

are shown in table 6.2; these parameters are imputed in equation 6.18, giving a value of log Ksw 

(log P) equal to 1.92, that is the same value for the octanol/water system and similar to the 

diethyl ether/water system (log P=1.95)  

 

 

 

 

 

 

 

 

   (6.18) 
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Table 6.2: Collander’s equation parameters for hexanoic acid in 2-butanol/water system 

 

Figure of the transfer experiment and graph of Log D versus pH are reported below. 

 

 

 

 

 

 

 

 

Figure 6.13: Biphasic system 2-butanol/water for hexanoic acid-TiO2 partition against pH with 

universal indicator 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.14: Theoretical calculation of Log D of hexanoic acid in 2-butanol/water against pH 
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In Figure 6.13 from left to right is visible that 2-butanol phase is colored by the universal 

indicator. This is due to the miscibility of 2-butanol in water of 19g/100g [25]. From vial 1 to vial 

4 an acidic pH is visible from the reddish color in the bottom phase, while a slight orange in the 

upper means that in the 2-butanol phase the pH is around 5. In vial 5 the bottom phase becomes 

white and cloudier but with no sign of precipitation of the suspension, while the upper phase 

remains orange. In vial 6 the bottom phase is transparent and cleared from the nanoparticles 

which are transferred successfully into the 2-butanol phase, where the yellow color indicates 

that the pH is around 6. In vial 7 there is an almost identically behavior while keeping the same 

pH and in vial 8 the suspension starts to be less stable in 2-butanol by settling down at the 

interphase. In vial 9 the suspension is not stable into the 2-butanol phase and goes back to water 

precipitating, but keeps little amount of nanoparticles at the bottom of the 2-butanol phase. 

Vials 10 and 11 show both a precipitated solid at the bottom of the aqueous phase with a yellow 

(pH≈6) and a pink color (pH≈10) respectively; their upper phases are yellowish (pH≈6) and green 

(pH≈7). Moreover, from vial 6 to vial 11 the 2-butanol/water interphase, slightly moves. This 

behaviour can be due to an increased mixing of NaCl, solvated by water, with the 2-butanol 

phase in the pH range considered. In other similar studies this phenomenon was also observed 

[6,26]. Looking at the log D vs pH diagram it can be seen that when the transfer happens the 

hexanoic acid is slightly more present into the 2-butanol organic phase with a ratio of                        

[A-]/[HA] = 10 in the aqueous phase (figure 6.7), hence the optimum degree of functionalization 

of the TiO2 nanoparticles by hexanoic acid takes place when the carrier molecule dissociated 

form, A-, starts to predominate. These results can be confirmed analyzing by FT-IR spectroscopy 

the solid TiO2 nanoparticles of the entire series and checking the asymmetric and symmetric      

C-H stretch bands of the alkyl chain of the hexanoic acid (3000-1700 cm-1), to evaluate at what 

pH the integrated area under these bands has the highest value, hence the TiO2 nanoparticles 

reach the maximum hexanoic acid coverage. Also, after the TiO2 nanoparticles transfer in               

2-butanol, the complete absence of color in the water phase and the colored 2-butanol phase 

means that all the universal indicator couples with the TiO2 nanoparticles into the 2-butanol 

phase. As the addition of alkali is kept, the hexanoic acid distribution into the aqueous phase 

increases, so that the effect is a gradual decrease of stability of the suspension in 2-butanol until 

a complete precipitation, with a final pH of 7 in the clear 2-butanol phase and an alkaline 

aqueous phase with a sediment of nanoparticles.  

The extraction of TiO2 nanoparticles in 1-butanol was obtained in another study [26] where the 

carrier molecule was 1-hexadecylamine, that has an alkyl chain of 16 C atoms. For this reason 

the results obtained in figure 6.13 represent an alternative that has an impact in reducing the 

carbon footprint of the process.  
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Among the three solvents used to try the TiO2 nanoparticles transfer from their liquor, the only 

successful was 2-butanol. This result can be due to the fact that when the TiO2 nanoparticles 

reach the optimum functionalization with the carrier molecule (hexanoic acid) at pH around 6, 

the hydrophobic interactions with the alkyl chain of the 2-butanol have the adequate strength 

to allow the transfer. Insights on the transfer mechanism involving the hexanoic acid and the 

TiO2 nanoparticles surface are illustrated in section 6.8. 

 

6.7 Role of Critical Micelle Concentration of hexanoic acid in TiO2 nanoparticles extraction in 

2-Butanol 

In the TiO2 nanoparticles solvent extraction experiments, the hexanoic acid concentration was 

fixed at 0.1 M, which is its Critical Micelle Concentration (C.m.C.), giving a successful result when 

the extractant solvent used is 2-butanol. However, if the transfer mechanism is not linked with 

the C.m.C. of this carrier molecule, its concentration can be different without changing the final 

results. In order to assess the importance of the C.m.C. of the hexanoic acid, two additional 

experiments, using the same solvent (2-butanol), were performed with hexanoic acid 

concentrations 0.075 M and 0.125 M, respectively less and more than its C.m.C. The results are 

shown in figure 6.15 and 6.16.  

 

 

 

 

 

 

Figure 6.15: TiO2 extraction in 2-Butanol against pH and with universal indicator by Hexanoic 

acid concentration 0.075M  

 

 

 

 

 

 

 

               Figure 6.16: TiO2 extraction in 2-Butanol against pH and with universal indicator by Hexanoic 

acid concentration 0.125 M 
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In figure 6.15 the series from vial 1 to 5 is similar to the series reported in figure 6.13, but in vials 

6 and 7, colored in yellow (pH = 6), there is no sign of a complete TiO2 nanoparticles transfer. In 

vial 8, at pH 6, a more pronounced transfer is visible, but the result obtained is broad interphase 

in which the nanoparticles are confined. In vial 9 the suspension of nanoparticles is precipitated 

at the bottom of the aqueous phase, the 2-butanol phase is well separated at the top and a 

yellow color indicates that the pH is still 6. The two final vials present a green (pH=7) and a pink 

(pH=10) color respectively, both show a sediment of nanoparticles at the bottom (aqueous 

phase). 

In figure 6.16 the effect of an increase of hexanoic acid does not affect the result from vial 1 to 

5. In vial 6 a transfer into the 2-butanol phase is visible but the nanoparticles are not stable and 

well dispersed into this solvent. Vials 7 and 8 are not considered as successful transfers, showing 

a broad solid interphase in the first case and a little layer of TiO2 nanoparticles precipitated at 

the bottom of the interphase in the second case. From vial 9 to 11, the aqueous phase presents 

the solid nanoparticles precipitated at the bottom, while the 2-butanol is clear. Moreover, the 

pH from vial 6 to 11 remains around 6 (yellow color) as a result of an additional quantity of acid 

to be titrated introduced by increasing the hexanoic acid concentration. 

An additional observation is the pronounced shift of the 2-butanol/water interphase from vial 6 

to vial 8 in figure 6.15, and in vials 7 and 8 in figure 6.16. This can be due to an incomplete TiO2 

nanoparticle transfer, which affects the many equilibria involved in the biphasic system, as 

reported in other studies [6,26]. 

From these results it is possible to conclude that a concentration of hexanoic acid below its 

C.m.C. is not sufficient for the extraction of the TiO2 nanoparticles in 2-butanol. On the other 

hand, a concentration of hexanoic acid above its C.m.C. allows the TiO2 nanoparticles transfer 

into 2-butanol, but the stability of the suspension in the extractant solvent is reduced when 

compared to the extraction with hexanoic acid 0.1M, hence the optimum concentration of the 

carrier molecule is fixed at 0.1M.  

In both experiments in which the concentration of hexanoic acid was used at a value below and 

above the C.m.C., to confirm the instability of the TiO2 nanoparticles suspensions, obtained after 

the extraction in 2-butanol, zeta potential measurement, of dilute samples but with the pH fixed, 

could support the evidence by giving values close to zero mV (PZC). 

 

6.8 Solvent transfer mechanism 

 

The experimental design for the TiO2 nanoparticles transfer in a solvent was proved successful 

when the solvent was 2-butanol (polar and protic). The hexanoic acid and the pH adjustment 
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play a key role in this transfer and a possible mechanism of interaction between the hexanoic 

acid and the TiO2 nanoparticles, as a function of pH, can be explained through the following 

scheme: 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.17:  Schematic of solvent transfer mechanism in 2 butanol, before a) and after b) pH increase 

 

When the hexanoic acid at concentration 0.1 M (Critical Micelle Concentration) it is added to 

the TiO2 colloid (1.25*10-2 M), the air/liquid interphase is saturated by amphiphilic molecules 

and micelles are formed into the aqueous phase. At this stage, the TiO2 nanoparticles are 

positively charged, for an acidic pH of 1.30. Upon adding 2-butanol, the distrubution of hexanoic 

acid between the solvent and water is 100/1 (Figure 6.14) and some inverse micelles can start 

to form in 2-butanol. By increasing the pH, the hexanoic acid starts to descend more into the 

water as the carboxylate form becomes more present as a result of pH shifting to a value closer 

to the hexanoic acid pKa (4.88) (Figure 6.7). From the nanoparticles point of view, the initial 

positive charge is reduced to reach its point of zero charge (pH=4) (PZC). At this point, the 

hexanoic acid starts to form complexes with the TiO2 surface through the equilibria shown in 

equations 6.3 and 6.5. When the pH is increased further (pH≈6) the hexanoate species overcome 

the hexanoic acid protonated form and are enough to completely surround the TiO2 

nanoparticles in micelle-like structures and bring them into the 2-butanol which has more 

affinity for the hexanoic acid hydrophobic chain. When the pH is around 7, the hexanoate 

molecules are forced towards the water phase and the micelle-like structures around the TiO2 

nanoparticles start to break. At the same time the zeta potential of the particles moved to water 

begins to turn negative. Any additional increase of pH has the effect to make the TiO2 

nanoparticles precipitate completely from the 2-butanol phase into the water phase, where they 
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are negatively charged. At pH=10, the nanoparticles remain in the water phase, keeping their 

negative charge, and the hexanoic acid, in the hexanoate form, is distributed between water 

and 2-butanol with a ratio of 1000/1. Hence micelles can form again in the water phase. 

To support the assertions made in this attempt to draw a mechanism for the TiO2 nanoparticles 

transfer from water to 2-butanol using hexanoic acid, in another study [27] it was proven that 

when ricinoleic acid (fatty acid as hexanoic acid) was used to perform a magnetite solvent 

transfer from water to diethyl ether, the addition of ammmonia was crucial for the transfer to 

happen, showing that a 100% yield of the transfer was obtained at a pH above the pKa of the 

ricinoleic acid. Morever if the addition of ammonia was kept, at pH above 8, the transfer was 

unsuccessful.  

 

6.9 Post-extraction analysis  

 

Based on the strategy mentioned in section 6.4, the TiO2 nanoparticles were successfully 

transferred from their aqueous medium in 2-butanol. To analyze the two liquid phases formed 

they were separated by using a separatory funnel. The pH of two phases was measured by a pH 

probe and its value was 5.44 in both cases. 

In figure 6.18 the 2-butanol phase (left hand side) contains the TiO2 nanoparticles dispersed and 

it is cloudy, whereas the aqueous phase (right hand side) is transparent but has some particles 

suspended.  

 

 

 

 

 

 

 

 

Figure 6.18: 2-butanol phase (left) and aqueous phase (right) separated after TiO2 transfer in 2-

butanol 

A qualitative analysis of the content of the two suspension was provided through Scanning 

Electron Microscopy (SEM) on samples dried at 500° C on fluoride-doped tin oxide (FTO) glass. 

From the 2-butanol phase SEM images is possible to distinguish two different types of particles: 

a big agglomerate with a rough surface (Figure 6.19a) and a large precipitate with a smooth 

surface (Figure 6.20a).  
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Figure 6.19: a) SEM image and b) EDX of big agglomerate in 2-butanol phase after TiO2 extraction 

  

 

 

 

 

 

 

 

 

Figure 6.20: a) SEM image and b) EDX of large precipitate in 2-butanol phase after TiO2 extraction 

 

The energy-dispersive X-ray spectroscopy (EDX) on the large agglomerate (figure 6.19 b) shows 

a peak for Ti with high intensity and other peaks of low intensity of Cl, Na and O, alongside with 

Sn coming from the FTO substrate. This proves that the TiO2 nanoparticle are successfully 

transferred in 2-butanol where they form agglomerates and mix with some NaCl, by-product of 

the HCl titration with NaOH. The large precipitate EDX (figure 6.20 b) shows high intensity peaks 

for Na and Cl, from NaCl, and a background of Sn (FTO). The presence of NaCl into the 2-butanol 

phase is due to the solubility of 2-butanol with water of 19g/100g [25], that during the 

nanomaterials transfer allows the mixing with the NaCl produced from the neutralization of the 

original aqueous medium. 

The SEM analysis on the aqueous phase shows the presence of some residual solid material with 

a smooth surface (figure 6.21 a). In the corresponding EDX analysis, in figure 6.21 b, there are 

intense peaks of Na and Cl to be assigned to NaCl. The NaCl concentration in the aqueous phase 

after the TiO2 transfer is 0.05 M, so that the aqueous phase is not saturated, but the salt forms 
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small precipitates (figure 6.18). This behaviour could be due to the 2-butanol and water 

miscibility which can decrease the NaCl solubility in this system. From this qualitative survey, 

among the suspended particles analyzed, it is possible to exclude the presence of TiO2, meaning 

that transfer of the latter from the aqueous phase to 2-butanol is complete.  

 

   

 

 

 

 

 

 

 

 

Figure 6.21: a) SEM image and b) EDX of residual solid material in aqueous phase after TiO2 extraction 

 

For a more detailed analysis the two phases are dried out completely and calcinated at 500 °C 

before undergoing X-ray Diffraction analysis (XRD).  

 

Figure 6.22: XRD on dried solid from 2-butanol phases after TiO2 extraction 
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 Figure 6.23: XRD on dried solid from water phase after TiO2 extraction 

 

Figure 6.22 shows that the 2-butanol phase contains both TiO2 and NaCl, whereas in figure 6.23 

the aqueous phase has only NaCl. From these XRD data a Rietveld refinement gives a 

quantification of the solid coming from the two different phases as follows: the 2-butanol phase 

contains 17.65% of NaCl and 82.35% of TiO2 anatase, and the aqueous phase has 99 % of NaCl 

and 1% of undefined phase which is not TiO2 anatase. For the XRD quantification of materials in 

their crystal phase, it can be noted that the content of TiO2 present in 2-butanol phase is ascribed 

entirely to anatase. However in section 4.3 a semi-quantitative analysis indicated that the TiO2 

nanoparticles were polycrystalline containing three different phases such as anatase, brookite 

and rutile. An explanation for this result is based on the different temperature treatment of the 

dry powders. In section 4.3 the samples were dried at 60° C, whereas in this experiment the 

samples were treated at 500°C to eliminate all the organic compound adsorbed on the particles 

(hexanoic acid). At 500°C the metastable brookite phase could be trasformed in the anatase 

phase that is the most stable phase at the nanoscale [28]. With regard to the rutile phase, that 

was 6% of the entire crystalline amount in section 4.3. This should be within the detection limit 

of the XRD (≈1-2% w/w ), but in this experiment it was not detected. A hypothesis could be that 

the 1% of undefined phase found in the aqueous phase is the rutile fraction, but in that case it 

is very close to the detection limit of the technique and it cannot be detected as rutile phase. 

Overall the quantification reported is in good agreement with the SEM analysis so that the TiO2 
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nanoparticles transfer yield in 2-butanol can be considered total.  

 

6.10 Colloid deposition on metal substrates 

 

After the transfer of the TiO2 nanoparticles in 2-butanol a compatibility test with metal 

substrates was run. For comparison with other colloidal samples a total of four different 

formulation were tested as shown in table 6.3:   

 

Table 6.3: TiO2 colloid samples tested on metal 

 

To test the compatibility of the colloids listed in table 6.3 on metal substrates, one/two drops of 

each colloid were drop-casted on a singular metal substrate, cut with dimensions 

30mm*30mm*1mm. The metal substrates were provided by Tata Steel and they are of two 

different types: Electrolytic Chromium Coated  Steel (ECCS) and Trivalent Chromium-Coating 

Technology (TCCT). The two metal substrates have a different corrosion resistance with ECCS 

stronger than TCCT, as reported by the provider.  

The results are shown as function of time, taking as time zero (t=0) 1 minute after the deposition 

on metal in figure 6.24.  

 

 

 

 

 

 

 

 

 

 

Sample 1 Sample 2 Sample 3 Sample 4 

TiO2 1.25*10-2 M 

 in water + 

oxalic acid 5*10-4 M 

at pH 1.30 

TiO2 1.25*10-2 M 

 in 70% water 

and 30% isopropyl 

alcohol (IPA) +   

oxalic acid 5*10-4 M 

at pH 1.30 

TiO2 1.25*10-2 M 

 in 70% water 

and 30% IPA + oxalic 

acid 5*10-4 M 

at pH 2.33 by NH3 

addition 

TiO2 1.25*10-2 M  

in 2-butanol at pH 

5.44 with 

unknown 

hexanoic acid 

concentration 
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Figure 6.24: Colloids deposition on metal substrates: a) at time zero (t=0); b) after 2 hours; c) after 

12 hours; d) after 4 days 

 

From figure 6.24 a, at the start of the experiment, is possible to see that sample 1 forms a small 

drop on the substrates, whereas sample 2 and 3 spread more. This is due to the percentage of 

IPA present in both sample 2 and 3 that increases the colloid wettability. For sample 4 it is not 
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possible to see any liquid drop deposited since its solvent, 2-butanol, has a higher volatility and 

spreads completely on the metal in less than a minute. 

After two hours (figure 6.24 b) all samples were dried and some corrosion was visible for sample 

3. Given its pH of 2.33, sample 3 should be less corrosive than sample 1 and 2 (pH =1.30), 

therefore the reason for this result is not clear. Moreover the corrosion effect of sample 3 is less 

evident on TCCT compared to ECCS, a result that was unexpected considering the higher 

corrosion resistance of ECCS compared to TCCT. 

After 12 hours (figure 6.24 c), samples 1, 2 and 3 had corroded the metal substrates with no 

difference between ECCS and TCCT. Sample 4 is the only one that did not corrode neither ECCS 

or TCCT. This shows  that the TiO2 nanoparticles in 2-butanol transfer is useful to overcome the 

deposition limit of the original aqueous colloid. The only drawback is the quality of the layer 

formed on metal, which seems not uniform due to a colloid stability to be improved before any 

drop casting. 

To push at the extreme this experiment, a picture of the samples deposited on metal was taken 

after 4 days (figure 6.24 d). From this image it is possible to see that sample 4 (TiO2 in 2-butanol) 

colloid still has not corroded the metal substrates. Another feature is that the corrosion effect 

of sample 1 and 2 is more evident on TCCT compared to ECCS, as expected. 

In this experiment the corrosion effect of the colloid tested was not examined by other 

techniques. To confirm this effect of colloids 1,2,3 on the metal substrates (ECCS, TCCT), a SEM-

EDX analysis could be run to show the presence of iron oxide and hydroxide typical of corroded 

steel in the areas that change their original aspect turning brown and yellow in color.  

 

 

6.11 Conclusions 

 

The experiments carried out in this chapter were aimed at reducing the acidity of the TiO2 

colloids, while keeping their stability, for their deposition on metal substrates. The use of 

alkaline solutions of NaOH or NH3 to neutralize the colloids (1.25*10-2 M in TiO2) original pH of 

1.30 led to unstable dispersions in a neutral pH range. Even though the zeta potential versus pH 

graph (reported in section 5.3) indicates that at pH > 6.5 the colloids are negatively charged and 

stable, this behaviour was not observed because of the simultaneous increase of the ionic 

strength that makes the zeta potential of the TiO2 nanoparticles shift to a value close to zero 

(Point of Zero Charge). This result was useful to understand the difference between a theorical 

and practical aspect of working with colloids that cannot be extremely diluted and need to have 

a concentration suitable to be deposited on a substrate. An alternative approach to overcome 
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the acidity of the colloids was the extraction of the TiO2 nanoparticles in another solvent. The 

experiments, carried out using hexanoic acid (natural fatty acid) at its Critical Micelle 

Concentration (C.m.C) of 0.1 M, as a carrier molecule, are novel, since in the literature synthetic 

and bigger molecules were used for the same scope. The choice of the recipient solvent was 

focused on three different solvents, such as hexane (apolar, aprotic), diethyl ether (apolar, 

aprotic) and 2-butanol (polar, protic), and their extraction efficiency was tested against different 

pH values of the aqueous colloids. Among the three solvents used, the only successful extraction 

of the TiO2 nanoparticles, from their aqueous medium, was obtained in 2-butanol at pH=5.44. 

This result showed that the pH adjustment played an important role in the extraction to get an 

optimum coverage of the TiO2 nanoparticles surface by hexanoic acid, that allowed their 

extraction in a compatible solvent for this kind of functionalization. A possible mechanism to 

explain the interactions between hexanoic acid and the TiO2 nanoparticles, when their transfer 

in 2-butanol happens, was drawn suggesting that the polar heads of the molecules of hexanoic 

acid, in their deprotonated form (hexanoate), make complexes with the surface of the 

nanoparticles, that have a neutral charge, bringing them into 2-butanol, which has more affinity 

than water for the alkyl chains of the hexanoic acid.  

The TiO2 colloid in 2-butanol was tested on two different metal substrates, Electrolytic 

Chromium Coated  Steel (ECCS) and Trivalent Chromium-Coating Technology (TCCT), provided 

by Tata Steel, and compared with aqueous colloids at acidic pH. The experiments were run by 

visually monitoring the metal corrosion against the time from the colloids deposition. The results 

showed that the TiO2 colloid in 2-butanol do not corrode both metal substrates even after 4 days 

from its deposition, whereas the aqueous colloids at pH < 3 corrode both substrates within 12 

hours after their deposition. This result confirmed that the solvent extraction strategy used to 

bypass the acidity of the aqueous TiO2 colloids, was eventually successful to obtain the scope of 

making the new formulation of TiO2 colloids compatible with metal substrates. 
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Chapter 7: Synopsis 

 

7.1 Final conclusions  

 

In this thesis TiO2 nanocolloids were synthesized and used for the fabrication of TiO2/glass 

composites with self-cleaning properties. In chapter 6 the study was focused on modifying the 

formulation of the TiO2 nanocolloids to allow their deposition on metal substrates. The main 

conclusions can be summarized as follows: 

 

• The synthesis of TiO2 nanoparticles was performed by forced hydrolysis of TiCl4*2THF at 

80° C, in water and in 30 min. The resulting nanoparticles were crystalline, mainly 

anatase, with a relative low percentage of amorphous of 23 %. Other characteristics 

were: size of 6±2 nm, specific surface area (SSA) of 200 m2/g, band gap equal to 3.43 eV 

and high percentage of -OH surface groups. These properties were compared with 

commercially available TiO2 nanoparticles samples, Degussa P25 and ST-01, 

demonstrating that nanomaterials obtained in this work are suitable for photocatalytic 

applications. This synthetic method, compared with a sol-gel technique, did not require 

a hydrothermal treatment to obtain a crystalline material and was carried out in water, 

avoiding an extensive use of solvents. Even though this synthetic approach cannot be 

considered completely novel, its use widens the possibilities already available in the 

literature, suggesting an environment friendly and low cost alternative to existing 

methods.  

• Given the small size of the particles that can merge in compact and transparent films 

upon drying, it was thought to use the synthesized TiO2 nanocolloids as a wet precursor 

for self-cleaning glasses. To achieve this result, the first step was the agglomeration 

control of the TiO2 nanoparticles in their colloidal form, that presented clusters of an 

average size of 20 nm and up to 100 nm. To promote the deagglomeration of the 

particles, the nanocolloids were treated with oxalic acid, a natural and easy degradable 

molecule. The treated colloids were tested on glass to check the quality of the films, 

deposited by drop casting, finding good results for a colloid 1.25*10-2 M in TiO2 treated 

with oxalic acid at concentration 5*10-4 M. The use of oxalic acid as dispersant is not 

reported in the literature, so that the results obtained can be an added as 

deagglomeration option, in line with a green friendly approach. 

To get compact films, the nano-TiO2/glass composites were annealed either by heat or 

by a UV curing system (684mW/cm2), which represents a low energy consuming option. 
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The nano-TiO2/glass samples showed a high transparency assessed by UV-vis 

spectroscopy which gave a light transmittance of 80% in the visible range for all of them. 

These results enable the use of this nano-TiO2/glass in building windows, which it is a 

specific application that can be covered by this work. The self-cleaning properties of the 

nano-TiO2/glass samples were tested by photodegradation of stearic acid under UV light 

exposure and compared with a commercial sample, ActivTM, and TiO2/glass samples 

obtained by Atomic Layer Deposition (ALD) and spray pyrolysis. The results were 

expressed in terms of Formal Quantum Efficiency (FQE) and showed that the nano-

TiO2/glass samples performed much better than other samples, with the best outcome 

given by TiO2/glass sample treated by UV curing for 3 min, which had an almost 20 times 

higher FQE than the ActivTM commercial sample. From these findings it was possible to 

conclude that the original hypothesis of the superior photocatalytic performance of the 

nano-TiO2 films obtained in this work, compared with TiO2 films obtained by other 

techniques, was correct. 

• The TiO2 nanocolloids deposited on glass to fabricate TiO2/glass composites with self-

cleaning properties were stable in their acidic aqueous liquor (pH=1.30) as shown in the 

Zeta potential versus pH experiments. However, the strong acidity of these titania 

nanocolloids was not compatible with metal substrates for similar application. To 

neutralize the acidity of the TiO2 nanocolloid liquor, the first attempt was the use of an 

alkaline solution of NaOH or NH4OH, which gave unstable dispersions in the neutral pH 

range. The alternative strategy was the extraction of the TiO2 nanoparticles from their 

aqueous liquor to an organic solvent through the use of hexanoic acid as a carrier 

molecule, that can be considered novel. The TiO2 nanoparticles were successfully 

transferred into 2-butanol and the resulting nanocolloid was deposited on metal 

substrates provided by Tata Steel: Electrolytic Chromium Coated Steel (ECCS) and 

Trivalent Chromium-Coating Technology (TCCT). The corrosion on both metal surfaces 

was visually monitored against the time from the deposition of the colloid and showed 

that the TiO2 nanocolloid in 2-butanol did not corrode neither ECCS or TCCT even after 

4 days from its deposition, whereas TiO2 nanocolloids in aqueous media at pH < 3 

corroded both metal samples within 12 hours from their deposition.  

 

7.2 Future studies 

 

The experimental work presented can be further improved in future studies. The main 

suggestions are presented as follows: 
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• The density of the TiO2 nanomaterials synthesized was assumed to be close to pure 

anatase. However, the presence of amorphous and small fractions of other polymorphs 

can give a different result, so that a measurement of this value by a pycnometer would 

add consistency to this work. 

• Using Dynamic Light Scattering on the TiO2 colloid it is not possible quantifying the 

percentage of two agglomerates with different size distributions (20nm and 100nm). An 

alternative method provided in the literature is Analytical Disc Centrifugation (ADC) that 

could resolve binary dispersion of particles, giving quantitative information on the two 

distributions of particles with different size. 

• The nano TiO2 films on glass obtained in this work were not analyzed by cross-sectional  

Scanning Electron Microscopy to assess their precise thickness. This means that planning 

a similar experiment could be useful to check this parameter and also establish the 

degree of uniformity of the layers. 

• The TiO2/glass samples were tested in terms of transparency by UV-vis transmittance 

measurements. However, this test was run considering only the centre of the samples, 

so that near the edges a different value of transmittance could be registered. As further 

analysis the measurements of the Uv-vis transmittance in different areas of the sample 

could complete this transparency assessment.  

• Among the characterization experiments for the TiO2/glasses obtained in this work, an 

important parameter, such as the life-time of the electron-hole pair photogenerated 

under UV irradiation, was not measured. The acquisition of these data could clarify 

better the photocatalytic behaviour of the TiO2/glass samples examined in this work. 

• In the pH adjustment of the TiO2 colloids for the acidity reduction of the dispersing 

medium, a zeta potential/ dynamic light scattering on the precipitated dispersion could 

be added to prove their instability. 

• In the TiO2 solvent transfer experiments two main data could be added. The first is a 

zeta potential/ dynamic light scattering on the precipitated dispersions in the different 

biphasic systems. The second is a Fourier Transform Infrared spectroscopy (FT-IR) 

investigation on the dry TiO2 nanoparticles either in the water phase or the organic 

phase to prove the maximum hexanoic acid coverage at a specific pH. 

• For the successful transfer of TiO2 nanoparticles from their aqueous medium to 2-

butanol the quantity of hexanoic acid present in the organic phase could be determined 

by derivatization to the corresponding methyl ester and Gas Chromatography-Mass (GC-

MS) analysis, quantifying the results with a calibration curve. 
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• In the deposition of different colloids on metal substrates experiment the effect of 

corrosion could be proved by Scanning Electron Microscospy- Energy-Dispersive X-ray 

spectroscopy (SEM-EDX) to see the presence of iron oxide and hydroxide, products of 

corrosion. Another useful technique to test this aspect could be X-Ray Photoelectron 

Spectroscopy (XPS).  


