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1. Introduction and aims 

Photoactive semiconductor materials are important for their promise in energy 

conversion and environmental protection. Titanium-dioxide is a semiconductor 

widely used for its photovoltaic and photocatalytic properties in applications 

such as solar cells and photodegradation of organic pollutants. 
1,2

 

In practical applications it is advantageous to develop and study TiO2 coatings 

with high specific surface area and mesoporous structure. The sol-gel process is 

a promising synthesis method which uses relatively low temperatures, and the 

composition, layer thickness and structure of the coatings can be easily 

controlled by the synthesis parameters. Noble metal, e.g. silver modification is 

often used to increase the photoactivity of TiO2. The silver particles function as 

electron trapping sites, and they are able to increase the time of photoinduced 

electron-hole charge separation, which leads to increased photoactivity.
3
 

My aim was to synthesise TiO2 and TiO2-Ag sol-gel coatings with different 

pore structures and study in detail how the parameters of the mesoporous 

system and the silver modification influence the important functional properties 

of the coatings, mainly the photoactivity. I compared two different silver-

modification methods: in the first method, AgNO3 was added to the precursor 

sol during synthesis; in the second method, the as-prepared TiO2 coatings were 

impregnated in AgNO3 aqueous solutions of different concentrations. 

Furthermore, my aim was to study how different measurement parameters 

influence the results of dye photodegradation tests, which are often used to 

characterize photoactive materials. In the literature most often these tests are 

carried out at the solid-liquid interface: the photocatalyst is placed in a dye 

solution, and illuminated by ultraviolet (UV) or visible light. Few articles can 

be found that report dye photodegradation on the air-solid interface.
4,5

 In this 

case the photocatalyst can be characterized in a simpler model system, and it 

can also give new information about the behaviour of dye molecules. An 

important and not fully understood question is what kind of physical state and 

arrangement the adsorbed dye molecules are in the confined spaces of the 

mesopores, and how this can affect the rate and kinetics of the 

photodegradation. The dye molecules can adsorb on the surface of the 

photocatalyst as monomers or associated forms (dimers, trimers etc.). It can be 

expected that monomers and associated forms will show different photostability 

and different rate and kinetics of photodegradation. The tests carried out at the 

                                                           
1 Hashimoto, K.; Irie, H.; Fujishima, Japanese J. Appl. Physics, 2005, 44, 8269–8285. 
2 Nakata, K.; Fujishima, A.; J. Photochem. Photobiol. C Photochem. Rev. 2012, 13, 169–189. 
3 Kumar, S.G.; Devi, L.G.; J. Phys. Chem. A 2011, 13211–13241. 
4 Julson, A.J.; Ollis, D.F. Appl. Catal. B Environ. 2006, 65, 315–325. 
5 Mills, A.; Sheik, M.; O’Rourke, C.; McFarlane, M.; Appl. Catal. B Environ. 2009, 89, 189–195. 
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air-solid interface provide an opportunity to study the photodegradation of 

monomers and associated forms separately, since there is no real dynamic 

equilibrium in this system, and the transformation of the different associated 

forms into each other is inhibited. 

2. Experimental 

Mesoporous TiO2 coatings on silicon, glass and compact silica barrier layer 

covered glass substrates were prepared by the sol-gel dip-coatings and spin-

coating methods. In order to prepare samples with different pore structures, 

templating agents (cetyltrimethylammonium bromide CTAB, Pluronic P123 

block copolymer, polyvinylpyrrolidone PVP) were added to the precursor sol 

during synthesis. Silver modified TiO2 coatings were prepared by two methods: 

first, by adding AgNO3 to the precursor sol; second, by impregnating the as-

prepared coatings in AgNO3 aqueous solution followed by a heat treatment. 

The samples were characterized by UV-Visible Spectroscopy, Fluorimetry, 

Ellipsometry, Ellipsometric-Porosimetry, Contact Angle measurements, High 

Resolution Transmission Electron Microscopy (HR-TEM), Rutherford 

Backscattering Spectometry (RBS), X-ray Diffraction and X-ray Photoelectron 

Spectroscopy (XPS) methods. Dye photodegradation tests under UV and 

visible light were carried out to characterize the photoactivity. The 

photodegradation of dye model materials (methyl orange, rhodamine 6G, 

methylene blue) was studied both at the air-solid and at the solid-liquid 

interface. It was studied, how the wavelength of the illuminating light, the 

chosen model dye molecules and their adsorption and association processes 

influence the results of the photodegradation tests. 

3. Results  

3.1. Characterization of TiO2 and TiO2-Ag coatings 

The prepared TiO2 coatings were found to be very thin (~70-300 nm), with 

mesoporous structure (pore diameter: ~2-10 nm), and 30-45% porosity. 

Comparing the three TiO2 samples with different pore structures (noted as 

TiO2(CTAB), TiO2(P123) and TiO2(PVP) based on the used templating 

agents), the TiO2(CTAB) coatings contained the smallest (average pore 

diameter: 5.0 nm) and the TiO2(PVP) coatings contained the biggest (average 

pore diameter: 8.2 nm) pores. Figure 1 shows the TEM image depicting the 

characteristic pore structure of the coatings. 
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Figure 1. Cross-sectional TEM image of a TiO2 coating; the in-set is the Fast Fourier 

Transform of the HR-TEM images, which shows that the coatings have an anatase 

crystal structure. 

TiO2-Ag composite coatings were prepared with two different silver 

modification methods: the TiO2(CTAB) and TiO2(P123) type coatings were 

impregnated in 0.03 and 1 M AgNO3 aqueous solutions, followed by a heat 

treatment. Samples noted as TiO2(P123_Ag) were also prepared, by adding 

AgNO3 to the precursor sol. The silver content of the samples was determined 

by XPS and RBS methods; and the size distribution and location of the silver 

particles were studied by TEM images combined with Energy-dispersive X-ray 

Spectroscopy. The samples impregnated in 1 M AgNO3 solution contained 

more silver with smaller silver particles sizes (~1 nm), compared to the samples 

impregnated in 0.03 M AgNO3 solution (which contained mostly 3-6 nm sized 

silver particles on the surface). The pore structure also influenced the achieved 

silver content: the TiO2(CTAB) type coatings were able to adsorb a higher 

amount of silver. A possible reason for this is that the smaller pores can 

increase the silver ion adsorption on the pore walls. The highest silver content 

was reached by adding AgNO3 to the precursor sol, in the TiO2(P123_Ag) 

coatings. According to TEM images, these coatings contained very small (0.5-1 

nm) sized silver particles on their surface, and it can be assumed that some 

silver was also incorporated into the TiO2 matrix. 

The XPS analysis showed that the silver is present in the coatings both in 

elemental and oxide forms. The coatings were made of anatase crystal phase, 

and also contained a small amount of rutile phase in some samples. The band 

gap energy values determined from the transmittance spectra were 3.38 eV for 

the TiO2 coatings and 3.33 eV for the silver modified TiO2 coatings. 

All samples showed the UV-responsive wettability behaviour characteristic of 

TiO2: the coatings showed complete wetting towards water after UV 

irradiation, then after being illuminated by visible light or kept in darkness they 

showed higher water contact angle values (50-70°). The samples showed 

similar wettability properties with the exception of TiO2(P123_Ag) samples, 
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which showed a slower change in water contact angle values both due to UV 

irradiation, and due to being kept in darkness, compared to the other samples. 

3.2. Dye adsorption in the pore system of the coatings 

The TiO2 coatings were impregnated in rhodamine 6G and methylene blue dye 

solutions, and the dye molecules adsorbed as monomers and as their associated 

forms (dimers, trimers) on the surface of the pores. The amount of dye 

adsorbed and the amount of associated dye molecules were influenced by the 

pore structure of the samples (Figure 2). 

 
Figure 2: Dye adsorption in the porous TiO2 coatings: normalized absorption spectra of 

rhodamine 6G (left) and methylene blue (right) dye solutions and impregnated coating. 

3.3. Study of dye photodegradation in TiO2 coatings 

The results of the dye photodegradation results showed significant 

photoactivity under UV light in the case of all studied dye molecules 

(rhodamine 6G, methylene blue, methyl orange), furthermore, in the case of 

rhodamine 6G photodegradation was also observed under visible light, due to 

dye-sensitization. Dye photodegradation was studied both at the solid-liquid 

and at the air-solid interface: in the former case, the samples were placed in a 

dye solution and the change of absorbance spectrum of the solution was 

measured as a function of irradiation time; while in the latter case, the dye 

impregnated coatings were irradiated, and then the absorbance spectra of the 

coatings were measured. 

I have proposed a method for studying the photostability of dye molecules in 

their monomer and associated forms in photodegradation measurements at the 

air-solid interface. These measurements can be possible, because the 

association processes between monomers and associated forms (dimers, 

trimers) are inhibited in the few nanometer wide pores. I have shown that the 

dye molecules in their associated forms show higher photostability compared to 

the monomers. Furthermore, the results show that the dye association can 

happen inside the pores during the illumination: due to UV or visible light 
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illumination the metastable state of the dye molecules can be disturbed, and 

more dimers and trimers can form. I have found that this association process 

depends on the pore structure of the coating: the dye association can happen 

more easily in samples that contain bigger pores. 

The kinetics of the dye photodegradation was found to be different at the air-

solid interface, compared to the pseudo-first order kinetics that were true at the 

solid-liquid interface. In the case of air-solid interface measurements, the 

monomer and dimer photodegradation rate constants were determined 

separately, and first order kinetics could not be applied. The model
6
 made by 

Julson and Ollis, which describes the degradation with two consecutive 

pseudo-first order processes, was found to be applicable for the monomer 

degradation (Figure 3). The model was originally made to describe the 

photodegradation of anionic dyes under UV light, on the air-solid interface of 

TiO2 powders. The results demonstrate that the model can also be applied to the 

photodegradation of dye monomers in very thin mesoporous coatings, under 

both UV and visible light. However, the model did not show good fitting if the 

studied dye showed significant association, and in most cases it could not be 

applied to describe the degradation of the associated forms of the dye. 

 
Figure 3: Rhodamine 6G dye photodegradation in TiO2(P123) coatings at the air-solid 

interface, under visible light: structure of dye and measurement method (a); absorbance 
spectra during illumination (b); relative absorbance measured at the wavelength 

characteristic of dimers and monomers as a function of illumination time (A is absorbance 

measured after given time, A0 is initial absorbance) (c); Julson-Ollis model fitting (d). 

                                                           
6 Julson, A.J.; Ollis, D.F. Appl. Catal. B Environ. 2006, 65, 315–325. 
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3.3. Study of dye photodegradation in silver modified TiO2 coatings 

The results of the dye photodegradation measurements at the liquid-solid 

interface show that silver modification significantly increased the photoactivity 

of TiO2 coatings, for both silver modification methods. The samples made with 

the impregnation method showed significantly increased photoactivity due to 

the nanometer sized silver particles present on the surface, even with low silver 

content. However, the results of repeated dye photodegradation tests showed 

that for long-term function of the coatings a higher silver content is needed. I 

have developed a synthesis method that can be used by applying suitable 

impregnation parameters to prepare TiO2-Ag coatings with relatively high 

photoactivity that can be preserved even after repeated use of the photocatalyst 

system. 

In the case of the silver modified TiO2 coatings made with the impregnation 

method, the pore system influenced the photoactivity in an indirect way. First, 

the samples that contain smaller pores had a higher silver content, since the 

smaller pores increased the amount of silver ions adsorbed during 

impregnation, and this led to higher photoactivity. Second, the dye association 

processes also influenced the photodegradation results: association depended 

not just on the type of dye, but also on the pore system of the coatings, the dye 

association happening during illumination was more significant in the samples 

that contained bigger pores, which could lead to decreased rate of degradation. 

The silver modification showed a better increase in photoactivity in the case of 

solid-liquid interface photodegradation measurements compared to the air-solid 

interface tests, where some samples with higher silver content even showed 

decreased photoactivity. A possible explanation is that the too high surface 

coverage decreases the available TiO2 surface, and this leads to decreased rate 

of photodegradation. It can be assumed that the surface coverage by silver is 

less important at the solid-liquid interface, since the mobility of dye molecules 

is higher in the liquid filled pores. Another reason could be that the presence of 

silver influences the dye adsorption and association processes, which have a 

more important role at the air-solid interface. The results show that dye 

association is an important process that can happen during dye 

photodegradation, and it can significantly influence the results of the tests. This 

dye association was increased in the presence of silver, especially in the 

samples that contained bigger pores. 

The dye photodegradation rate constants of monomer and associated forms 

were determined by the Julson-Ollis model and pseudo-first order fitting, and 

quantum efficiency and quantum yield values were also estimated, to help 

compare the photoactivity of different samples. In the case of air-solid interface 

photodegradation measurements, the best system under UV light was found to 
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be the samples made with adding AgNO3 to the precursor sol, while the silver 

modified TiO2(CTAB) samples that contained the smallest pores and were 

made with the impregnation method also showed similarly high photoactivity. 

In contrast, under visible light the impregnation method was found to show 

better result than the samples modified by adding AgNO3 to the precursor sol. 

This latter silver modification method also caused a change in the pore 

structure and the wettability of the coatings, which can be a disadvantage from 

a practical point of view. The silver modification method by impregnation can 

be more advantageous, since in this case silver modification happens on the as-

prepared TiO2 samples that have the desired structure and property due to 

controlled synthesis parameters, and the silver particles are only deposited on 

the surface of the pores. The size and surface coverage of silver particles can be 

controlled by the impregnation parameters, and the other properties (structure, 

wettability) of the coating mostly remain unchanged.  

In summary, the silver modification by impregnation method was found to be 

more promising, as it could be used to prepare samples that show good 

photoactivity even with low silver content. The high photoactivity, reusability 

and stability of the photocatalyst layer could be ensured by choosing the 

optimal silver content, which could be controlled by the impregnation 

parameters, such as the concentration of the AgNO3 solution. 

 

1. Possible application 

TiO2 is a promising semiconductive material for applications such as 

converting sunlight into electricity in the field of solar cells, and the 

degradation of organic pollutants under light illumination. Photocatalysts can 

be used in air- and water decontamination, and one promising field is to use 

them as self-cleaning coatings. These usually TiO2-based coatings have self-

cleaning property, meaning that they can use environmental effects (sunlight, 

rain) to keep a surface clean for a longer time: for example the cover of a lamp 

on a public road, or the window or roof of a high building that is coated this 

way will require washing less often. 

In my research work I studied dye photodegradation at the air-solid interface: 

these types of measurements can have a perspective in various applications, 

such as self-cleaning coatings, dye-sensitized solar cells, and air- and water 

decontamination. 
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2. Novel scientific findings 

1. I have proven that dye molecules adsorbed in the pores of mesoporous TiO2 

sol-gel coatings show heightened association in smaller pores; furthermore, that 

some of the monomers are capable of further association due to illumination. 

However, this latter process happens to a higher extent in the samples that 

contain bigger pores. This shows that the dye impregnated systems are in a 

metastable state, although they are easily removed from the local equilibrium, 

and steric effects also have a role in this process. (P1) 

2. I have proposed a method for studying the photostability of dye molecules in 

their monomer and associated forms on the air-solid interface of mesoporous 

TiO2 coatings. I have shown that in the mesopores of the coatings the dimer or 

trimer forms of Rhodamine 6G and methylene blue dye molecules show higher 

photostability compared to the monomers. (P1)   

3. I have proven that the Julson-Ollis kinetic model, which was first proposed 

to describe the photodegradation of dye molecules adsorbed on the surface of 

coarse disperse powders, and which describes the photooxidation process on 

the air-solid interface with two consecutive first order processes, can also be 

applied to very thin mesoporous coatings, but only if there is no significant dye 

association. (P1,P3) 

4. I have found that in the case of silver modified mesoporous TiO2 sol-gel 

coatings the photoactivity increasing effect of silver was more significant at the 

solid-liquid interface than at the air-solid interface. In the air-solid interface 

measurements higher silver content lead to the decrease of photoactivity in the 

case of some of the samples, which can be explained by the decrease of 

available TiO2 surface. This had a lower effect on photoactivity at the solid-

liquid interface, since in this system the dye molecules have a much higher 

mobility in the liquid filled pores. (P2, P3) 

5. By studying photodegradation at the air-solid interface, under visible light, I 

have found that the photoactivity of silver modified TiO2 coatings was higher if 

the silver was mainly located at the pore walls as particles (and not 

incorporated in the bulk). Thus, AgNO3 impregnation method showed better 

results with significantly lower silver content, than the method in which AgNO3 

was mixed into the precursor sol. Furthermore, I have found that in the case of 

the impregnation method, the coatings that have smaller pores contain a higher 

amount of silver and significantly increased photoactivity. This phenomenon 

can be explained by the silver-trapping property of the pore walls. (P3) 

6. I have developed a preparation method for composite TiO2-Ag coatings 

made with impregnation, which results in coatings with relatively high 

photoactivity that can be retained even after repeated use of the photocatalyst 

system. (P2) 
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