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Abstract 

The need of incorporating sustainable processes into the modern industry gave a start to the 

development of solar energy based devices, that is why semiconductor metal oxides and 

polymeric organic photocatalysts have gained enormous attention in recent years. 

Heterogeneous photocatalysis targets two general purposes: i) Photocatalytic degradation of 

water and air pollutants and ii) partial photo-oxidation, which aims to produce valuable 

organic compounds. The properties of the two most promising photoactive materials titanium 

dioxide (TiO2) and graphitic carbon nitride (g-C3N4) are thoroughly studied up to the present 

date. Nevertheless, in order to increase their efficiency in above mentioned applications new 

modification methods are still to be developed. 

Silica-titania composites have been synthesized with a purpose of improving photo-

degradation performance of TiO2. Production of materials for environmental applications 

calls for environmentally benign techniques for their synthesis. Use of titanium peroxo 

complexes is considered to be a greener alternative to widely applied titanium alkoxides, 

thanks to the fact that it makes application of organic solvents or structure-directing agents in 

the synthesis unnecessary. A stable solution of aqueous titanium peroxo complex and 

oligomeric silicic acid are used as precursors for hydrothermal synthesis of TiO2 anatase 

nanoparticles covered with dispersed SiO2 species. Silica slows down the rate of titania 

crystallization, thus favouring TiO2 crystal growth, and it also promotes surface 

hydroxylation of the SiO2–TiO2 composites. These two properties, crystallinity and surface 

functionalization, contribute to the photocatalytic activity of the composite by providing an 

efficient charge migration and adsorption of pollutants on the surface in the proximity of the 

photoactive semiconductor. The proposed composite material demonstrates superior 

degradation rate of methylene blue under ultraviolet (UV) irradiation than the commercial 

P25 photocatalyst. 
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A new solvent-exchange method including precipitation of aqueous ammonium 

peroxotitanate with organic solvents has been developed, in order to produce titania 

nanoparticles with unprecedented thermal stability of anatase phase, since no rutile is 

observed in the material treated up to 1000 ºC. The extraordinary stabilization of an 

energetically less favourable anatase phase is made possible due to the formation of crystal 

defects upon calcination. This property is of key importance for the application of TiO2-based 

materials in the production of photoactive ceramics. The prepared highly thermally stable 

TiO2 anatase nanoparticles have shown superior photocatalytic activity in UV-assisted 

degradation of methylene blue compared to the commercial P25 photocatalyst if both 

photocatalysts are treated at temperatures higher than 800 ºC.  

The question of non-metal TiO2 doping has been addressed in great details, pursuing the 

purpose of finding the relation between the type of dopants, defects they produce and the 

photocatalytic performance of the prepared titanium dioxide materials. Doping of titanium 

dioxide with non-metals is known to be successful method for extending its activation to the 

visible-light range. Nitrogen dopants might be introduced into TiO2 structure by calcination 

of ammonium peroxotitanate in air. The N-species are present in the oxidized NOx form and 

occupy interstitial positions in TiO2 anatase structure. The incorporation of nitrogen dopants 

provokes formation of oxygen vacancies in the first coordination shell of titanium. 

Calcination of N-TiO2 under elevated temperatures causes elimination of the nitrogen species 

leaving defect sites in the titanium environment and producing a net-charge imbalance in the 

titania structure. This triggers the capture of atmospheric oxygen, which subsequently 

diffuses from the surface to the interior of TiO2 as to re-establish the charge neutrality. In this 

way, oxygen-rich titania containing interstitial oxygen species is formed. The presence of 

different types of dopants affects photocatalytic properties of the material to a great extent. 

We have established that nitrogen-doping favours selectivity of the partial oxidation of a 

biomass-derived compound 5-hydroxymethyl-2-furfural (HMF) to 2,5-

furnadicarboxaldehyde (FDC). Also, the N-species play the role of recombination centers 

reducing the photocatalytic reaction rate. The conversion of N-TiO2 to oxygen-rich titania has 

a positive effect on photo-degradation of organic pollutants, but diminishes the selectivity in 

partial photo-oxidation reactions.  
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Oxidation of alcohols to the corresponding carbonyls is the reaction of a great value in 

organic synthesis and conversion of raw chemicals. Despite N-doped TiO2 is able to 

selectively photo-oxidise alcohols to aldehydes, it usually gives unsatisfactory selectivity 

values, especially in water medium, reaching only 30 % of selectivity in the above mentioned 

oxidation process. Hence, other photocatalytic material must be found to promote such 

important reaction. g-C3N4 because of its favourable VB position, making impossible the 

formation of notoriously unselective •OH radicals, is proved to be efficient photocatalyst for 

the HMF to FDC photo-oxidation. However, the as-prepared g-C3N4, obtained by thermal 

condensation of melamine, under UV-irradiation demonstrates low reaction rates and the 

selectivity values only slightly superior than that of TiO2. It has been established that thermal 

exfoliation of graphitic carbon nitride does not only increase specific surface area of the 

material, but also it eliminates a part of uncondensed carbon nitride species containing –NH2 

and–NH– groups, which are found to be detrimental for the selectivity toward FDC 

production. Thermal exfoliation procedure allows triplicating the HMF conversion rate and 

increasing the selectivity from 28 % for the as-prepared g-C3N4 to 44 % for the thermally 

exfoliated g-C3N4. Moreover, application of natural solar light as an energy source instead of 

the laboratory UV-lamps based set-up results in the increase of the reaction rate up to 10 

times, and selectivity is found to be in the range of 50 %.    
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Resumen 

La necesidad de avanzar en el aprovechamiento tecnológico de la energía solar ha inspirado 

la búsqueda de nuevos foto-catalizadores heterogéneos basados en óxidos metálicos y en 

polímeros orgánicos, con dos objetivos principales: i) la degradación foto-catalítica de 

contaminantes orgánicos, y ii) la síntesis foto-oxidativa de compuestos orgánicos de alto 

valor añadido. En ambos procesos, el dióxido de titanio y el nitruro de carbono son materiales 

fotoactivos muy prometedores, demandando el incremento en su eficiencia el desarrollo de 

nuevos métodos de síntesis que permitan la optimización de sus propiedades.  

Se han sintetizado materiales compuestos sílica-titania que mejoran el comportamiento 

foto-destructivo del dióxido de titanio. En su obtención, como alternativa ecológica a los 

habituales alcóxidos de titanio, en lugar de disolventes orgánicos y agentes directores 

estructurales, se utilizaron disoluciones acuosas estables de especies complejas de peróxido 

de titanio y de ácido silícico en estado oligomérico, precursoras mediante síntesis hidrotermal 

de nanopartículas de TiO2-anatasa parcialmente recubiertas de sílica. La presencia de óxido 

de silicio disminuye la velocidad de la cristalización de la titania, favoreciendo el crecimiento 

cristalino y la hidroxilación superficial de los composites SiO2–TiO2. Tanto la cristalinidad 

como la funcionalización de la superficie, con migración de carga más eficiente y adsorción 

de contaminantes en la proximidad de los centros fotoactivos, contribuyen al aumento en la 

actividad foto-catalítica de los nuevos materiales, que presentan una velocidad de 

degradación del azul de metileno bajo radiación ultravioleta (UV) superior a la del foto-

catalizador comercial TiO2-P25.  

Se ha desarrollado un nuevo procedimiento de síntesis de titania que, basado en el 

intercambio de disolventes, incluye la precipitación de peroxotitanato de amonio. Las 

nanopartículas obtenidas poseen una estabilidad térmica sin precedentes de la fase anatasa, 

permaneciendo exentas de fase rutilo hasta 1000 ºC. El comportamiento observado es 
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determinante para la aplicación de materiales basados en TiO2 en cerámicas fotoactivas y se 

incardina con la aparición de defectos reticulares durante la calcinación. La actividad foto-

catalítica (UV-asistida) de las nanopartículas de TiO2-anatasa en la degradación de azul de 

metileno resulta superior a la del mejor material comercial, TiO2-P25.  

La incorporación de elementos no metálicos al dióxido de titanio es un método eficaz para 

la extensión de su actividad foto-catalítica en el rango de la luz visible. Utilizando dos 

diferentes tipos de dopaje nitrógeno u oxígeno, se han relacionado los defectos inducidos en 

el material con sus propiedades foto-catalíticas. Calcinando del peroxotitanato de amoniaco 

en aire, se generaron especies oxidadas (NOx) en posiciones intersticiales del TiO2-anatasa, 

que provocaron la aparición de vacantes de oxígeno en la primera esfera de coordinación del 

titanio. La eliminación térmica de las especies nitrogenadas generó defectos en el entorno del 

titanio y desequilibrios de carga en el material resultante (TiO2-x), con posterior captura y 

difusión de oxígeno atmosférico. Los materiales dopados con nitrógeno (N-TiO2) favorecen 

la selectividad en la oxidación parcial del 5-hidroximetil-2-furfural (HMF), un compuesto 

derivado de biomasa, hasta 2,5-furnadicarboxaldehido (FDC). Las especies nitrogenadas 

presentes en el catalizador reducen la cinética de la reacción foto-catalítica, por lo que la 

transformación de N-TiO2 a titania oxigenada presenta un efecto positivo en la velocidad de 

foto-degradación de contaminantes orgánicos, aunque influye negativamente en la 

selectividad de los procesos de foto-oxidación parcial. 

Los materiales N-TiO2 foto-oxidan selectivamente alcoholes hasta sus correspondientes 

aldehídos, aunque con escasa selectividad, especialmente en medio acuoso (< 30% para la 

oxidación de HMF a FDC). La búsqueda de nuevos foto-catalizadores que incrementen el 

rendimiento condujo al estudio del nitruro de carbono grafitico (g-C3N4), ya que las 

características electrónicas de este semiconductor impiden la aparición de radicales •OH, de 

baja selectividad, en el medio de reacción. Este material demostró su eficiencia en la foto-

oxidación del HMF hasta el FDC, aunque el g-C3N4 prístino, preparado por condensación 

térmica de melamina, presenta baja reactividad en reacciones foto-catalíticas, con valores de 

selectividad solo levemente superiores a los obtenidos usando dióxido de titanio. La 

exfoliación térmica del g-C3N4 incrementó su área superficial específica, simultáneamente a 

la eliminación de fragmentos no condensados (–NH2 y –NH–) residuales en el g-C3N4 

prístino, que atenúan la selectividad en la síntesis de FDC. Como consecuencia, se triplicó la 
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conversión del HMF, se duplicó la selectividad en la producción de FDC, y se incrementó 

hasta diez veces la reactividad del g-C3N4 (50% de selectividad hacia la formación de FDC) 

cuando se utilizó luz solar como alternativa a la radiación UV. 
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Chapter 1 Introduction 

 

1.1 Principles of Photocatalytic Reactions 

Photocatalysis is a phenomenon which can be defined as: A change in the rate of chemical 

reactions or their generation under the action of light in the presence of substances called 

photocatalysts that absorb light quanta and are involved in the chemical transformations of 

the reaction participants [1]. First mentioning of photocatalytic activity of TiO2 is dated back 

to 1920s [2]. However, a true upraise of interest toward this process occurred only in 1970s 

right after the work of Fujishima and Honda on TiO2-induced photocatalytic water splitting 

had been published [3]. In the following years, the growing preoccupation of industry and 

society with the running out fossil fuels and environmental pollution catalysed the 

development of photocatalytic materials further more. 

Photocatalysts might be divided in homogeneous [4] and heterogeneous [5], however the 

present chapter as well as the entire work will be entirely devoted to the heterogeneous 

photocatalysis, which normally does not produce any wastes and photo-active material is 

easily recovered after being used in reactions. If particles of a solid photocatalyst are 

irradiated with an energy superior to its band gap (BG), i.e. with an energy sufficient for 

providing the transfer of electron from the valence band to the conduction band, making an 

electron (e-) and a corresponding positively charge hole (h+) to be generated (Fig. 1.1). After, 

the semiconductor is excited, the fate of the photogenerated charges is either to recombine 

and release energy in the form of heat or light (1), or they can migrate to the surface and 

interact with various molecules producing radical reactive species (2,3). The migration of the 
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photogenerated charges to the surface is ensured by well-crystalline nature of the material, 

while the bulk defects usually play the role of recombination sites. Bulk properties of the 

photocatalyst, as to speak high regularity of its structure, are not the only ones governing the 

charge separation process. When the electrons and holes reach the surface, the presence of 

molecules adsorbed on the exterior of photocatalyst capturing both the e- and h+ at the same 

time is necessary to inhibit the charge recombination rate. Charge separation is a crucial 

concept determining the photocatalytic reaction rate, and for the efficient photoreaction to 

take place the above mentioned conditions are to be satisfied.  

!"#- + ℎ'#( 	→ 	!+!,-.      (1) 

!"#- + &' 	→ 	∙ &'-        (2) 

ℎ"#$ + &'(	 →	∙ (& + &$      (3) 

 
Figure 1.1 – Representation of the photocatalysis mechanism [6]. 

 

The most common solid-state photocatalytic materials are metal oxides, which have very 

different electronic structures (Fig. 1.2). VB and CB positions of semiconductor determine 
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the charge separation process and the subsequent formation of reactive species. For 

environmental application, as to say for photocatalytic degradation of pollutants in water or 

air, it is desirable to achieve total mineralization of organic substrate. Several reactive species 

are formed on the surface of photocatalyst, although •OH radicals are unanimously considered 

as the most powerful for providing complete degradation of organics to H2O and CO2, NOx, 

SOx depending on the pollutant nature [7]. Hydroxyl radicals might be produced via two 

pathways, one of them is accomplished by the interaction of a photogenerated electron with 

O2 and the series of consecutive reactions finally leading to the •OH formation, according to 

the mechanism (4). However, the rates of photocatalytic generation of H2O2 on metal oxide 

semiconductors, which is a limiting step in the present reaction, are usually low [8-10]. The 

other way is more direct (3), although it demands that the VB of semiconductor to have a 

sufficient potential for direct oxidation of water molecule. Among the metal oxide 

semiconductors TiO2 and ZnO possess optimal band positions permitting efficient charge 

separation as well as able to interact with water producing hydroxyl radicals (Fig. 1.2). Both 

of them have been extensively studied in various photocatalytic degradation reactions, but 

titanium dioxide based photocatalysts have gained major attention due to its better chemical 

and photo-stability [11]. 

!"#- + &' →∙ &'- + 2+, → +'&' +	!"#- →∙ &+      (4) 

 

 

Figure 1.2 – Band positions of the widespread metal oxide semiconductor photocatalysts 

[12]. 
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The main reactive species formed by photo-generated electrons are superoxide radicals. If 

in case of titanium dioxide, photocatalytic reaction is dominated largely by the action of 

hydroxyl radicals, the photo-initiated processes in presence of other materials, unable to 

produce them directly by water oxidation, benefits from the active oxygen species •O2
–. One 

of such photocatalysts, which VB has a potential insufficient to oxidise water molecule, is g-

C3N4 (Fig. 1.3) [13,14]. Superoxide radicals do not provide sufficient mineralization degree 

of organic molecules; instead they can be used for partial oxidation reactions (for more 

details, see Chapter 1.4).  

From the above discussed, one can conclude that the universal photocatalyst suitable for 

various applications does not exist. It is crucial that the BG value, VB and CB positions, 

chemical and photostability are to be taken into consideration for any specific purpose the 

photocatalyst is destined to and modified accordingly. 

 

Figure 1.3 – Band positions of anatase titanium dioxide and g-C3N4 [14]. 
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1.2 TiO2-Based Materials for Degradation of Organic 

Pollutants 

1.2.1 Pristine TiO2 for photocatalytic applications 

Titanium dioxide has gained enormous attention due to its outstanding photocatalytic 

activity and excellent chemical, thermal, and photo-stability. Although many synthetic 

modifications of titanium dioxide are known, the most commonly it is present in the form of 

three natural polymorphs anatase, brookite, rutile and a synthetic one TiO2(B) (Fig. 1.4) [15-

17]. Brookite (orthorhombic) is a relatively rare titania modification, as it is very difficult to 

obtain in a pure form. Despite some papers report high activity of brookite in photocatalytic 

reactions [18], its application is hardly can be justified because of complications and costs its 

synthesis brings along [19]. Rutile is the most widespread mineral of TiO2, as it is 

thermodynamically stable crystalline modification. It is easily prepared in the form of large 

single-crystals [20] as well as nanoparticles even under mild conditions [21,22]. TiO2 rutile is 

widely used in the photocatalytic process for H2 production [23] and contaminated water 

remediation [24,25]. It is true that rutile is an active photocatalyst and in some specific 

applications its use is reasonable, but most usually the activity of the metastable anatase 

phase is far more superior.  

 

Figure 1.4 – The most common titania polymorphic modifications [16]. 
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Titania anatase phase is only stable in the particle size range below 15 nm [26]. Luttrell et 

al. [27] established that the bulk properties of anatase and rutile are responsible for a drastic 

difference in their photocatalytic performance. Kakuma et al. [28] by carrying out a detailed 

spectroscopic study of the photogenerated reactive species on the surface of different phase 

TiO2 materials explained the enhanced reaction rates, observed for anatase phase, by its 

favourability for •OH production, while rutile promotes the formation of •O2
– and the 

consecutive H2O2 generation. Apart from photocatalytic degradation of organic pollutants, the 

difference in charge photogeneration mechanisms of rutile and anatase makes the latter more 

efficient material for hydrogen production [29]. It may seem that anatase is a perfect choice 

for photocatalytic applications, however the mixed-phase TiO2 became famous for its 

outstanding activity, and it was commercialized as P25 firstly by Degussa, then it got known 

under the names of Evonik P25 and Aeroxide P25. Despite this photocatalyst is on the market 

for more than 20 years, the scientific bases explaining its extraordinary reactivity had not 

been known for a long time, before Hurum et al. postulated that this was due to smaller rutile 

BG, slow recombination rate on the rutile-anatase interface, and small rutile crystallite size 

[30]. In 2013, Scanlon et al. demonstrated that, in spite of the earlier accepted model, the 

electron affinity of anatase is higher than that of rutile, thus forcing electrons to flow from 

rutile to anatase (Fig. 1.5). Band alignment on anatase-rutile interface facilitates electron-hole 

separation, leading to the increased photoactivity of the mixed-phase material over its 

individual counterparts [31]. Later, this concept of band alignment was applied to develop 

methods allowing controllable electron migration between rutile and anatase phases [32]. 

Until now P25 is considered as the “gold standard” in photocatalysis. Mixed phase TiO2 

thankfully to its remarkable properties is successfully used in water decontamination from 

organic pollutants [33] and toxic metals [34], as well as for hydrogen production [35]. 

Because of enormous value of anatase and mixed phase TiO2 for use in photocatalysis, a 

number of efficient sol-gel, solid-state, solvothermal, CVD methods for its production have 

been developed up to now. Many reviews summarized various approaches for the preparation 

of titania with controllable phase composition, crystal facets orientation, particle size, 

morphology and SSA [36-40]. Despite the mixed-phase P25 titanium dioxide is still the 

reference in the world of photocatalysis, there is a need to improve its properties, in order to 
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meet the expectations of industry for willing its use in real-life conditions. There are several 

major drawbacks of pristine TiO2 materials, among them are: wide BG, which limits its 

activation to the UV range; low SSA of well-crystalline titania; thermal stability of 

photocatalytically active phase is usually limited to 400-500 ºC, which does not permit the 

use of TiO2 for photoactive ceramics preparation; relatively low adsorption capacity of the 

titania surface, which reduces the photocatalytic reaction rate, as it normally takes place on 

the surface of photocatalyst. The ways of improvement of some of the above mentioned TiO2 

properties by preparation of mixed oxides and non-metal doping will be addressed in the 

following chapters. 

 

Figure 1.5 – Flow of electrons in the mixed-phase anatase-rutile system [31]. 

 

1.2.2 Synthesis of TiO2 materials 

Titanium dioxide is usually used in photocatalysis in a powder or a thin film form. The 

application of thin films is preferable for the solar energy harvesting in DSSC [41] and 

photocatalytic degradation of organic pollutants in air [42]. The most common methods of 

preparation of TiO2 thin films are magnetron sputtering [43], CVD [44], sol-gel, which is a 

very flexible method allowing obtaining various types of materials (Fig. 1.6) [45], or 

hydrothermal synthesis [46].  
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Similar approaches are implemented to obtain titania nanoparticles in a powder form. 

Titania powders can be made by TiCl4 oxidation in industrial flame aerosol reactors at high 

temperatures and moderate, near atmospheric pressures by the so-called “chloride process” at 

a rate of 100 ton/day [47,48]. This is a major process making more than half of the annual 

world-wide consumption of over 3 million tons of TiO2 aimed mostly for pigments and to a 

lesser extent as a paper filler, plastics, cosmetics, catalysts and even ceramic membranes 

[49,50]. Sol-gel approach is more common in a laboratory scale synthesis as it is more 

suitable for tailoring porosity, particle size, crystalline phase, and surface modification. 

Although one can distinguish numerous types of sol-gel procedures applicable for titania 

preparation, we will consider only the following three: Pechini, non-hydrolytic and hydrolytic 

syntheses. Pechini sol-gel synthesis is accomplished via the pyrolysis of a polymeric titania 

resin precursor formed, as a rule, by complexing of oxo-titanium species by citric acid and 

encapsulated into the polymeric matrix of citric acid and ethylene glycol, which 

polymerization is catalysed by HNO3 addition [51].  

Titanium alkoxides and TiCl4 are the precursors of choice in non-hydrolytic sol-gel 

synthesis of titania. This approach is of special interest as it enables avoiding the least 

controllable stages of hydrolysis and polycondensation, thus the materials with finely tuned 

morphology might be produced [52]. In the absence of water molecules titanium-containing 

compound reacts directly with an oxygen-donor such as an alcohol or with a structure-

directing agent, which might be a tri-block-copolymer, surfactant, carboxylic acid or an 

amine [53-55]. Finally, increasing of the reaction temperature or addition of a base catalyst 

terminates the process of crystalline TiO2 formation. Although, the advantages of non-

hydrolytic sol-gel are unquestionable, this method brings along many complications, which 

stand on the road of the scaling up. The excessive cost of production of titania via this way is 

due to the application of organic oxygen donors, solvents and structure-directing agents, as 

well as it owns to the necessity of manipulating the precursors under water-free conditions 

and inert atmosphere. Hydrolytic sol-gel synthesis of titania photocatalysts is the most 

widespread in the scientific community. In most of the cases it is carried out using titanium 

isopropoxide or titanium butoxide as precursors. Titanium alkoxides undergo fast hydrolysis 
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in the presence of water, so the preparation must be done in non-aqueous solvents, generally 

aliphatic alcohols, having certain quantity of water and catalyst to promote hydrolysis and 

subsequent polycondensation reaction are applied [56-58]. After the termination of the 

sequence of TiO2 formation stages normally amorphous material is obtained, demanding the 

implementation of an additional step of thermal treatment for removing the organic residue 

and obtaining crystalline titanium dioxide ready to be used in photocatalysis. 

 

Figure 1.6 – Synthesis of metal oxides via the sol-gel approach [56]. 

Alkoxide-based sol-gel synthesis results in the production of high purity and high SSA 

titanium dioxides, while the control of these parameters is complicated if inorganic salt based 

processing is implemented. The elimination of the anions of titanium salts such as chlorides 

and sulphates is not so straightforward, and simple washing is insufficient in most of the 

cases. The anions composing the titanium salts tend to be incorporated into TiO2 structure 

under pH below the pH of its isoelectric point, while cations of the hydrolysing agents are 

adsorbed on the titania when its surface is negatively charged. The second drawback of 

application of inorganic titanium salts for TiO2 synthesis is the low stability of titanium oxo-

species to the hydrolysis, which is limited only to very acidic solutions. The development of 

efficient method of the preparation of this important functional material via inorganic 
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aqueous pathway is highly desirable, as it would probably be the cheapest of all the processes 

used until now. Kakihana et al. proposed the variety of titanium peroxo complexes aiming to 

replace titanium alkoxides in TiO2 synthesis [59]. Since then, many other successful 

techniques based on titanium peroxo complexes were developed [60-66]. 

Hydrothermal, or in a more general term solvothermal, processing enables reducing the 

preparation temperature of metal oxide materials by carrying out the synthesis under 

pressures superior to the atmospheric one. The already crystalline material is produced after 

the treatment, thus excluding the need for high temperature calcination. The temperature 

range of solvothermal reactions is wide, it starts from 100 ºC for water and other low boiling 

point solvents and reaching 240 ºC for glycothermal procedures. Despite there are many other 

techniques suitable for reactions at far higher temperatures, they are not considered in the 

present work. Solvothermal conditions favour dissolution of the material, which is not soluble 

under atmospheric pressure. The dissolved species then form seeds and the crystallization 

occurs. A vast variety of titania architectures are obtained by this method. Among them one 

encounters nanoparticles [67], nanorods [68], nanotubes [69], nanowires [70], flower-like 

structures [71], TiO2 with exposed {001} facet [72], etc.  

The great deal of the accumulated data on preparation of TiO2 nanostructures allows us to 

find the most suitable approach for obtaining materials with tailored properties for some 

specific applications. However, in the recent years the research in the field of catalytic 

material preparation took a turn towards greener and economic procedures, thus the synthesis 

is preferably should be carried out in aqueous medium, using non-volatile, non-toxic, stable 

precursors and low-temperature processing.  

1.2.3 TiO2-Based Mixed Oxides 

Formation of composite materials based on TiO2 aspires achieving several goals such as 

stabilization of TiO2 anatase phase, creation of electron sink zones for improved charge 

separation, increasing SSA, or surface modification. Stabilization of anatase phase is a well-

developed process made possible by the incorporation of TiO2 in a matrix of other metal 
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oxide. For instance, Hirano et al. by applying the hydrothermal pre-treatment obtained silica-

titania composite having an extraordinary anatase stability up to 1300 ºC [73]. Similar role 

can play a ZrO2 source addition to a TiO2 precursor [74] and Al2O3 in the TiO2-Al2O3 

composites [75]. Ceria and copper oxides, beside playing roles of electron sinks and 

oxidation catalysts, are as well known for being able to inhibit anatase-to-rutile phase 

transformation [76].  

If titania is coupled with a metal oxide semiconductor having BG smaller than 3.2 eV (i.e. 

inferior that of TiO2) it can result in improved charge separation [77]. The metal of doping 

oxide traps the photo-excited electrons from the TiO2 CB, thus generating the metal species 

with a lower oxidation state [78,79]. A number of metal oxides functioning according to this 

mechanism are known to improve titania photocatalytic properties among them are WO3 

[79,80], vanadia [81], and molybdena [82]. According to Di Paolo et al. [80] not all TiO2-

based mixed oxides with WO3, V2O5, MoO3, Cr2O3 are better photocatalysts than pure titania. 

It is obvious that the preparation, impregnation and treatment of the mixed oxides are crucial 

steps in obtaining active interface between the two components of such system. Kubacka et 

al. demonstrated that TiO2-V2O5 has the maximum activity at the intermediate V-loadings, 

owing to the complete incorporation of V-species into TiO2 structure [81]. Other oxide with 

similar properties, which gained a significant attention is CeO2. Cerium (IV) due to its ability 

to capture photogenerated electrons forming Ce3+ sites and subsequently interact with 

atmospheric oxygen producing superoxide radicals, promotes the total photocatalytic activity 

of TiO2-CeO2 composites [83]. 

The increase of SSA is important from the point of view of promoting interaction of 

organic substrate with photocatalytically active TiO2 in liquid phase, as well as in gas phase 

reactions. Silica with its outstanding textural properties and porous structure is commonly 

used as a support for TiO2 nanoparticles. Kibombo et al. published an exhausting review 

describing the synthetic approaches and the role of silica in TiO2-SiO2 composite 

photocatalysts [84]. The flexibility of silica properties allows obtaining materials with high 

SSA and controllable porosity, but most importantly the degree of homogeneity of 

composites can be tailored via the preparation procedure manipulation [85]. Beside the above 

mentioned effect, modification with SiO2 produces changes in the surface hydrophilicity and 
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acidity of the TiO2-SiO2 composites, which would undoubtedly effect the photocatalytic 

performance [85,86]. 

Numerous preparation techniques for SiO2-TiO2 mixed oxide have been developed up to 

now. In general, these procedures might be separated into to subclasses: hydrolytic and non-

hydrolytic sol-gel routes. Non-hydrolytic pathways are known for providing efficient control 

over molecular homogeneity, crystal structure, and crystal size distribution [84,87]. However, 

extreme care must be taken while handling metal organic precursors, hence inert atmosphere 

and dry boxes are necessary, in order to avoid the precipitation of the separated metal oxide 

phases during the synthesis. Such aspects of the synthetic procedures might be highly 

impractical for the industrial scale preparation, making the hydrolytic route to be the one 

which is generally preferred.  

The principal problem of SiO2-TiO2 mixed oxide preparation is the homogeneous 

distribution of one oxide in the matrix of the other. Titanium atom (TiIV) has a significantly 

large positive partial charge (+0.6) derived from its higher electrophilic character that imparts 

higher reactivity with water than that of the Si atom (SiIV) in tetra-alkoxysilanes, hence it 

implies that special measures have to be taken for equalising their hydrolysis and 

polycondensation rates [84]. Pre-hydrolysis of silica source, usually tetraethyl orthosilicate 

(TEOS), or, contrary, decreasing the reactivity of Ti-alkoxides are the two most common 

ways of achieving homogeneity in this system. Although, the application of a single-source 

precursor is also reported [86], this approach is less frequently applied. Pre-hydrolysis of 

silica source is easily achieved by addition of certain quantities of water and catalyst to its 

solution in an organic solvent [88]. The stabilization of Ti source, often it is titanium 

tetraisopropoxide Ti(OPri)4, can be provided by various stabilizing agents such as acetic acid, 

2-methoxyethanol, acetylacetone, etc [84]. The above mentioned approaches are viable only 

for organic solvent medium, while it is very desirable for production purposes to fabricate 

homogeneous SiO2-TiO2 from aqueous solutions. Working in aqueous medium demands 

other ligands to be applied. Kessler et al. summarized the approaches for TiO2-based 

materials preparation from the carboxylate complexes [89] and some of the similar methods 

were used to obtain silica-titania mixed oxides using carboxylic acid and chitosan [85,89-91]. 
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Although many methods allowing highly homogeneous distribution in the mixed oxide 

system were developed, it is not always beneficial for the application of the mixed oxide in 

photocatalysis, as the charge recombination takes place on the doping sites, crystallization of 

TiO2 is usually suppressed by the doping oxide, and also the incorporation of other metal 

might consume indispensable for hydroxyl radical generation surface titanyl groups [92]. For 

photocatalytic applications it is advisable to adjust the silica-titania mixture in that way to 

have a sufficient interface area between two oxides, providing that the crystallinity of TiO2 is 

not compromised by the large quantity of defect sites. The optimization of the composite 

oxide properties would allow silica to play the role of an adsorbent for the dissolved substrate 

molecule delivering them to the surface of TiO2 (Fig.1.7).  

 

Figure 1.7 – Photocatalytic reaction on the mixed Al2O3-TiO2 oxide system [74]. 

Despite sol-gel is the most common technique allowing synthesis of these mixed oxides 

with controllable properties, hydrothermal procedure could be even more useful, especially 

for preparation of photocatalysts, which must be in a crystalline state. There are only few 

works reported the successful application of this technique for SiO2-TiO2 synthesis [93-95].  
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1.2.4 Non-metal doping of TiO2 

The primary goal of non-metal doping of titania photocatalysts is the reduction of BG 

aiming to take advantage of a larger part of the visible-light range of the solar spectrum. Non-

metal species such as B, C, S, F, and N incorporate into TiO2 structure forming substitutional 

or interstitial doping sites [96-99]. Substitutional non-metal doping mainly affects VB states 

of TiO2, as the position of the N, C, and B dopants is located 0.13, 1.39, and 2.18 eV above 

the VB level, respectively (Fig. 1.8). Contrary to that, F 2p state lies 1.19 eV below the 

bottom O 2p VB, hence no visible-light activity is observed for F-TiO2 [97]. It is assumed 

that only substitutional doping reduces the BG of TiO2, while interstitial species form 

interband states resulting in appearance of mid-BG [100,101]. Although, the interstitials 

dopants might not decrease titania BG, mid-BG states can be the source of titania visible-

light activity, which by absorbing the light with wavelengths >400 nm sensitize TiO2. This 

effect was confirmed for S and N dopants [102,103]. Besides the obvious positive effect of 

non-metal doping, several other consequences of heteroatom introduction into TiO2 are to be 

considered. The excess of N concentration in titania structure favours formation of crystal 

defects with TiIII sites, which are responsible for faster photogenerated charges recombination 

[104]. The anion-doping is not strictly speaking a bulk phenomenon; it is also inevitably 

results in surface modification. Obviously, the most reactive surface TiO2 species are 

hydroxyl groups, which can be eliminated during the doping process, thus significantly 

changing TiO2 photo-reactivity [105] because of the key role of surface OH in generation of 
•OH. Hence, in order to produce the materials with visible-light activity while retaining a high 

level of UV excitation of the material, the practical aspects of TiO2 anion doping should be 

addressed with great care considering all the positive and negative effects it might cause on 

titania photocatalytic performance. Among all anion dopants N-doping received the most 

attention. Belver et al. studied in details photocatalytic and structural properties of N-TiO2 

synthesized in liquid phase with an assistance of various amines as nitrogen sources 

[106,107]. They found nitrogen species to occupy both substitutional and interstitial positions 

in titania network and being responsible for O-vacancies creation. However, no correlation 

between the nitrogen positions or its content with photocatalytic activity was established. 
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According to Belver et al. photocatalytic activity of N-TiO2 results to be a function of a joint 

effect of N-dopants and oxygen vacancies, which content has to be optimized for the highest 

photoactivity of TiO2 under visible light to be achieved [107].  

Asahi et al. in the review entirely devoted to N-doping of TiO2 classified all known 

preparation procedures of nitrogen-doped titania into two main categories: dry processes and 

wet processes [108]. Titanium nitride (TiN) can be oxidized by treating it under O2 at high 

temperature producing N-TiO2. Despite a significant shift of the absorption band to the 

visible-light range was achieved for the photocatalyst prepared in this way, the material 

contained traces of TiN and mainly is present in rutile phase [109]. Another dry process used 

for N-TiO2 synthesis is NH3 treatment of the pristine titanium dioxide under high 

temperatures. Control of NH3 flow and treatment temperatures allows manipulating the 

loading of the dopant. High temperatures of this process, superior to 550 ºC, cause 

decomposition of NH3 to N2 and H2, thus high quantity of oxygen vacancies are created by 

hydrogenation of titanium dioxide [110,111]. Mechanochemical synthesis of N-TiO2 was also 

reported [112,113], although one must take into account that the application of amines or urea 

as nitrogen sources might lead to the formation of TiO2 co-doped with C and N, or even to 

C3N4-doped titania, as urea is able condense on titania surface at high temperatures producing 

photoactive carbon nitride modifications [114].  

Wet processes provide a vast variety of procedures for N-TiO2 preparation such as a simple 

precipitation of titanium-containing inorganic precursors with NH3·H2O, or in the presence of 

NH4Cl [115], sol-gel syntheses applying metal-organic Ti complexes and using organic N-

sources such as amines or amino acids [116], and finally hydrothermal synthesis, which is 

able to reduce the preparation temperature and produce fine N-TiO2 nanoparticles [117]. 
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Figure 1.8 – Non-metal doping of TiO2 anatase [99]. 

1.2.5 Stabilization of TiO2 anatase phase 

Anatase is known to be the most photocatalytically active titania polymorph, however this 

crystalline modification of TiO2 is metastable. According to thermodynamic calculations 

made by Zhang and Banfield [118], anatase becomes more preferable modification of titania 

if the crystal size is reduced below the upper limit of 14 nm. Although, one can prepare small 

titania crystals in the low-temperature range, the calcination of TiO2 at temperatures superior 

to 400-500 ºC is inevitably leads to crystal growth and anatase-to-rutile transformation. The 

stabilization of anatase phase permits the treatment of the material at high temperatures, in 

order to obtain photocatalyst with desired crystallinity or even approach TiO2 sintering 

temperatures without its transformation to rutile. The latter feature is of great importance for 

some emerging titania applications such as fabrication of photo-active ceramics [119].  

Both anatase, space group I4/amd, and rutile, space group P42/mnm, are tetragonal 

symmetry. Both crystal structures consist of TiO6 octahedra, sharing four edges in anatase 

and two in rutile [120,121]. These structures are illustrated in Figure 1.4. The anatase to rutile 

transformation is reconstructive, which means that the transformation involves the breaking 

and reforming of bonds [122]. This is in contrast to a displacive transformation, in which the 

original bonds are distorted but retained. The reconstructive anatase to rutile transformation 
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involves a contraction of the c-axis and an overall volume contraction of 8% [123-125]. This 

volume contraction explains the higher density of rutile relative to anatase. In the course of 

the transition to rutile, the (112) planes in anatase are retained as the (100) planes in the rutile 

product [126,127]. The c-axis of anatase appears to be significantly longer than that of rutile 

only because anatase has more atoms per unit cell than rutile has.  

In Section 1.2.3 has already been mentioned that antase phase demonstrates much higher 

stability in TiO2-MxOy mixed metal oxide systems. However, many other ways of retardation 

of formation of rutile modification are known. The presence of brookite phase [128], or 

preferential orientation of titania crystals in a certain direction [129] increase the temperature 

of polymorphic anatase to rutile transformation. Although cation doping is widely applied for 

the purposes of stabilization, a detrimental effect on photocatalytic activity of transition metal 

sites in TiO2 playing the role of recombination centers is often reported [130,131]. Anion 

doping, apart from the enriching TiO2 with visible light activity, is also responsible for the 

creation of oxygen vacancies in this way contributing to the enhanced anatase thermal 

stability. Fluorine, sulphur, and nitrogen dopants are proved to be efficient for anatase 

stabilization up to temperatures of 900-950 ºC [132-134]. In spite of numerous reports on 

anion-doping induced stabilization of TiO2 anatase phase, no clear mechanism of this process 

is still proposed.  

1.3 Graphitic Carbon Nitride Photocatalysts  

1.3.1 Synthesis of g-C3N4 

Looking on the recent outburst of publications about g-C3N4, one might think of it as of a 

relatively new achievement in polymer chemistry. It is true that many of its properties have 

only become known in the last two decades, but the discovery of carbon nitride named 

“melon” dates back to the first half of 19th century and belongs to Liebig [135]. Graphitic 

carbon nitride is the most stable allotrope of carbon nitride and it possesses numerous 

outstanding properties. It is one of the most thermally stable organic polymers decomposing 

only at temperatures higher than 600 ºC even in air, it is highly stable in acids, bases and 

organic solvents, and it is a medium BG semiconductor. Despite the widely used term 
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“carbon nitride”, its composition is never stoichiometric C3N4 and should be rather put as 

CxNyHz. Although it is predicted that a nearly ideal carbon nitride would have hardness 

superior that of diamond [136], in practice it is very difficult to obtain a single-phase sp3-

hybridized carbon nitride due to its low thermodynamic stability [137,138]. Up to the present 

date, the developed synthetic procedures have only been able to produce slightly disordered 

low-crystalline material. It is generally accepted that C3N3 triazine rings cross-linked by the 

trigonal N atoms are the principal building blocks of g-C3N4 (Fig. 1.9).  

The BG of g-C3N4 makes this material especially attractive in the field of photocatalysis, 

having the absorption edge of 420 nm it is able to use a larger portion of visible-light than it 

does TiO2 [139]. BG value of g-C3N4 varies significantly depending on the preparation 

methods [140] and the precursor used [141-144]. However, even before the outburst of works 

using g-C3N4 for photocatalysis, many attempts to prepare carbon nitride materials were 

reported. Khabashesku et al. proposed powder method based on the reaction of cyanuric 

chloride and lithium nitride [145]. The material with very close stoichiometry to that of C3N4 

was obtained, although it contained certain amount of chlorine as impurity. Sometime later, 

the same group of researchers described the templated procedure for preparation of spherical 

carbon nitride particles [146]. Solvothermal synthesis was also intended, although it asked for 

very harsh reaction conditions. Hydrazine was used as a solvent and the synthesis was carried 

out at the pressure of 3 GPa and in the temperature range of 800-850 ºC [147]. An alternative 

way was to treat 1,3,5-trichlorotriazine and lithium nitride in benzene at temperatures 

between 300 and 400 ºC and pressures of 5-7 MPa producing mainly the mixture of α-C3N4 

and ß-C3N4 [139,148]. The catalytically assisted solvothermal synthesis in presence of NiCl2 

could give carbon nitride nanotubes with CN stoichiometry [149]. 
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Figure 1.9 – s-Triazine (left) and tri-s-triazine as tectons of g-C3N4 [138]. 

As soon as the outstanding photocatalytic properties of g-C3N4 was discovered, new 

methods for its preparation appeared. Several available and inexpensive precursors became 

widely applied for carbon nitride synthesis via simple solid-state condensation reaction. The 

condensation pathways of the precursor used for the synthesis determine the bulk properties 

of the resulting g-C3N4 and as a consequence its BG. Melamine undergoes deammonification 

under high temperatures and condenses directly forming tri-s-triazine structures (Fig. 1.10). 

Urea and thiourea firstly condense to give melamine and melamine-urea or melamine-

thiourea co-polymerization products [150] (Fig. 1.11). If urea and thiourea are used as the 

precursors the inclusion of heteroatoms such as O and S into the g-C3N4 is unavoidable and it 

affects significantly the light absorption of the formed carbon nitride product. Doping with 

fluorine, boron, phosphorus, copolymerization, hydrogenation or protonation is also known to 

modify the electronic structure of this semiconductor to a great extent [151-156]. 

1.3.2 Optimization of g-C3N4 properties 

Beside the electronic properties of g-C3N4, which many researchers aim to optimize, in 

order to harvest a broader range of the solar spectrum, another concern is low SSA of bulk 

carbon nitride prepared by a simple thermal condensation of its precursors. Apart from the 

obvious decrease of catalyst-substrate interaction for low SSA g-C3N4, bulk material also 

shows high recombination rates of photogenerated charges in respect to nanocasted g-C3N4 

[157]. Usually, the condensation of melamine in the temperature range of 520-550 ºC 

produces the material, although with high yields, but with SSA of only about 10 m2g-1 [158].    
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Figure 1.10 – Melamine thermal condensation pathway to g-C3N4 [150]. 

Several efficient methods have been developed allowing overcoming this obstacle. The 

synthetic approach to high SSA carbon nitride synthesis consists in application of hard and 

soft templates [159]. First class of soft templates used in g-C3N4 preparation is amphiphilic 

surfactants and block co-polymers. Application of non-ionic, cationic, and anionic surfactants 

is very common in preparation of micro- and mesoporous inorganic catalytic materials. Use 

of Triton X-100 non-ionic surfactant with dicyandiamide as a precursor gives g-C3N4 with 

SSA of 76 m2g-1 [160]. Yan achieved SSA value of 90 m2g-1 for g-C3N4 prepared with the 

assistance of triblock-copolymer Pluronic P123 as a template [161]. Ionic liquids are also 

able to promote the formation of porous carbon nitrides [162]. However, this method is not 

ideal as usually thermal treatment is unable to eliminate all the carbonaceous residue coming 

from the template, thus g-C3N4 with an excessive carbon content is obtained [163]. 
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Figure 1.11 – Urea and thiourea thermal condensation pathways to g-C3N4 [141]. 

Hard templating, also known as nanocasting, is a technique providing a very versatile 

selection of morphologies and structures to be formed. Hard templates have one significant 

advantage before the soft ones, they have fixed structures thus simplifying the control of the 

material properties. Expectedly, the hard template of choice is silica, which in its turn as well 

produced by a templating approach. Vinu et al. was the first to obtain hexagonally ordered 

mesoporous carbon nitride by casting ethylenediamine over SBA-15 [164]. The material 

prepared in this way possessed SSA of 505 m2g-1, although it was rather a nitrogen-doped 

carbon, than g-C3N4 [165]. The exchange of the N-containing precursor to cyanamide and 

dicyandiamide resulted in the formation of carbon nitride with C/N ratio of 0.72, which is 

closer to the theoretical value [166]. Several other reports on preparation of high SSA carbon 

nitrides having of up to 450 m2g-1 were published in recent years [167-169]. The major 

drawback of silica hard template casting is the necessity of its elimination after the thermal 

condensation step. Highly corrosive substances such as HF or NH4HF2 dissolve the template 

leaving mesoporous carbon nitride, thus this approach is hardly can be considered as 

environmentally friendly. Anodic alumina oxide is an alternative hard template for the 

nanocasting of carbon nitride. Li et al [170] by applying this technique synthesized 

nanocasted g-C3N4 more efficient in photocatalytic hydrogen production than bulk carbon 

nitride. 
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1.3.3 Application of g-C3N4 materials 

Graphitic carbon nitride has a wide range of applications in sensing, catalysis and 

photocatalysis [171]. It was demonstrated that by simply changing melamine condensation 

temperature one can control the photoluminescence properties of g-C3N4 [172]. Highly stable 

photoluminescence intensity makes carbon nitride an ideal candidate for sensing even trace 

quantities of metals such as copper, iron, lead, mercury, and chromium [173-175]. Also, 

biocompatibility of g-C3N4 makes it a promising material for biomedical applications [176] 

and coating fabrication [177].  

Although many potential uses of carbon nitride based polymeric materials exist, owing to 

its numerous outstanding properties photocatalytic applications attract the major interest of 

scientific community. Narrow BG, making this material active under visible-light, and VB 

and CB positions, favourable for promoting photocatalytic water-splitting, are the 

prerequisites for its extensive use for solar energy harvesting (5, 6).       

!"# → #" + 4!' + 4(-    +0.82 V (5) 

2"# + 2%- → "(     -0.41 V (6) 

The set of other extraordinary characteristics rare for organic photocatalysts complements 

the electronic properties of carbon nitride giving a very promising material for hydrogen 

production. This material is photo-stable, oxygen tolerable, and possesses nitrogen 

functionalities, both Lewis and Bronsted sites, permitting anchoring of substrate molecules 

on the surface of the semiconductor [178]. Hence, g-C3N4 is capable of reducing H2 from 

water in the presence of a suitable electron donor, such as triethanolamine even in the 

absence of noble metals [179], however the reaction rates are still low and usually Pt co-

catalyst is applied. 

Another important field of g-C3N4 application is photocatalytic degradation of organic 

pollutants in water. Considering the fact that the carbon nitride VB potential is too low to 

oxidise H2O subsequently producing hydroxyl radicals, the development of the methods for 
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using this material for environmental remediation attracts significantly less attention than 

hydrogen production. Despite this, the researchers do not give up attempts to modify g-C3N4 

properties for hazardous compounds degradation. Zou et al. tested boron-doped g-C3N4 for 

dyes photo-degradation, and they established that even low oxidation potential of the carbon 

nitride VB is sufficient to degrade rhodamine B [152]. Still the processes occurring on the CB 

of g-C3N4 are of more interest. Photogenerated electrons can interact with H2O2 reducing it to 

hydroxyl radicals, which mineralize the organic substrate [139].  

If the preference of g-C3N4 for application in environmental remediation processes before 

TiO2 seems rather doubtful, its superior selective oxidation of hydrocarbons and alcohols is 

almost unquestionable. The question of partial photocatalytic oxidation in the presence of g-

C3N4 will be addressed in detail in the following chapter.  

1.4 Partial Photocatalytic Oxidation Processes on TiO2 and 

g-C3N4 

Selective oxidation is one of the most important reactions in organic synthesis, widely 

applied in the production of an uncountable range of valuable chemicals. The common 

conditions used for carrying out this kind of reactions are usually harsh, demanding high 

temperatures and pressures [180], or use of expensive noble metals [181], organic solvents 

[182], toxic oxidative agents [183] resulting in the elevated cost of the processes, formation 

of large amounts of by-products and toxic wastes. The economic reasoning and 

environmental restrictions force industry to find alternative methods for selective oxidation. 

Heterogeneous photocatalysis being an environmentally benign and zero-waste process is on 

the spotlight of the scientific community looking for the replacement of outdated chemical 

oxidation approaches. Moreover, the fact that a unique energy source required for 

photocatalysis to take place is a cost-free solar irradiation would be able to drastically reduce 

the expenses of the chemical synthesis. Photocatalysis for many years had been thought of 

being an unselective process mainly serving for the oxidative destruction of organic 

pollutants in water medium, but eventually the molecular recognition properties of TiO2 for 

certain molecules attracted attention [184,185]. Expectedly, in the beginning of the selective 
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photocatalysis exploration the material of choice for the majority of the researchers was 

titanium dioxide. Due to the readiness of notoriously unselective •OH radicals formation on 

the surface of TiO2 in water or in the presence of water vapour, many partial oxidation 

reactions promoted by this semiconductor were performed in organic solvents under water-

free conditions. Numerous studies reported selective photo-oxidation of benzyl alcohol in 

acetonitrile [186-188] and in benzotrifluoride [189] with good selectivity. Amines were also 

successfully photo-converted to imines in the presence of titanium dioxide [190,191]. 

Hydrocarbons were photocatalytically oxidised in benzotrifluoride or acetonitrile [192,193] 

and with the assistance of H2O2 [194].  

The advantages of the replacing organic solvents with water are obvious from the point of 

view of the process costs and environmental impact. Unfortunately, a highly polar solvent 

such as water competes for the adsorption sites on the titania surface, thus complicating the 

interaction of a substrate with reactive species on the surface of the semiconductor and 

favours producing unselective •OH radicals through the reaction of water molecules with 

positively charged holes. The reduction processes initiated by photogenerated electrons leads 

to the formation of superoxide radicals, which might selectively oxidise hydrocarbons and 

alcohols to the corresponding carbonyl products, but also certain quantities of hydrogen 

peroxide might be produced in this way (4). Hydrogen peroxide by receiving photogenerated 

electrons from the CB of a semiconductor forms hydroxyl radicals, which destroy organic 

substrate unselectively.    

Figure 1.12 shows the hypothesized oxidation mechanisms of alcohols in water (Fig. 1.12a) 

and in organic solvent (Fig. 1.12b) [195,196]. Partial photocatalytic oxidation in aqueous 

phase has as a major process a direct interaction of the substrate with positively charged hole 

resulting in deprotonation and formation of aldehyde from alcohol, while the oxidation with 

superoxide radicals is only the secondary reaction (Fig. 1.12a). This mechanism was 

supported by the application of Cu2+ ions as electron scavengers in TiO2-assisted benzyl 

alcohol photo-oxidation in water under oxygen-free atmosphere. Copper ion by capturing an 

electron is reduced to a lower oxidation state, leaving the hole to react with benzyl alcohol 

[197]. Zhang et al. [195,196] studied the mechanism of the photocatalytically oxidative 
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transformation of alcohols performed in benzotrifluoride (BTF) by using bare TiO2 anatase. 

They discovered the oxygen transfer from molecular O2 to the alcohol. The oxygen atom of 

the alcohol is completely replaced by one of the oxygen atoms of the dioxygen molecule, i.e. 

the process occurs by the selective cleavage of the C–OH bond with the concomitant 

formation of a C=O bond to obtain the final product, where O comes from O2. The 

mechanism proposed by authors (Fig. 1.12b) is the following one. The alcohol molecule is 

adsorbed onto the surface of TiO2 by a deprotonation process, hence it reacts with the 

photogenerated hole on the TiO2 surface forming a carbon radical whereas the electron 

transforms Ti(IV) into Ti(III). Both carbon radical and Ti(III) easily react with O2 and a Ti 

peroxide intermediate is formed. The cleavage of this species gives rise to carbonyl species, 

coming from the partial oxidation of the alcohol.  

The commercially available TiO2 materials usually demonstrate very limited selectivity in 

partial photo-oxidation reactions in water medium [198]. It is assumed that the incorporation 

of certain types of defects is necessary to suppress the formation of hydroxyl radicals on 

titania surface. Thus, only poorly crystalline titanium dioxide containing high percentage of 

amorphous phase is normally applied to selectively oxidise aromatic alcohols [199]. The least 

crystalline titania anatase samples were found to be more efficient in partial oxidation of 4-

methoxybenzyl alcohol reaching the selectivity for 4-methoxybenzyl aldehyde formation of 

42% [200,201]. Rutile poorly crystalline nanoparticles were also active in the same reaction 

[202]. High concentration of crystal defects in such materials inhibits the reaction rate, 

however there is still no consensus among the researchers about the types of defects 

favouring selective photo-oxidation. Obviously, the percentage of the amorphous phase in 

titania photocatalyst is not the property solely determining the selectivity. The whole photo-

oxidation process is considered as a sequence of adsorption (substrate)-oxidation-desorption 

(product), hence the surface properties might play an important role in controlling the 

adsorption phenomena on TiO2 [203,204]. Augugliaro et al. [203] by comparing the selective 

photocatalytic oxidation properties of the home prepared titania nanoparticles and 

commercial Degussa P25, highlighted the importance of surface chemistry of the titanium 

dioxides over the properties of the bulk phase. They established that high content of the 

amorphous phase gave rise to higher hydrophilicity of TiO2 surface in respect to well-

crystalline Degussa P25. The latter is due to the fact that the surface hydroxyls readily 
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adsorbed aromatic alcohols and mineralize them to CO2 and water, while the disordered 

regions on the home prepared titania had higher affinity to molecular water than to the 

organic substrate, which was probed by in-situ FTIR [204]. On one hand, such competition 

between the adsorption of organic substrate and water resulted in much lower reaction rates 

for the home prepared titania, but, on the other hand, it significantly enhanced the selectivity 

towards the formation of corresponding aldehydes. The desorption of the less polar product 

(aldehyde) was also more favourable from the more hydrophilic surface, which constituents 

the second advantage of the home prepared TiO2 before the commercial photocatalyst. 

Despite the reasonable selectivity values for aromatic alcohols to aldehydes oxidation were 

achieved for the low-crystalline TiO2, ranging within 40-70%, depending on the type of the 

substituents on the benzyl ring, the drop of the reaction rate in respect to highly crystalline 

titania would limit its utilization in industry. Since it is widely accepted that the 

photocatalytic activity and selectivity are dependent on the adsorption properties of 

photocatalyst, many researchers assumed that the easiest way to tailor this characteristic is to 

cover titania particles with those of other oxide [75,205-208]. Indeed, in the above mentioned 

works higher reaction rates were achieved compared to pristine titania photocatalysts. Later, 

Tsukamoto et al. [209] demonstrated that titania covered with a shell of WO3 is also an 

efficient material for selective photo-oxidation of benzyl alcohol to benzaldehyde. 

Band positions of g-C3N4 described earlier in Chapter 1.3 eliminate one of the fundamental 

problems of selective photocatalytic oxidation of organic compounds, i.e. their mineralization 

by •OH radicals produced via the reaction of positively charged holes with water. Contrary to 

TiO2, the potential of the VB of carbon nitride is insufficient not only to generate hydroxyl 

radical, but also to oxidise alcohols to aldehydes by hydrogen abstraction on holes. It is 

uniformly accepted that the main reaction species responsible for the partial photo-oxidation 

of organic compounds by g-C3N4 are superoxide radicals formed by the reaction of 

photogenerated electron with molecular oxygen [14]. Expectedly, the appropriate electronic 

properties of g-C3N4 allow reaching very high selectivity values ≥ 99% of aromatic 

hydrocarbons [151] and alcohols [14] oxidation to corresponding aldehydes in organic 

solvent medium. Application of higher than room temperatures along with irradiation 
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significantly enhances reaction rate without affecting the selectivity of the process. The group 

of Antonietty reported high yields of aldehydes/ketones resulting from the photo-oxidation of 

aromatic alcohols by mesoporous g-C3N4 with molecular oxygen in trifluorotoluene [14]. 

They also established that both electron-donating and electron-withdrawing substituents in a 

substrate molecule enhanced the rate of the reaction (Fig. 1.13).    

Although C–H and O–H oxidation promoted by g-C3N4 is of primary interest due to high 

industrial value of these processes, some other interesting selective photo-reactions have also 

been reported. Oxidation of amines to imines under the visible-light is one of them (Fig. 1.14) 

[210]. Metal catalysts used for amine-to-imine oxidation are tend to be deactivated rapidly by 

the poisoning with heteroatoms, thus making the photocatalytic process a promising 

replacement for the conventional catalytic reactions.   

 

Figure 1.12 – Mechanism of TiO2-assisted alcohols photo-oxidation in water (a) and 

benzotrifluoride media (b) [211]. 
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Figure 1.13 – Selective photocatalytic oxidation of aromatic alcohols in the presence of g-

C3N4 in benzotrifluoride [14]. 

The position of the VB for g-C3N4 almost completely eliminates the possibility of the 

formation of hydroxyl radicals, and the generation •OH is only possible via the reduction 

pathway mediating through the production of H2O2, which demands the presence of certain 

type of dopants [212,213]. Strangely, despite that fact, most of the selective photocatalytic 

reaction using carbon nitride are carried out in organic solvents, then the reports on 

application of water as a green medium for such reactions are scarce [214,215].  

 

Figure 1.14 – g-C3N4 promoted photocatalytic oxidation of amines to imines [13]. 
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Selective photocatalytic processes attract great deal of interest of research community 

resulting in the exponential growth of scientific publications on this topic in recent years. Yet, 

to the best of author’s knowledge, the industrial use and commercialization of these reactions 

are still to be put in practice. The current fossil fuel and environmental crises cause that 

enormous investments are made into the sector of biomass valorisation. Photocatalysis being 

an environmentally benign, energy-saving and zero-waste technology meet the requirements 

of the modern-day industry and it is ready to be introduced into the production of high-value 

chemicals from a renewable feedstock. Colmenares and Luque summarized and discussed the 

recent works on the photocatalytic conversion of the most abundant biomass source 

lignocellulosic compounds [216]. High stability and difficulties related to the dissolution of 

lignocellulose complicate the use of photocatalysis to its direct conversion, while saccharides 

resulting from lignocellulose hydrolysis [217] and their oxidised derivatives are much more 

probable objects for the transformation by light-initiated processes. The oxidation of six-

carbons sugars yields 5-hydroxymethyl-2-furfural (HMF), which can be furtherly converted 

to 2,5-furandicarboxaldehyde (FDC) and 2,5-furandicarboxylic acid (FDCA), which are the 

precursors for biopolymers fabrication [218-220]. Several approaches for HMF oxidation, 

using noble metals [221,222] or transition metal phosphates [223,224] as catalysts, have been 

explored. However, the application of high temperatures, as well as expensive noble metals 

[221] makes this process energy-consuming and environmentally unfriendly. The oxidant 

properties of TiO2 are exalted by the relatively lower stability of the pentatomic furanic ring 

compared to the hexatomic aromatic structures, and consequently it is not surprising that the 

highest selectivity of HMF photooxidation to FDC achieved so far is only 22% [225]. 
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Chapter 2 Objectives 

The principle objective of the present Ph. D. Thesis is to develop methods for synthetic and 

post-synthetic modification of titanium dioxide (TiO2) and graphitic carbon nitride (g-C3N4) 

photocatalysts, which would permit tailoring their properties in such a way as to achieve high 

efficiency in photo-degradation of organic pollutants in water medium or to maximize 

selectivity of partial photo-oxidation reactions destined to produce chemicals with high added 

value. In order to reach the established goals, the following specific objective are proposed: 

• Synthesize silica-titania nanoparticles and estimate the effect of silica on structural 

features and surface properties of the composite and their role in methylene blue 

photo-degradation performance under UV irradiation. 

• Develop a new environmentally benign procedure for preparation of thermally stable 

anatase titania nanoparticles using titanium peroxo complex as a precursor. Evaluate 

photocatalytic properties of the synthesized photocatalysts in reaction of UV-assisted 

methylene blue degradation and compare their performance with that of the 

commercial TiO2 photocatalyst. 

• Evaluate the role of nitrogen and oxygen dopants in titania structure on titanium local 

order and photocatalytic performance in the reaction of photo-degradation of aqueous 

pollutant p-cresol and partial photo-oxidation of 5-hydroxymethyl-2-furfural (HMF) 

to 2,5-furandicarboxyaldehyde (FDC) in water medium. 

• Study the applicability of various precursors for high-yield and high-activity graphitic 

carbon nitride preparation and implement thermal exfoliation method, in order to 

enhance specific surface area of g-C3N4 photocatalyst. Establish the principal 

properties governing photocatalytic activity and selectivity of UV- and solar light 

assisted conversion of HMF to FDC. 
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Objetivos 

El objetivo principal de esta Tesis Doctoral es el desarrollo de métodos sintéticos y post-

sintéticos para la modificación de foto-catalizadores que, basados en dióxido de titanio (TiO2) 

y nitruro de carbono grafítico (g-C3N4), alcancen elevada eficiencia en la foto-degradación de 

contaminantes orgánicos en medio acuoso o maximicen la selectividad de reacciones de foto-

oxidación parcial para la generación de productos químicos de alto valor añadido. Con este 

objetivo general, se establecen los siguientes objetivos específicos: 

• Sintetizar nanopartículas de sílica-titania y estimar el efecto de la presencia de sílice 

en las características estructurales y en las propiedades de superficie de los nuevos 

materiales, incluyendo su influencia en la capacidad de foto-degradación de azul de 

metileno bajo irradiación UV. 

• Desarrollar un nuevo procedimiento, ambientalmente benigno, para la preparación de 

nanopartículas de anatasa, térmicamente estables, utilizando peroxocomplejos de 

titanio como precursores, evaluando las propiedades foto-catalíticas de los nuevos 

materiales en la degradación de azul de metileno bajo irradiación UV. 

• Evaluar el efecto del nitrógeno y el oxígeno como dopantes de titania, determinando 

la influencia del entorno local del titanio en el comportamiento foto-catalítico en 

medio acuso de los nuevos materiales, tanto en la foto-degradación de p-cresol como 

en la foto-oxidación parcial de 5-hidroximetil-2-furfural (HMF) a 2,5-

furandicarboxialdehído (FDC). 

Evaluar diferentes precursores para la obtención, mediante exfoliación térmica, de nitruro de 

carbono grafítico con elevado rendimiento y alta actividad foto-catalítica, estableciendo los 
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factores que rigen su comportamiento en la conversión de HMF en FDC asistida por 

irradiación UV y luz solar. 
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Chapter 3 Materials and Methods 

3.1 Materials 

For the synthesis of TiO2 and TiO2-based materials a non-volatile and stable under ambient 

conditions titanium oxysulfate hydrate (TiOSO4·H2O) precursor, containing 17 wt% of 

sulfuric acid, was used. The source of SiO2 was 27 wt% solution of sodium silicate 

(Na2Si3O7) in water purchased from Aldrich. Sodium hydroxide (Prolabo, 99% purity) and 

20% ammonia (Prolabo) were used as precipitation agents and for the pH correction, as well 

was nitric acid (Prolabo). Hydrogen peroxide 30 wt% solution was obtained from VWR. 

Apart from water, ethanol and acetone were used as solvents. To compare the properties of 

the synthesized photocatalysts with the commercial products Aeroxide P25 and TiO2 anatase 

powder (99% purity) were purchased from Aldrich. 

The starting materials for graphitic carbon nitride synthesis were melamine, urea, and 

thiourea. All the chemicals were of analytical grade and used as received from Aldrich 

without additional purification.  

Several substrates were used in order to assess the photocatalytic performance of the 

prepared materials. Methylene blue dye and p-cresol (Aldrich) were used for estimation of 

photo-degradation abilities of the synthesized photocatalysts. HMF (Aldrich, 98% purity) was 

the substrate chosen for the study of its partial photocatalytic oxidation to FDC. FDC 

(Aldrich, 97% purity) and 5-formyl-2-furoic acid (FFA) (Aldrich, 99% purity) were used to 

calibrate GC-MS and HPLC systems. 
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3.2 Synthesis 

3.2.1 Silica-titania preparation 

On the first stage of the synthesis, 50 mL of sodium silicate solution with concentrations 

0.0, 0.025, 0.05, 0.1, 0.14 and 0.18 mol·L-1 was added to 50 mL of 0.1 M solution of TiOSO4. 

The samples were designated as 0TS, 0.1TS, 0.4TS, 0.9TS, 1.3TS, and 1.6TS (where the 

numbers indicate SiO2/TiO2 molar ratio in the synthesized samples, determined by elemental 

analysis). Then the mixtures were hydrolysed with 1.5 M solution of sodium hydroxide, the 

addition of NaOH ended when pH value reached 3.2 (4.0 for 0TS and 0.1TS). The gel-like 

precipitates obtained after alkali addition were centrifuged at 3000 r.p.m. and thoroughly 

washed with deionized water eight times, until the negative reaction for sulphate ions. On the 

next stage, 0.5 mL of 3 M ammonia was added to the precipitate following by ultrasonication 

in 50 mL of distilled water. Then, to the dispersed precipitates 4 mL of H2O2 solution was 

added and pH of the reaction mixtures was adjusted to 7.0 by the addition of ammonia 

solution in order to obtain water-soluble titanium peroxo complexes. Soon, clear transparent 

yellow solutions of titanium peroxo complex and silicic acid were formed. The findings 

concerning dissolution of silica–titania hydrogel in hydrogen peroxide were described 

elsewhere [90,226]. After that, 3 M nitric acid was dropwise introduced to the solution until 

pH reached the value of 2.0. It is worth mentioning that after the addition of acid all solutions 

stayed clear with the exception of samples 0TS and 0.1TS, where the formation of sol was 

observed. Then, the volume of the prepared mixtures was adjusted to 80 mL by deionized 

water and they were transferred to Teflon-lined stainless steel autoclaves having total volume 

of 140 mL for hydrothermal treatment. Hydrothermal treatment was carried out under 

autogenous pressure at 180 ºC during 48 h. In order to establish the role of the precursor, 

silica–titania materials with the equimolar SiO2/TiO2 composition in the reaction mixture 

were also synthesized under conditions of pH not being controlled by ammonia and nitric 

acid addition (PTA–SiO2), by hydrothermal treatment of the gel in the absence of hydrogen 

peroxide after ammonia and nitric acid were added (GelTS), and using separately prepared 

titanium peroxo complex and sodium silicate solution (NH3PT–SiO2). When the treatment 

was over, the precipitates were isolated by centrifugation at 3000 r.p.m., washed with 
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deionized water eight times and dried at 60 ºC for 24 h. In order to eliminate adsorbed water, 

the samples were calcined in static air at 400 ºC for 2 h, but a part of each sample was left as-

synthesized as well. 

3.2.2 Preparation of thermally stable titania anatase nanoparticles 

Firstly, titanium hydroxide was precipitated from 25 mL of 0.2 M titanium oxysulfate 

solution in sulfuric acid by addition of 3 M NH3 aqueous solution, the final pH of the 

precipitate was 9.0. Then, it was centrifuged at 7000 r.p.m. and washed with deionized water 

until a negative reaction for sulphate ions was achieved. The aqueous titanium peroxo 

complexes were synthesized by addition of 4 mL of 30 wt% hydrogen peroxide to the 

precipitates and gradual adjustment of the pH value of the reaction mixture to 9.5 by adding 

ammonia. Finally, clear bright yellow stable solutions were formed and their volumes were 

adjusted to 25 mL. The solutions were cooled in an ice bath in order to prevent fast 

decomposition of H2O2, as well as evaporation of ethanol and acetone. The cooled solutions 

of titanium peroxo complexes were mixed with equal volumes of ethanol or acetone. The 

mixed solutions became turbid immediately, because the hydrous titania particles were 

formed. The obtained suspensions were left for 24 h and then centrifuged at 8000 r.p.m. for 5 

min, after that the pale-yellow precipitates were isolated and washed several times with 

water. For the sake of comparison, the sample prepared in the absence of any organic 

solvents was also investigated. Because the aqueous solution of titanium peroxo complex 

synthesized as mentioned above was stable, it was heated at 50 ºC for 2 h in order to induce 

titanium hydrolysis and precipitation of peroxotitanate gel. The samples prepared by (i and ii) 

isolation of hydrous titania with ethanol or acetone and (iii) gelation of aqueous complex 

solution were designated as TiEt, TiAc and TiAq, respectively. All precipitates were dried at 

70 ºC for 24 h before subjecting to investigation. Also, the samples were thermally treated in 

a muffle furnace at specific temperatures (500 ºC, 800 ºC, 900 ºC and 1000 ºC) at the heating 

rate of 5 ºC min-1 and left for 30 min at each specific temperature before being cooled down. 
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3.2.3 Preparation of nitrogen-doped and oxygen-rich titania 

The titanium dioxide photocatalysts were prepared by the method similar to that described 

by Etacheri et al. [227]. Although titanium oxysulfate hydrate was used instead of titanium 

tetrachloride, a stable water-soluble peroxotitanium complex was eventually formed in both 

cases. Briefly, titanium oxysulfate hydrate containing 5 mmol of TiO2 was dissolved in 

deionized water and then precipitated with 4 mL of 20% ammonia water solution. The 

resulting precipitate of titanium hydroxide was centrifuged at 3000 r.p.m. and thoroughly 

washed with deionized water until the sulphates were no longer detected. On the next step of 

the synthesis, the precipitate was dissolved by adding 3 mL of H2O2 (30 %) and the titanium 

peroxo complex was formed. Ammonia (3 M) was used to adjust pH value of the peroxo 

complex to 9.5, while it was ice-cold. Then, the peroxo complex solution was heated at 50 °C 

while stirring until the complex was gelled. The gel was dried at 70 °C overnight, powdered 

in an agate mortar and calcined in a muffle furnace in air at 400 °C, 500 °C, 600 °C, and 800 

°C. The heating rate was 3 ºС·min-1 and the samples were left for 2 h at the fixed 

temperatures. The prepared photocatalysts were designated as T_x, where x indicates the 

calcination temperature. 

3.2.4 Preparation and exfoliation of g-C3N4 

Bulk graphitic carbon nitride (g-C3N4) samples were prepared via thermal condensation 

method from different precursors as previously reported [158, 228]. 10 g of melamine, 20 g 

of urea or 10 g of thiourea were placed in a ceramic crucible covered with a lid and heated in 

a muffle furnace at 2 ºC min-1 up to 520 ºC, then left for 2 h at the reached temperature and 

slowly cooled down. The g-C3N4 samples derived from the different sources, melamine, urea 

and thiourea, were labelled as MCN, UCN and TuCN, respectively. The bulk carbon nitride 

prepared from melamine (MCN) was used as the precursor for the thermally exfoliated g-

C3N4 nanosheets [229]. To this purpose, 6 g of bulk carbon nitride were powdered in a 

mortar, evenly spread on the bottom of a ceramic bowl with a diameter of 14 cm, calcined in 

a static air atmosphere at 450 ºC, 500 ºC, 520 ºC and 540 ºC by using a temperature ramp of 2 

ºC min-1 and maintained for 4 h at each of the final temperatures. The thermally exfoliated 

carbon nitride samples were coded as MCN 450, MCN 500, MCN 520, and MCN 540. 
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3.3 Characterization 

Thermal analysis of the prepared materials was carried out by means of two 

thermoanalytical systems: NETZSCH 449C simultaneous TG/DTA analyser and Mettler 

Toledo TGA/SDTA851. The studied materials were put in the corundum crucible and heated 

at the heating rate of 10 ºC min-1 under air (20 mL min-1) or oxygen (50 mL min-1) flows 

from 25 ºC to 1000 ºC. The TG, DTA or SDTA curves were registered, the DTG curve was 

obtained by a numerical differentiation of the TG data. 

The crystalline structure of the photocatalysts was determined at room temperature by 

powder X-ray diffraction analysis (PXRD) carried out by using a Panalytical Empyrean 

apparatus, equipped with CuKɑ (λ = 0.15418 nm) radiation source and PixCel1D (tm) 

detector or Rigaku Ultima IV with the similar characteristics. The mean crystal size of the 

TiO2 samples was estimated by Scherrer equation from the (101) reflection of anatase and 

(110) reflection for the rutile phases (7). 

D = 	 $%
&'()*     (7), 

where D is the mean crystal size, k is a dimensionless shape factor, !   is the X-ray 

wavelength, ß is the broadening at half the maximum intensity, and !   is the Bragg angle. 

The amount of amorphous phase content in titania samples was determined by the internal 

standard method. The PXRD data, collected from the samples mixed with 20 wt% of CaF2, 

were refined using MAUD software and the quantity of the amorphous TiO2 was calculated 

using the following expression: 

W"# = 1 − '()*
'+,*

∗ 100%    (8), 
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where Wam is a weight percentage of the amorphous phase, Wstd is the fraction of CaF2 added 

to the sample, and Wxrd is the fraction of CaF2 in the mixture with the titania samples 

determined by PXRD quantitative phase analysis. 

Thermodiffraction analysis was carried out using an X'pert Pananlytical diffractometer in 

air starting from room temperature up to 1000 ºC. 

Micromeritics ASAP 2020 was used to obtain adsorption–desorption isotherms of N2 at 77 

K. The surface area, pore volume and pore-size distribution were calculated from the low-

temperature nitrogen adsorption data using BET and BJH approaches. Prior to the experiment 

the samples were degassed under vacuum at 250 ºC or 350 ºC for 4 h. 

SEM images were obtained by using JEOL JSM-7001F field emission scanning electron 

microscope and equipped with EDX detector; the samples were gold-coated prior to 

observation. The EDX analysis was mainly used to confirm the absence of sulphur in the 

TiO2 samples. 

Transmission electron microscopy (TEM), high resolution transmission electron 

microscopy (HRTEM), selected area electron diffraction (SAED), nanobeam electron 

diffraction (NBD), and EELS (electron energy loss spectroscopy) studies were performed on 

a JEOL JEM-2100F transmission electron microscope operated at an accelerating voltage of 

200 kV, equipped with a field emission gun (FEG) and an ultra-high resolution pole-piece 

that provided a point-resolution better than 0.19 nm. The samples for TEM were dispersed in 

ethanol, sonicated and sprayed on a holey carbon film coated copper grid and then allowed to 

air-dry, finally, Gatan SOLARUS 950 was used before observation. 

Bruker Tensor 27 FTIR and FTIR-8400 Shimadzu spectrometers were used to collect 

infrared spectra of the samples in KBr (Aldrich) pellets with 4 cm-1 resolution and 256 scans.  

RT emission spectra were measured using a standard spectrofluorometer Edinburgh 

Instruments FLSP920 (Edimburgh, Scotland, UK), equipped with a 450W Xe lamp excitation 

source, at an excitation wavelength of 365 nm. 

Diffuse reflectance spectra (DRS) were obtained in air at room temperature in the 250–800 

nm wavelengths range by means of a Shimadzu UV-2401 PC and a Shimadzu UV-2700 
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spectrophotometers, with BaSO4 as the reference material. The BG values were calculated 

from the Kubelka-Munk transformed spectra considering the indirect nature of BG of the 

used semiconductor photocatalysts.  

The binding energies of Ti, O, Si, N, C, and N in the TiO2, SiO2-TiO2, and pristine and 

exfoliated g-C3N4 samples were measured by X-ray photoelectron spectroscopy (XPS) by 

using a SPECS system equipped with a Hemispherical Phoibos analyser operating in a 

constant pass energy, using MgKɑ radiation (h×n = 1253.6 eV). Surface elemental 

composition of the studied materials was estimated using CasaXPS software. The 

deconvolution of the XPS peaks were carried in accordance with the NIST binding energies 

database, using Shirley function to create a baseline and Gaussians function to make spectra 

fit. 

The solid-state 29Si MAS-NMR and 1H–29Si cross-polarization MAS-NMR (CPMAS) 

measurements were recorded on a Bruker Avance III 400WB spectrometer at 79.49 MHz for 
29Si. The experiment was done at room temperature with a sample spinning rate of 4500 Hz 

(45o pulse width of 2.5 µs). For calibration of the 29Si signal position, Q8M8 reference 

material was used. For the MAS-NMR measurement a pulse delay of 180 s was chosen, and 

the number of scans was 3000. For the CPMAS-NMR experiment a pulse delay was 5 s, and 

the number of scans was 1000.  

XANES and EXAFS measurements of titania samples were carried out at Spanish CRG 

BM25A SpLine beamline (REF-A) at ESRF (The European Synchrotron Radiation Facility, 

Grenoble, France (Fig. 2.1)) [230]. X-ray absorption data were collected around Ti K-edge 

using a -70 ºC ethanol cooled double Si(111) crystal, which gave an energy resolution of 

ΔΕ/Ε = 1.5x10-4. The experiment was performed at room temperature in fluorescence mode 

at standard 45° geometry (Fig. 2.2). For fluorescence detection, Sirius liquid nitrogen cooled 

multi-element solid state X-ray detector from e2v was employed. The detector includes 13 

Si(Li) crystal sensors mounted on a low noise electrically restored FETs. Pure commercial 

TiO2 anatase (Aldrich), the nitrogen-doped and the oxygen-rich samples were measured in 

the energy range from 4.8 to 5.7 keV.  
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Demeter package software was used for data processing [231]. Background removal and 

Tröger self-absorption correction in the raw data were carried out using Athena software 

[232]. Artemis software was used to complete the EXAFS data analysis. Pure commercial 

TiO2 anatase sample data were used to build the structural model. Two coordination shells 

around central Ti atoms were fitted in the range from 1.4 Å to 3.5 Å. 

 

Figure 2.1 – The European Synchrotron Radiation Facility. 
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Figure 2.2 – Experimental setup for XAS experiments. 

3.4 Photocatalytic reactions 

3.4.1 Photocatalytic degradation of organic pollutants 

Synthesized silica–titania materials were tested in aqueous phase photocatalytic 

degradation of methylene blue (MB) in a stirred batch reactor. For the experiment, 25 mg of 

each sample calcined in air at 400 ºC for 2 h was taken into a quartz reactor. Then 50 mL of 

aqueous solution of MB with concentration 20 mg·L-1 was added to the catalyst. Firstly, the 

adsorption of MB by the photocatalyst was determined, for this the suspension was 

magnetically stirred in the dark until it reached the adsorption equilibrium (for Degussa P25, 

0TS, 0.1TS, 0.4TS and 0.9TS the equilibrium was reached after 30 min, while longer time 
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was needed to the 1.3TS and 1.6TS samples). Then, the concentration of MB was 

photometrically determined by the absorbance at 664 nm using Shimadzu UV-2700 

spectrophotometer. After the dark experiment the suspension was exposed to ultraviolet 

irradiation. The source of UV-light was the Osram high-pressure mercury 125 W lamp. It was 

equipped with the visible-light filter, which decreased the lamp’s photon flux by half. The 

suspension of the sample and MB solution was constantly mixed and cooled. After irradiation 

started, the aliquots of 5 mL were taken every 30 min during the first 150 min of the 

experiment and then every 60 min to the total of 330 min. The solution was separated from 

the catalyst at 8000 r.p.m. using air-cooling centrifuge, and concentration was 

photometrically determined (absorbance measured at 664 nm). Then, the solution and the 

catalyst were returned back to the reactor, and irradiation continued. Photolysis of the MB 

solution was carried out under the same experimental conditions, but in the absence of 

photocatalyst. The error of MB concentration determination, calculated from the data 

obtained for replicate runs, did not exceed 7%. The total organic carbon (TOC) was measured 

using a Shimadzu TOC-V CSH Analyzer for the MB solution and the most active sample 

after 330 min of irradiation. 

Synthesized by the solvent-exchange method titania materials were tested in aqueous-phase 

photocatalytic decomposition of methylene blue (MB) in a stirred batch reactor. For the 

experiments, 25 mg of each sample previously calcined in air at 500, 800 and 1000 ºC for 30 

min was placed into a quartz reactor. Later, 50 mL of MB aqueous solution (20 mg·L-1) was 

added to the catalyst. Before irradiation, the suspension was magnetically stirred in the dark 

until the adsorption equilibrium was reached in 30 min. Afterward, the suspension was 

exposed to ultraviolet irradiation. The UV-light source was 500 W lamp (Helios Italquartz) 

having maximum emission at 365 nm and equipped with a water-cooling jacket. The reactor 

with suspension was positioned at a distance of 50 cm from the lamp, which gives a light 

intensity of 2.7 W·m-2. The suspension was constantly stirred during the UV-irradiation and 5 

mL aliquots were taken every 30 min during 240 min. The solution was separated from the 

photocatalyst using a centrifuge, and the concentration was determined photometrically by 

the absorbance at 664 nm using a Perkin Elmer Lambda 20 spectrophotometer. After that, the 

solution, together with the catalyst powder were returned back into the reactor and irradiation 

has continued. Photolysis of the MB solution in the absence of catalyst was carried out under 
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the same experimental conditions. It was found that only 1.5% of MB was decomposed under 

these conditions. 

The photocatalytic properties of the N-doped and oxygen rich titania samples were 

evaluated in the reactions of photo-degradation and partial photo-oxidation using p-cresol 

HMF as model compounds, respectively. The tests were carried out in aqueous phase in a 

stirred batch Pyrex reactor containing 1 g·L-1 of the photocatalysts suspended in 100 mL of 

the substrate solutions. The light source was a 500 W lamp (Helios Italquartz) with emission 

maximum at 365 nm and equipped with a water-cooling jacket and positioned at a distance of 

10 cm from the reaction vessel. The selected photocatalytic runs were carried out using a UV-

cutoff filter solution of NaNO2 (2 M). The optimum quantity of the photocatalysts was 

established based on the radiometric studies, and it ensures almost complete light absorption 

for all the samples. Before the radiation started the photocatalysts were suspended in the 

reaction solution with an assistance of ultrasonication and then mixed in the dark for 30 min, 

in order to complete the adsorption-desorption equilibrium. The concentrations of the 

substrates were 10 mg·L-1 (0.093 mM) for p-cresol, as a pollutant, which is normally found in 

water at low concentration levels, and 40 mg·L-1 (0.32 mM), 200 mg·L-1 (1.6 mM), and 400 

mg·L-1 (3.2 mM) for HMF. The aliquots of approximately 2.5 mL were withdrawn from the 

reactor at the fixed time intervals, filtered through a PTFE 0.2 µm filter, and the 

concentrations of all compounds of interest extracted from water solutions in ethyl acetate 

were determined using a Shimadzu 2100 Ultra GC-MS system equipped with a Teknokroma 

TRB-5MS (95%) dimethyl (5%) diphenylpolysiloxane copolymer column. The analysis was 

carried out in a split regime, the injection port was at 250 ºC, the initial column temperature 

was 60 ºC, then the column was heated at 15 ºС·min-1 up to 180 ºС, then the temperature 

increased to 270 ºС at a rate of 40 ºС·min-1 and left for 2 min. Prior to each analytical run 

GC-MS system was calibrated for p-cresol or for HMF and FDC depending on the type of the 

reaction. 
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3.4.2 Photocatalytic conversion of biomass platform molecule HMF 

in the presence of g-C3N4 

The irradiation experiments were carried out in a Pyrex cylindrical photoreactor (internal 

diameter: 32 mm, height: 188 mm, containing 150 mL of aqueous suspension, irradiated by 

six external Actinic BL TL MINI 15 W/10 Philips fluorescent lamps emitting in the 340–420 

wavelength range with the main emission peak at 365 nm (Fig. 2.3). The reaction was carried 

out at about 25 ºC as the reactor open to the atmosphere was provided by a thimble where 

water was allowed to circulate. Selected experiments were carried out in anaerobic condition 

by continuously bubbling N2 throughout the runs to estimate the influence of O2 on the 

reaction. The initial HMF concentration was 0.5 mM at the natural pH. The amount of solid 

photocatalyst used for the experiments was 50 mg, except for the pristine carbon nitrides 

MCN, UCN, TuCN and MCN 450, for which 100 mg were used, due to their poorer light 

absorbance compared to the other samples. In this way, all the entering photons were 

virtually absorbed by the suspension. The impinging radiation energy in the range 315–400 

nm was measured by a radiometer Delta Ohm DO9721 with an UVA probe and its average 

value was 3.4 W·m−2. Some experiments were performed by reusing one of the best materials 

(MCN 520) in order to verify its performance in a series of four consecutive runs. Selected 

scavengers were used in order to establish the reactive species responsible for HMF 

conversion and the selectivity to FDC. Sodium formate (HCOONa) was used as a hole 

scavenger, tert-butylalcohol (t-BuOH) as an •OH radical scavenger, copper (II) 

chloridedihydrate to trap electrons, and p-benzoquinone to scavenge •O2
− radicals. The 

concentration of sodium formate and tert-butyl alcohol scavengers was 5 mM, whereas for 

CuCl2 and p-benzoquinonethe concentration was reduced to 1 mM, which enabled to avoid 

the precipitation of copper hydroxide during the photocatalytic run and to decrease the effect 

of the formed p-hydroxiquinone on the light absorbance by the suspension. 

The photocatalytic reactions under the natural solar irradiation were carried out on clear 

sunny days of 6th, 9th and 18th May 2016 in Palermo (Italy) from 9:30 to 13:30. Typically, 75 

mL of 0.5 mM HMF solution and 25 mg of MCN_520 and MCN_540 samples were 

introduced inside a round-shaped Pyrex batch reactor having a total volume of 125 mL and a 

diameter of 10 cm (Fig. 2.4). The reactor was closed and no gases were fed during the tests as 
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preliminary experiments indicated that O2 deriving from air and present in the system was 

sufficient to induce the oxidation. The suspensions of the carbon nitride samples in HMF 

solution were continuously magnetically stirred and approximately 2.5 mL were withdrawn 

every 30 min and analysed by using the previously described analytical procedure. The 

photon flux was measured every 10 minutes throughout the photocatalytic tests. Moreover, 

selected additional experiments were carried out by using MCN_520 and MCN_540 

photocatalysts under solar light filtered by means of 1M NaNO2 solution (l > 400 nm). 

Samples of the irradiated solution were withdrawn at fixed time intervals and immediately 

filtered through 0.25 µm membranes (HA, Millipore) to separate the photocatalyst particles. 

Liquid aliquots were analyzed by a Thermo Scientific Dionex Ulti-Mate 3000 HPLC 

equipped with a Diode Array detector to identify and to determine the concentration of HMF, 

FDC and 5-formyl-2-furoic acid (FFA). A REZEK ROA. Organic acid H+ column was used 

with a mobile phase of aqueous 2.5 mM H2SO4 solution at flow rate of 0.6 mL·min−1. 

Standards purchased from Sigma-Aldrich with a purity >99% were used to identify the 

products formed during the reaction and to obtain the calibration curves. Additionally, the 

reaction products were identified and selectivity values were confirmed by a GC-MS 

technique using a Shimadzu 2100 Ultra GC-MS equipped with a Teknokroma TRB-5MS 

dimethyl (5%) diphenylpolysiloxane copolymer column. 
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Figure 2.3 – UV-lamps equipped photocatalytic reactor for HMF conversion. 
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Figure 2.4 – Photocatalytic setup for the natural solar light promoted oxidation of HMF.  
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Chapter 4 Results and discussion 

 

4.1 Materials for photocatalytic degradation of organic 

pollutants 

Chapter 4.1 is devoted to the design of TiO2-based photocatalysts aimed for the application 

in photocatalytic degradation of organic pollutants in water medium. This chapter is divided 

into two sub-chapters addressing the questions of increasing the efficiency and reaction rates 

of water contaminants degradation. The controlled crystal growth process and modification of 

the titania surface with dispersed silica species are the factors constituting the improved 

photocatalytic performance of the silica-titania composites. The second part proposes a new 

method for the preparation of titanium dioxide with the increased thermal stability of the 

most active TiO2 anatase phase free of the presence of heteroatoms in its structure, thus 

making a step further to the development of photoactive ceramic materials. 

4.1.1 Silica-titania mixed oxides 

Preparation of silica-titania composite materials in different forms is well-known method of 

improving certain properties of TiO2-based photocatalysts. Core-shell structures appeared to 

be one of the main type of SiO2-TiO2 mixed oxides used in photocatalysis. Silica spherical 

particles, which are easily obtained using Stöber process [233] or via templating procedures 

[234], can support TiO2 nanoparticles crystallized by thermal treatment of the deposited 

titania precursor [235]. Similar architectures show high photocatalytic activity due to the 

exposed titania crystals providing efficient light utilization [236]. Further enhancement of the 
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photo-degradation rates might be achieved eliminating the silica constituent by chemical 

etching with alkali leaving a hollow structure [237]. It is also possible to obtain a reverse 

core-shell composites, where crystalline TiO2 anatase nanoparticles are covered with silica 

layer. In this way, titania gets protection from undesirable effects of high temperature 

treatment one of which is polymorphic anatase-rutile transition [238]. Also, the textural 

properties of silica layer can be tuned producing surface porous structure permitting and 

regulating the access of organic substrate molecules to the photocatalyst surface. 

Sol-gel and solvothermal methods are most commonly used for synthesis of SiO2-TiO2 

architectures. Use of silicon and titanium alkoxides in organic water-free solvents along with 

structure directing agents allows efficient control over hydrolysis, condensation and 

nucleation of Si and Ti oxo-species, hence the desired composition and morphology of the 

composites are achieved [84]. Despite the intended results are obtained, the application of 

alkoxides in organic media for the synthesis brings certain disadvantages for scaling up and 

commercialization. High cost of the above mentioned reactants, low chemical and thermal 

stability of alkoxides, and the necessity of taking certain measures of prevention the contact 

of the precursors with water vapors complicate the industrial production of such materials. 

Although, examples of synthesis of silica-titania materials using inorganic sources of matrix-

forming elements are known [239], they have not got a wide distribution due to complicated 

control of the products properties. Titanium is the element causing most of the problems 

when it gets to hydrolysis of its salts or complexes. Owing to its much higher electropositive 

charge, in comparison with that of Si, it is very susceptible to nucleophilic attack from H2O. 

Fast hydrolysis of Ti compared to that of Si hinders the preparation of homogeneously mixed 

SiO2-TiO2.  

Kakihana et al. [59] carried out an exhaustive study of titanium peroxo complexes and they 

concluded that these compounds are suitable precursors for synthesis of various TiO2 

structures even in water medium. The reports on silica-titania preparation from peroxo 

complexes of titania are scarce, however it was demonstrated that one can control a degree of 

homogeneity in the SiO2-TiO2 system [226]. The mutual mixing of two oxide species is 

another important factor to be considered in synthesis of photocatalytically active materials. 
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Titanium atoms are able to isomorphically substitute Si4+ in SiO2, and also titanium oxo-

species can be dispersed within highly porous silica matrix. These two phenomena provoke 

retardation of titania crystal growth or formation of small TiO2 nanocrystals with large 

amount of defect sites caused by the interaction with SiO2 units. Such effects, although 

favorable for catalytic application, are undesirable in photocatalysis, where high 

semiconductor crystallinity is required. The above mentioned fact states a difficult problem 

of obtaining silica-titania composite, where high content of TiO2 crystalline phase would 

meet the benefits silica contributes to the mixed oxide such as high surface area, 

mesoporosity and surface hydroxylation.  

In the following work, the stated problem is solved by applying two-step sol-gel-

hydrothermal process using stable, inexpensive and widely available Si and Ti inorganic 

sources sodium silicate and titanium oxysulfate, respectively. On the first synthetic stage a 

water-based titanium peroxo complex containing certain quantity of oligomeric silica species 

is produced. The subsequent hydrothermal treatment allows obtaining highly crystalline TiO2 

anatase nanoparticles covered with a thin silica layer. The synthetic conditions are chosen 

such as to inhibit the incorporation of Ti-species into silica and to promote titania crystal 

growth. The thorough study of the properties of the prepared materials using XRD, XPS, 

FTIR, and 29Si MAS-NMR methods along with the test of photocatalytic properties of silica-

titania samples reveals the mechanisms of the composite formation and the causes of superior 

photocatalytic performance of the mixed oxide over pure TiO2. According to the obtained 

data, highly hydroxylated silica species attached to the surface of titania crystals adsorb 

pollutant molecules in the proximity of the surface of photocatalytically active titania.        
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Fig. S1. XRD patterns of (a) PTA-SiO2, (b) GelTS and (c) NH3PT-SiO2 samples. 
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Fig. S2. Band gap energy versus SiO2/TiO2 molar ratio in the mixed oxide samples. 
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Fig. S3. Pore size distribution of the samples (a) 0TS, (b) 0.4TS, (c) 0.9TS, and 1.6TS. 
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Fig. S4. TEM-images of the 0TS sample. 
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1 60.94 10.77 28.29 

2 62.43 11.25 26.33 

3 26.48 20.82 52.69 

*All results in the atomic percents  

Fig. S5. EDS elemental analysis of 0.4TS sample. 
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Spectrum O Si Ti 

1 62.79 6.80 30.41 

2 53.56 8.56 37.89 

3 56.05 7.73 36.22 

4 64.05 15.17 20.78 

*All results in the atomic percents 

Fig. S6. EDS elemental analysis of 0.9TS sample. 
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Figure S7. TEM images of the 1.6TS sample 
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Fig. S8. The spectra of MB solution during photocatalytic decomposition in presence of the 

0.4TS sample. 



 

 69 

 

Fig. S9. Fitting the reaction to the pseudo-first order 
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Fig. S10. Effect of different parameters on photocatalytic activity of the silica-titania samples 
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3.1.2 Thermally Stable Titania Anatase Nanoparticles 

Some aspects of thermal stability of a metastable anatase phase, widely considered as the 

most photocatalytically active one among other titania polymorphs, were discussed in 

Introduction Chapter 1.2.5.  

Pillai et al. persuaded the idea of obtaining highly stable anatase nanoparticles for 

application in self-cleaning and self-disinfecting ceramics, and they developed numerous 

methods of anatase stabilization [132-134]. Despite the majority of such procedures included 

doping of TiO2 with metal or non-metal species, there was one of a particular interest, where 

no heteroatoms were present in the titania structure, but anatase polymorph was stable up to 

900 ºC.  

The following research paper reports a modified method for the preparation of 

unprecedentedly stable anatase nanoparticles, which do not suffer the polymorphic transition 

up to 1000 ºC. In the study, we propose a new solvent-exchange (SE) method based on the 

precipitation of aqueous ammonium peroxotitanate complex with ethanol or acetone. The 

proposed procedure favours the formation of crystalline anatase phase at lower temperature 

than it is usually occurs. Due to the presence of ammonia in the precursor solution, in the 

range of thermal treatment up to 500 ºC nitrogen-doped TiO2 is formed, which is confirmed 

by EELS study. Despite this effect is found for the titania prepared by the SE method as well 

as for TiO2 prepared by directly gelling titanium peroxo complex as did Pillai et al. [227], SE 

anatase nanoparticles possess higher thermal stability. HR-TEM investigation evidences the 

presence of high concentration of crystal defect sites in SE anatase TiO2 nanoparticles, which 

most probably contributes to their extraordinary stability. Moreover, the material obtained by 

SE method has superior photocatalytic activity than its counterpart formed by gelation of the 

peroxo titanium complex, which is due to its higher SSA of 34 m2g-1. SE nanoparticles also 

outrun the commercial Evonik P25 TiO2, if both photocatalysts are treated at temperatures 

equal or higher than 800 ºC. Summarizing, this newly developed synthetic technique allows 

preparation of fine titania nanoparticles with high photocatalytic activity, and it holds 

promise for application in the production of photoactive ceramics.  
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4.2 Selective photocatalytic oxidation on semiconductor 

surfaces 

In this chapter, selective photo-oxidation properties of two well-known semiconductor 

photocatalysts titanium dioxide and graphitic carbon nitride are discussed. For a long period 

of time, the interest towards partial oxidation of organic compounds via photocatalysis had 

been overshadowed by applications of this phenomenon for pollutant degradation, until the 

amount of accumulated knowledge about the principles governing photo-oxidation and an 

impressive data on tailoring of this process finally permitted to develop procedures targeting 

the production of certain valuable compounds through light-initiated reactions. Among the all 

variety of the synthesized photocatalysts g-C3N4 and TiO2 are those meeting the demands for 

high quantum efficiency, low-cost of production, stability and non-toxicity. 

4.2.1 Role of TiO2 defects sites in promoting selectivity of the 

photocatalytic processes 

Titanium dioxide is primarily known for its efficiency for complete degradation of noxious 

organic compounds to CO2 and H2O. Surely, the decomposition induced by photogenerated 

oxidative species does not lead directly to mineralization, but many intermediate compounds 

are formed on the course of reactions. Some of the products of partial oxidation obtained via 

hydrogen abstraction, •OH or superoxide radical attack are valuable molecules such as 

aromatic aldehydes, acids or alcohols. Mild conditions of photocatalytic reactions and almost 

inexhaustible source of energy are found to be tempting enough for the research community 

to consider the application of heterogeneous photocatalysis for organic synthesis. The ways 

of terminating a photo-activated reaction at a certain point, when the desired compound is 

produced, are discussed in details in Chapter 1.4. Introducing the defect sites into TiO2, in 

order to supress hydroxyl radicals generation and favour the desorption of the product, is one 

of those methods. Although non-metal doping of titania is widely applied, the role of N and O 

interstitials in the local arrangement in the titania structural units and the effect they have on 

photo-degradation and partial photo-oxidation performance of TiO2 is barely studied. 



94 Results and discussion 

 

 94 

It is of common opinion that poor crystallinity, or in other words the presence of high 

quantities of amorphous phase, responsible for bulk and surface defects in the photocatalyst, 

is an indispensable property of TiO2 allowing its use in partial photocatalytic oxidation 

reactions in aqueous medium [199, 225]. High content of defects in disordered TiO2 materials 

does not permit a proper evaluation of the effect of heteroatomic dopants on the 

photocatalytic performance. For this reason, in the following study a series of well-crystalline 

anatase titania is considered. The peroxo method of TiO2 nanoparticles preparation described 

by Etacheri et al. [227] satisfies this condition providing both high crystallinity and stability 

of anatase TiO2 phase. The estimation of amorphous phase content by quantitative XRD 

approach using internal standard CaF2 has shown that the concentration of amorphous titania 

does not exceed 8% and it has not evidenced any correlation with N or O dopants content. 

The source of nitrogen in the present synthesis has been ammonia, which constitutes a 

cationic part of ammonium peroxotitanate complex. Calcination of the gelled and dried 

precursors solutions at temperatures 400 ºC and 500 ºC results in the formation of nitrogen-

doped titania with N content of 6 and 2 at%, respectively. The incorporation of nitrogen in 

the form of NOx species into interstitial positions of titania structure shifts the absorption 

edge of TiO2 to 3.05 eV, and also it is responsible for appearance of interband states able to 

harvest visible light. The expected blue shift after the N-dopants are eliminated is not 

observed. Using the combination of XRD, XPS, and especially EXAFS techniques, it has 

been established that the introduction of nitrogen interstitials provokes formation of oxygen 

vacancies in the first coordination shell of Ti. The consecutive removal of N-species under 

high-temperature treatment leaves the net-charge of TiO2 imbalanced, which triggers the 

capture of atmospheric oxygen during the calcination. The captured oxygen is firstly 

adsorbed on the surface of titania and then it gradually diffuses to the interior aiming to 

occupy the vacant sites in the titanium environment. This oxygen is present in the titania 

structure in the form of interstitial species causing elongation of crystallographic c parameter 

and expansion of anatase TiO2 cell. The interstitial oxygens according to the calculations 

made by other research groups and by the experimental data demonstrated in the following 

study form superoxide and peroxide species, which influence the electronic properties of 

TiO2 and shift its BG to lower energies. 
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The test of pollutant photo-decomposition properties of the prepared materials is intended 

to demonstrate the effect of N and O dopants on the degradation rate of p-cresol. It has been 

shown that the presence of N-species inhibits the UV-assisted photo-degradation of p-cresol, 

even despite the fact that N-TiO2 samples have superior SSA. The primary reason for the 

inhibition is the charge separation on nitrogen-doping defect sites in TiO2, which is probed by 

PL study. The O-doped TiO2 demonstrate somewhat higher rates of p-cresol degradation 

exceeding that of N-doped by a factor of 1.4. Although, the values of BG observed for the 

both types of doped titania are almost the same, the presence of the interband states in the N-

TiO2 favours more efficient harvesting of visible light resulting in higher rates of p-cresol 

photocatalytic decomposition if the NaNO2-filter, cutting-off the irradiation with wavelengths 

below 400 nm, is applied.  

If O-doped TiO2 is preferred for the application for photo-decomposition of organic 

pollutants, N-doped titania shows better performance if there is a need for selective formation 

of partial oxidation compounds. The partial photo-oxidation of a biomass platform molecule 

HMF to FDC, having a potential application in biopolymer production [218-220], in the 

presence of N-TiO2 gives the selectivity to FDC formation of 34%, while this value for the O-

doped TiO2 at the same HMF conversion is only 20%. The higher selectivity of N-TiO2 is 

explained by the low affinity of the partial oxidation product to the photocatalyst surface and 

inhibition of hydroxyl radicals formation. Thus, the following work does not only show the 

detailed investigation of Ti local structure in nitrogen and oxygen doped titania, but gives a 

basis for a rational design of TiO2-based photocatalysts for specific applications.   
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4.2.2 Thermally exfoliated g-C3N4 for selective photocatalytic 

oxidation of HMF in aqueous phase 

As it is discussed previously in Introduction Section, the major reason behind the 

successful application of carbon nitride for the oxidative conversion of organic 

compounds aiming to produce valuable products is the inability of g-C3N4 to directly 

oxidise H2O by photogenerated hole and form unselective powerful oxidants •OH 

radicals. The photocatalytic reaction promoted by this catalyst usually involves 

superoxide radicals, which are mild oxidative species efficiently converting alcohols and 

producing the corresponding aldehydes. 

The most accessible way to prepare g-C3N4 at reasonable quantities is by direct 

condensation of N-containing organic precursors such as melamine, urea or thiourea 

(Chapter 1.3). The condensation of urea gives the most active photocatalyst, which is due 

to its lower VB position and higher SSA compared to the g-C3N4 synthesized from 

melamine and thiourea sources. However, it also shows the worst selectivity toward FDC 

formation from HMF reaching only 22%, while other precursors thiourea and melamine 

resulted in the formation of more efficient photocatalysts for which the same parameters 

are 27% and 28%, respectively. On the basis of this preliminary experiment it has been 

decided to continue the reaction studies using g-C3N4 derived from the most accessible 

precursor melamine, which also gives the highest yields. Unfortunately, the as-prepared 

carbon nitride possesses a negligible SSA of only 7 m2g-1 complicating its efficient 

application in photocatalytic processes. Despite a numerous nanocasting methods were 

elaborated to overcome this drawback, the complications and elevated costs 

accompanying them have forced us to opt for a simple thermal exfoliation technique 

[229]. Thermal treatment applied in order to exfoliate the bulk g-C3N4 has found to be 

favourable not only for improving the reaction rate, but also it has positively affected the 

selectivity of HMF to FDC conversion. Even when the bulk g-C3N4 is treated at low 

temperature at 450 ºC, which does not increase the material’s SSA and consequently does 
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not noticeably affect the reaction rate, it demonstrates much higher selectivity of HMF to 

FDC oxidation reaching 37%. Following increase of thermal exfoliation temperature 

gradually enhances the SSA and the HMF conversion rate and eventually approaching the 

selectivity value of 44%. The XPS study evidences the elimination of low-condensed 

species from g-C3N4 and partial removal of the surface amino-groups. One might 

conclude that the presence of basic functionalities on the photocatalyst surface is 

deteriorating for the selectivity of HMF to FDC photo-oxidation. Another outstanding 

carbon nitride property is its BG, which permits utilization of visible-light for 

photocatalyst activation. The photocatalytic oxidation of HMF carried out under natural 

light illumination has demonstrated a remarkable performance superior by the measures 

of reaction rate and selectivity than that observed for the laboratory reactor equipped with 

UV-lamps. The findings presented in the following research work make a step further for 

the application of photocatalysis for selective photo-conversion under natural solar light 

irradiation using water as a green solvent and oxygen as the environmentally-friendly 

oxidiser. 
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FTIR spectroscopy of these solids confirmed the carbon nitride structure of the materials, 

showing no significant differences between the samples synthesized from the different 

precursors (Fig. 1S). The bands in the regions of 1632, 1560, 1410, 1325, 1250 cm-1 are 

typical for the stretching vibrations modes of heptazine heterocyclic ring (C6N7) units [1]. 

The absorption at 887 and 804 corresponds to the N-H deformation mode and a bending 

mode of the triazine units respectively. Uncondensed amino groups bands can be noticed 

between 3500-3000 cm-1.  
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Figure S1. FTIR spectra of the carbon nitride samples prepared from different precursors.  
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Figure S2. Tauc-plot of the g-C3N4 samples prepared from different precursors. 
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Figure S3. Adsorption-desorption N2 isotherms obtained for (•) MCN, (¨) UCN, (+) TuCN 

samples prepared from different precursors. 
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Figure S4. Photolysis under UV light of HMF (A) and FDC (B). FDC (¢) and FFA (¢). 
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Figure S5. HMF conversion in the presence of different loadings of MCN sample: 200 mg 

(�); 100 mg (u); 50 mg (+) and 25 mg (x). 
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Figure S6. Evaluation of FFA concentration versus time (A) or versus the FDC concentration 

(B) during HMF photocatalytic partial oxidation runs carried out in the presence of MCN 

(¢), UCN (�), and TuCN (u) samples.  
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Figure S7. Thermogravimetric study of MCN and MCN_540 samples. 

 

Figure S8. FTIR data of (¾) MCN and thermally exfoliated (¾) MCN_450, (¾) MCN_500, 

(¾) MCN_520, and (¾) MCN_540 samples. 
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Table S1. XPS deconvolution data  

Peak 

position, 

eV 

Assignment HWHM 

MCN MCN_450 MCN_500 MCN_520 MCN_540 

398.4 C-N=C 0.94 0.95 0.91 0.93 0.94 

400.0 N(C)3 0.79 0.76 0.87 0.96 1.0 

401.1  C-N-H 0.82 0.75 0.8 0.86 1.5 

Relative integrated peak intensity 

C-N=C / N(C)3 

1.64 1.86 1.85 1.96 3.54* 

284.8 C-C 0.94 0.95 0.91 0.93 0.94 

286.1 C-NH2 0.79 0.76 0.87 0.96 1.0 

288.0 N-C=N 0.82 0.75 0.8 0.86 1.5 

289.7 C=O 0.88 0.78    

289.2 C-O   1.21 0.88 0.95 

* an unrealistic value of the ratio of C-N=C/N(C)3 integrated peak intensity is attributed to the enhanced contribution of 

some unknown nitrogen species, which also resulted in larger HWHM values 
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Figure S9. Adsorption-desorption N2 isotherms obtained for the exfoliated (�) MCN_450, 

(▼ ) MCN_500, (+) MCN_520, and (*) MCN_540 g-C3N4 samples.  
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Figure S10. DR UV-vis spectra of the g-C3N4 and thermally exfoliated C3N4 samples 
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Figure S11. Correlation of SSA of the carbon nitride samples with the initial reaction rate 

(A) and with the HMF converted per m2 of the photocatalyst (B). Correlation of the band gap 

energy of the carbon nitride samples with the HMF initial reaction rate (C), and FDC 

formation (D). 
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Figure S12. (A) Comparison of selectivity values for FDC formation obtained using HPLC 

and GC-MS techniques at 30 % of HMF conversion; (B) Identification of the HMF 

photooxidation reaction products by GC-MS method. 
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Figure S13. Evaluation of FFA concentration formed during the photocatalytic oxidation of 

HMF in the presence of the non exfoliated MCN (�), MCN_450 (▲), MCN_500 (▼), 

MCN_520 (+) and MCN_540 (*) (A) and concentration of FFA plotted versus the 

concentration of formed FDC in the reaction solution (B). 

 

Figure S14. Photocatalytic decomposition of HMF (�) and FDC (�) over MCN_540. 
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Figure S15. Effect of various scavengers on the photocatalytic conversion of HMF. 

MCN_540 in the absence of scavenger (�); t-BuOH (u); NaCOOH (u); 

 p-benzoquinone (x); N2 (*); CuCl2/N2 (▲). 

 

Stability tests of the material 

The experimental procedure to test the material stability is reported in the following 

(MCN_520 was chosen as a representative sample). After the photocatalytic experiment 

described in the experimental section, the catalyst was left to settle and then the liquid was 

poured. Hence, water was added and the solid stirred for one hour and left to settle again 
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overnight. The liquid was poured and a solution of HMF 0.5 mM was added in the 

photoreactor to carry out the subsequent experiment. This procedure was repeated three 

times. Conversions and selectivities obtained in the runs are reported in Figure S16. 
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Figure S16. HMF conversion and the corresponding selectivity to FDC after 240 minutes of 

irradiation in the presence of MCN_520 by using the same powder. 
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Chapter 5 Conclusions 

In the present Ph.D. Thesis, the methods of modification of the two most widespread 

photocatalysts TiO2 and g-C3N4 via the synthetic as well as the post-synthetic approaches 

have been studied. It has been demonstrated that the rational design of the semiconductors’ 

bulk and surface can tailor their photocatalytic properties toward better photo-degradation of 

organic pollutants in water medium or toward more efficient partial photo-oxidation of 

biomass platform molecules. Special attention has been paid to establish the relationship 

between the structural and surface properties of the materials with their photocatalytic 

performance in the photo-induced reactions. 

1. With regard to the synthesis and photocatalytic application of silica-titania 

nanostructures: 

• A new two-step co-precipitation-hydrothermal procedure for the preparation 

of silica-titania nanoparticles using aqueous titanium peroxo complex and 

oligomeric silicic acid as sources of TiO2 and SiO2, respectively, has been 

developed.   

• In contrast to many conventional syntheses of SiO2–TiO2, silica in the 

developed method promotes titania crystal growth instead of supressing it, 

which is due to a low degree of Ti incorporation in SiO2 and to the adsorption 

of silica species on the titania seeds separating them from each other, thus 

controlling the crystal growth. 

• The molar ratio of SiO2 to TiO2 equalling 0.4 in the mixed oxide is found to be 

the optimal for providing a uniform particle size distribution, and 

demonstrating the superior performance in photocatalytic decomposition of 

methylene blue under UV-irradiation. 
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• We attribute the enhanced photocatalytic activity of the synthesized mixed 

oxides in comparison to pure TiO2 to the adsorption of methylene blue on the 

silanol groups belonging to the dispersed silica species located in the 

proximity of the crystalline anatase TiO2 facilitating its subsequent 

decomposition. 

2. With regard to the synthesis and photocatalytic application of thermally stable TiO2 

anatase nanoparticles: 

• A new solvent-exchange method for preparation of TiO2 nanoparticles 

accomplished by the precipitation of hydrous titania from aqueous solution of 

ammonium peroxotitanate with organic solvent has been developed. 

• The prepared titania nanoparticles maintain high SSA of 34 m2 g–1 even after 

thermal treatment at 800 ºC. 

• The synthesized titania nanoparticles possess unprecedented thermal stability 

of anatase phase up to 1000 ºC. Even after thermal treatment at 1000 ºC for 6 

h the material is still composed of 60 % of anatase and 40% of rutile phases.  

• It has been confirmed by HR-TEM that the principal reason for the 

stabilization of a metastable anatase phase is the formation of defects in the 

titania nanostructure. 

• The photocatalytic activity of the prepared TiO2 materials thermally treated at 

temperatures higher than 800 ºC is superior to that of the commercial 

Aeroxide P25 photocatalyst treated at the same conditions.   

• The thermal stability of anatase up to the sintering temperatures, along with its 

high photocatalytic activity, offer new possibilities to prepare a wide range of 

self-cleaning and anti-bacterial TiO2-based ceramic materials to meet medical 

and domestic needs. 

3. With regard to the study of nitrogen-doped and oxygen-rich titania and their 

photocatalytic performance: 

• Detailed titanium local order investigation by applying XAS techniques has 

allowed us to reconsider the mechanism of the oxygen-rich titania formation. 
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• Thermal decomposition of ammonium peroxotitanate complex in the 

temperature range of 400–500 ºC leads to the formation of nitrogen-doped 

TiO2. 

• Nitrogen has found to be present in the oxidised form in titania anatase 

structure and occupy interstitial positions located at a distance of 2.4 Å from 

the central Ti atom. 

• The incorporation of nitrogen interstitials provokes the formation of oxygen 

vacancies in the first coordination shell of titanium.  

• The nitrogen-dopants is removed if N-TiO2 is treated at temperatures equal or 

higher than 600 ºC in air. The elimination of the N-species causes a charge 

imbalance in the titanium environment, thus initiating the process of capture of 

atmospheric oxygen and formation of oxygen interstitial dopants. 

• The incorporation of O2 in titania provokes expansion of anatase 

crystallographic cell and increases the coordination number of Ti to 7 by 

forming peroxo-bridged oxygen species in the titanium environment. 

• Nitrogen and oxygen interstitial dopants have a similar effect on the titania BG 

slightly reducing it to 3.10 eV in comparison to that of commercial titania 

anatase, which has BG of 3.20 eV. Apart from that, the presence of nitrogen 

interstitials causes formation of mid-gap states with energies of approximately 

2.30 eV. 

• Oxygen-rich titania demonstrate superior photo-degradation of p-cresol under 

UV-irradiation than its nitrogen-doped counterpart, while under visible light 

N-TiO2 is found to be more efficient photocatalyst due to the presence of mid-

gap states. 

• Nitrogen-doped titania has found to be able to selectively oxidise HMF to 

FDC in water medium reaching the selectivity values in the range of 30% to 

40%, while oxygen-rich TiO2 tends to unselectively degrade the organic 

substrate. 

• It has been proposed that the surface nitrogen species residing in N-TiO2 

suppress formation of hydroxyl radicals and adsorption of the reaction product 
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(FDC), thus contributing to higher selectivity in the partial photo-oxidation 

reaction. 

4. With regard to the study of partial photo-oxidation of HMF to FDC using graphitic 

carbon nitride as photocatalyst: 

• Among three most common carbon nitride precursors (melamine, urea, and 

thiourea), melamine has found to be the optimal choice due to higher yields of 

g-C3N4 obtained by its condensation and relatively high selectivity of HMF to 

FDC oxidation reaching 30% under UV irradiation.  

• Thermal exfoliation of bulk g-C3N4 does not only lead to the enhancement of 

the rate of HMF conversion by a factor of 2.5, but also increases the selectivity 

for FDC production up to 43%. 

• The selectivity increase observed for the thermally exfoliated carbon nitride is 

due to the partial elimination of uncondensed –NH2 sites. 

• The photocatalytic experiments under natural solar light irradiation have 

shown that, despite the band gap energy of the carbon nitride allows 

harvesting a small portion of visible light, the UV fraction of the solar 

spectrum contributed to a greater extent to the excitation of the photocatalytic 

material. It has also been observed that the exfoliated g-C3N4 shows even 

better activity and selectivity to FDC formation under real outdoor 

illumination, reaching 50% at 40% of HMF conversion in aqueous medium. 
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Conclusiones  

En esta Tesis Doctoral se han desarrollado, aplicado y estudiado distintos métodos para la 

modificación de dos familias de foto-catalizadores, basadas en TiO2 y g-C3N4 

respectivamente, basados en medios sintéticos y tratamientos post-sintéticos. Se ha 

demostrado la influencia de las propiedades estructurales y texturales de los semiconductores 

en la optimización de sus propiedades foto-catalíticas en procesos de foto-degradación de 

contaminantes orgánicos en medio acuoso y de foto-oxidación parcial de moléculas 

plataforma derivadas de la biomasa, prestando atención especial a la búsqueda de conexiones 

entre las características estructurales y superficiales de los materiales y su actividad y 

selectividad en los procesos foto-catalíticos. 

1. En lo que se refiere a la síntesis y aplicación foto-catalítica de nano-estructuras de 

sílica-titania: 

• Se ha desarrollado un nuevo método en dos etapas, que incluye la co-

precipitación y el tratamiento hidrotermal, para obtener nanopartículas de 

sílica-titania, usando el complejo peróxido de titanio y ácido silícico 

oligomérico, como fuentes de TiO2 y SiO2, respectivamente.   

• En contraste con otros procedimientos convencionales para la síntesis de 

sistemas SiO2–TiO2, en el nuevo método, la sílica promueve el crecimiento de 

los cristales de la titania, como consecuencia del bajo nivel de incorporación 

de Ti en el SiO2 y la presencia de especies de sílica en la superficie de los 

cristales de la titania, que controlan los procesos de la cristalización. 
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• Se ha establecido que el material de relación molar 0.4:1 (SiO2:TiO2) presenta 

una distribución de tamaño de partículas especialmente uniforme, mostrando 

la mayor actividad foto-catalítica de toda la serie en la degradación del azul de 

metileno bajo irradiación UV.      

• El incremento de la actividad foto-catalítica observado en los materiales SiO2–

TiO2, en comparación con la titania pura, se atribuye a la capacidad de 

adsorción del azul de metileno de los grupos hidroxilo de la sílica dispersa en 

las inmediaciones de anatasa cristalina.  

2. En lo que se refiere a la síntesis y la aplicación foto-catalítica del TiO2-anatasa 

térmicamente estable: 

• Se ha descrito un nuevo método de intercambio de disolventes para la 

preparación de nano-partículas de TiO2. La síntesis desarrollada implica la 

precipitación de titania hidratada desde una disolución acuosa de 

peroxotitanato de amonio, asistida por un disolvente orgánico.  

• Las nanopartículas de titania obtenidas mantienen elevada área superficial 

específica (SSA = 34 m2 g–1) después de su tratamiento térmico a 800 ºC.    

• Las nanoparticulas de titania sintetizadas poseen alta estabilidad térmica de la 

fase anatasa (después de tratamiento a 1000 ºC durante 6 horas, la relación 

anatasa:rutilo es 60:40). 

• Estudios de microscopia electrónica de transmisión de alta resolución (HR-

TEM) relacionan la estabilidad térmica de la fase metaestable (anatasa) con la 

existencia de defectos en la nano-estructura de la titania. 

• Cuando la temperatura de tratamiento supera los 800 ºC, la actividad foto-

catalítica de los nuevos materiales es superior a la del foto-catalizador 

comercial, Aeroxide P25, tratado en las mismas condiciones.  

• El mantenimiento de la estabilidad térmica de la anatasa hasta temperaturas de 

sinterización, ofrece nuevas posibilidades para la preparación de materiales 

cerámicos basados en TiO2 con actividad foto-catalítica y, por tanto, con 

propiedades auto-limpiantes y anti-bacterianas. 

3. En lo que se refiere al estudio estructural de titania dopada con nitrógeno y titania 

oxigenada y sus propiedades foto-catalíticas:  
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• El estudio detallado del orden local utilizando métodos de espectroscopia de 

absorción de rayos X (XAS) ha permitido reconsiderar el mecanismo 

propuesto para la formación de titania oxigenada.   

• La descomposición térmica del complejo de peroxotitanato de amonio en el 

rango de temperatura 400–500 ºC resulta en la formación de dióxido de titanio 

dopado con nitrógeno (N-TiO2).  

• El nitrógeno se incorpora a la estructura de la titania (anatasa) en forma 

oxidada, ocupando posiciones intersticiales a una distancia media de 2.4 Å del 

átomo Ti. 

• La incorporación de nitrógeno intersticial en la titania produce vacantes de 

oxígeno en la primera esfera de coordinación del titanio. 

• En aire, el tratamiento de N-TiO2 a temperaturas superiores a los 600 ºC 

provoca la eliminación de las especies nitrogenadas, causando un desequilibrio 

de carga en el entorno del titanio, que propicia la captura de oxígeno 

atmosférico en los espacios intersticiales.  

• La incorporación de especies O2 a la titania provoca la expansión de la celdilla 

unidad de la anatasa y el aumento del número de coordinación del Ti hasta 

llegar a 7, con formación de puentes peroxo en su entorno. 

• La separación de bandas (BG) de la titania se reduce (3.10 eV) en 

comparación con el valor característico de la titania (anatasa) comercial (3.20 

eV) en muestras dopadas tanto con nitrógeno como con oxígeno. Además, la 

presencia de nitrógeno intersticial propicia la aparición de estados “mid-gap” 

con energías próximas a 2.30 eV.      

• En comparación con las muestras N-TiO2, la titania oxigenada presenta mayor 

actividad en la foto-degradación del p-cresol bajo radiación UV. Sin embargo, 

los estados “mid-gap” hacen que el foto-catalizador dopado con nitrógeno sea 

más eficiente bajo luz visible. 

• La titania dopada con nitrógeno es capaz de oxidar selectivamente el 5-

hidroximetil-2-furfural (HMF) hasta 2,5-furnadicarboxaldehido (FDC) en 
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medio acuoso, alcanzando selectividades del 30–40%. Por el contrario, el TiO2 

oxigenado degrada el sustrato no-selectivamente.   

• Las especies nitrogenadas superficiales presentes en los materiales N-TiO2 

impiden la formación de radicales hidroxilo y la adsorción del producto de 

reacción (FDC), contribuyendo así a la alta selectividad en la reacción de foto-

oxidación parcial. 

4. En lo que se refiere al estudio de la foto-oxidación parcial del HMF hasta FDC 

utilizando nitruro de carbono grafitico (g-C3N4) como foto-catalizador: 

• De los tres precursores más comunes del g-C3N4 (melamina, urea y tiourea), la 

melamina se ha mostrado como la mejor opción para la preparación de nitruro 

de carbono, proporcionando rendimientos satisfactorios y alta selectividad en 

la oxidación del HMF a FDC bajo irradiación UV.  

• La exfoliación térmica del g-C3N4 genera un material más eficiente, con un 

notable incremento en el grado de conversión del HMF y un aumento en la 

selectividad hacia la producción de FDC. 

• El aumento de selectividad observado en el nitruro de carbono exfoliado se 

atribuye a la eliminación parcial de fragmentos parcialmente condensados 

(grupos –NH2). 

•  Bajo irradiación solar, el g-C3N4 exfoliado muestra una destacable actividad y 

selectividad en la obtención de FDC a partir de HMF, siendo la fracción UV 

del espectro la principal responsable de la excitación del material foto-

catalítico, a causa de que el nitruro de carbono solo puede utilizar una pequeña 

porción de la luz visible. 
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