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SYNTHÈSE EN FRANÇAIS

Il est désormais bien établi que les sources d'énergie propres et les questions environnementales constituent des enjeux majeurs pour le 21 ème siècle. Ainsi, les ressources limitées en énergies fossiles et les règles environnementales de plus en plus strictes suscitent un effort de recherche considérable pour découvrir des sources d'énergie durables, efficaces et respectueuses de l'environnement. Tout d'abord, l'hydrogène (H 2 ) produit à partir de ressources renouvelables possède un très grand potentiel comme source d'énergie du futur. D'autre part, les problèmes environnementaux aigus liés à l'utilisation industrielle de composés organiques toxiques nécessitent des solutions urgentes. Dans ce contexte, les processus photocatalytiques à la surface d'oxydes métalliques semi-conducteurs ont fait l'objet ces deux dernières décennies d'intenses recherches au niveau mondial car ils constituent des alternatives efficaces, respectueuses de l'environnement et peu coûteuses aux méthodes conventionnelles dans les domaines de la purification de l'eau et de l'air, et de la production « verte » d'hydrogène. Cependant, les recombinaisons rapides des paires électrontrou générées par illumination conduisent à une diminution drastique des performances photocatalytiques ce qui a empêché l'industrialisation de cette technologie. Pour tracer de nouvelles perspectives dans ce domaine, ce travail a pour but d'améliorer les processus photocatalytiques en diminuant les phénomènes de recombinaison via un transfert de charge vectoriel. Dans ce but, de nouveaux photocatalyseurs à base d'hétérostrcutures ont été développés en déposant des oxydes aux propriétés conductrices métalliques sur des matériaux semiconducteurs ou en associant deux semiconducteurs dont les niveaux des bandes sont correctement positionnés.

Dans ce contexte, trois types d'hétérostructures telles que des nanomatériaux à base d'hétérojonction semiconducteur n/semiconducteur n (SnO 2 /ZnO), metal/semiconducteur n (RuO 2 /TiO 2 and RuO 2 /ZnO) et semiconducteur p/semiconducteur n (NiO/TiO 2 ) ont été synthétisées, caractérisées et leurs propriétés photocatalytiques étudiées lors de la dégradation de colorants organiques et la production d'hydrogène (H 2 ). Dans ce qui suit, chaque type de catalyseur est décrit et discuté, une attention particulière étant portée sur les mécanismes de séparation des charges à l'interface des hétérostructures conduisant à des performances photocatalytiques améliorées dans la décomposition du bleu de méthylène (MB) et de l'orangé de méthyle (MO), d'une part, et, de la production de H 2 , d'autre part. Pour chaque système, nous décrivons un nouvel outil efficace, mettant en jeu une combinaison des données de spectroscopie de photoélectron X (XPS) et UV (UPS) et de spectroscopie UV-visible en réflexion diffuse, pour déterminer précisément l'alignement des bandes ce qui a ensuite permis de comprendre les propriétés photocatalytiques des matériaux synthétisés.. Dans un premier temps, le système SnO 2 /ZnO a été étudié comme un modèle de photocatalyseur constitué d'une hétérojonction semiconducteur n/semiconducteur n de manière à établir la méthodologie scientifique générale développée dans ce travail. Des nanomatériaux mésoporeux SnO 2 /ZnO (rapport molaire 1:1) ont tout d'abord été préparés avec succès via une procédure par voie liquide en deux étapes mettant en jeu la synthèse de nanoparticules de SnO 2 par précipitation en milieu homogène associée à un traitement hydrothermal, puis la réaction de ces particules avec de l'acétate de zinc suivie d'une calcination. Les études réalisées par spectroscopie UV-visible en réflexion diffuse ont montré que l'énergie de la bande interdite des hétérostructures SnO 2 /ZnO était déplacée dans le rouge par rapport au SnO 2 pur. Une attention particulière a été apportée à la détermination de l'alignement des bandes à l'interface de l'hétérojonction SnO 2 /ZnO. La spectroscopie XPS été utilisée comme une méthode de détermination directe du décalage des bandes de valence (VBO) dans les hétérostructures SnO 2 /ZnO. Le décalage des bandes de valence (VBO) ∆E V dans l'hétérostructure SnO 2 /ZnO a été calculé à partir de l'équation ( 1) Un alignement des bandes de type II (Figure 1) avec un décalage des bandes de valence (VBO) de ∆E V = 0.7 ± 0.05 eV et des bandes de conduction (CBO) de ∆E C = 0.2 ± 0.05 eV a aussi été déterminé. Les photocatalyseurs SnO 2 /ZnO présentent une activité plus élevée pour la dégradation du MB sous irradiation UV que les nanomatériaux purs SnO 2 et ZnO (Figure 2A). La constante de vitesse de dégradation normalisée par l'aire spécifique BET du nanocomoposite SnO 2 /ZnO a été estimée à 12.1 x 10 -4 g m -2 min -1 ce qui est 1,7 fois supérieur à celle de SnO 2 pur (7,1 x 10 -4 g m -2 min -1 ) et environ 1,4 fois supérieur à celle de ZnO pur (8,9 x 10 -4 g m -2 min -1 ). Cette vitesse de dégradation supérieure observée dans le cas de nanocomoposites ont été estimées à 3.56 x 10 -3 g min -2 min -1 et 0.92 x 10 -3 g min -2 min -1 pour la dégradation du MB et du MO, respectivement, ce qui est 1,7 et 1,3 fois plus rapide que ce qui a été mesuré dans les mêmes conditions avec TiO 2 hydrothermal pur et TiO 2 P25, respectivement. En outre, le recyclage des nanocomposites a été réalisé avec succès, aucune diminution de l'activité photocatalytique n'ayant été détectée après recyclage, ce qui confirme la stabilité des photocatalyseurs. D'autre part, la production de H 2 sous irradiation UV en présence de méthanol comme piège à trous a également été réalisée avec ce système.

∆E V = - - - - ⋅ ⋅ ⋅ 2 2 ) ( ) (
Quelle que soit la teneur en RuO 2 , la vitesse de production de H 2 sur les photocatalyseurs RuO 2 /TiO 2 est plus élevée que celle observée dans les mêmes conditions sur TiO 2 hydrothermal pur et TiO 2 P25 (Figure 5A). Par ailleurs, le photocatalyseur 5 wt% RuO 2 /TiO 2 a conduit à l'activité photocatalytique la plus élevée avec une vitesse moyenne de production de H 2 de 618 µmol h -1 (Figure 5B) ont été estimés à 0,42 ± 0,05 eV ce qui a été attribué à la courbure de bande à l'interface de La plus grande activité photocatalytique pour la production de H 2 a été obtenue pour l'ensemble de la gamme de teneur en NiO étudiée (Figure 11A). La quantité optimale en NiO a été trouvé à 1% en masse avec une vitesse de production moyenne de H 2 de 2693 µmol h -1 g -1 (Figure 11B). A notre connaissance, le nanocomposite 1 wt% NiO/TiO 2 développé par voie sol-gel dans ce travail cosntitue le système NiO/TiO 2 le plus efficace jamais rapporté pour générer du H 2 . Toutes les experiences ont été effectuées pendant 3 h dans des conditions identiques. Volume de solvant 10 mL (H 2 O: méthanol = 1:1), quantité en photocatalyseur : 0.05 g.

Le mécanisme expliquant l'activité photocatalytique plus élevée des nanocomposites NiO/TiO 2 pour la dégardation de colorants organqiues et la production de H 2 est présenté Finalement, l'utilisation de polluants organiques comme donneurs d'électrons à la place du méthanol pourrait permettre de réduire les coûts de production de H 2 tout en permettant simultanément la production de H 2 et la dégradation de composés organiques indésirables.

Les eaux usées contenant des polluants organiques tels que les colorants azo peuvent être considérées comme des donneurs adéquats pour cette application. La démonstration d'un tel concept pourrait avoir ainsi un impact industriel considérable. Processes involved in photocatalytic water splitting on a semiconductor particle .................. 17 
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I.1. General introduction

As global population growth and economic development continue to ramp up, clean and sustainable energy production along with environmental concerns have emerged as the top issues and challenges for humanity over the past decade. Thus, the exponential growth of human population and the intensification of agricultural and industrial activities led to a continuous increase in the demand for earth's limited supply of freshwater. In this context, protection of natural water resources and development of new technologies for water and wastewater treatment became key environmental issues of the 21 st century. On the other hand, the increasing awareness of the limited availability of Earth-abundant fossil raw materials currently stimulates numerous efforts to find benign and sustainable alternatives.

Besides attempts to use more renewable as basic chemical feedstock, the sufficient supply of the growing energy demand of the world's population is one of the major challenges for science and engineering. 1 Therefore, the development of novel efficient processes to convert the energy from a renewable source is of utmost importance. Among the various resources for energy, hydrogen is of particular interest as it permits an efficient conversion of chemical energy into electrical energy using a fuel cell, while producing water as the only product. 2 Thus, a clear advantage of a hydrogen economy is the significant reduction in the emission of greenhouse gases.

Photocatalysis is a promising technology in the field of green technology.

Photocatalysis is a catalytic process occurring at the surface of semiconductor materials under the irradiation of photons. It is an important chemical process that underpins the development of critical renewable energy and environmental technology such as photocatalytic water/air purification, hydrogen production from water splitting, and high efficiency/low cost solar cells. Currently the practical applications of this very attractive photocatalytic technique are, however, greatly restricted due to low separation probability of the photoinduced electronhole pairs in the most stable semiconductor photocatalysts. Therefore, the big challenge for the researchers in the field of photocatalysis is to develop the photocatalysts that enhance the charge carriers separation providing industrial application for environment remediation and hydrogen production.

I.2. Water Treatment

Water is one of the most important natural resources on the planet upon which all life depends. About 75% of the earth's surface is covered by water. About 97% of the earth's water is salt water in the oceans and 3% is fresh water contained in the poles (in the form of ice), ground water, lakes and rivers, which supply most of human and animal needs. 3 Almost 69% from this tiny 3% of the world's fresh water is locked up in glaciers, icecaps, permanent snow cover of both poles, mountainous regions and in Greenland. Thirty percent of all fresh water is underground, most of it in deep, hard-to-reach aquifers. Only 0.25% of the freshwater on Earth is contained in river systems, lakes and reservoirs, which are the water we are most familiar with and the most accessible water source to satisfy human needs in our daily lives. 3 Therefore, saving water to save the planet and to make the future of mankind safe constitutes a key issue for modern societies. Due to the rapid development of industrialization, population growth, society, science, technology our world is reaching to new high horizons but the cost which we are paying or will pay in near future is surely going to be too high. Rapid industrial growth and the worldwide population explosion have resulted in a large escalation of demand for fresh water, both for the household needs and for crops to produce adequate quantities of food. Besides other needs the demand for water has increased tremendously with agricultural, industrial and domestic sectors consuming 70%, 22% and 8%

of the available fresh water, respectively and this has resulted in the generation of large amounts of wastewater containing a number of 'pollutants. 4 One of the important classes of the pollutants is dyes. Millions of various colored chemical substances have been generated

within the last century or so, 10,000 of which are industrially produced. 5 On a global scale, over 0.7 million tons of organic synthetic dyes are manufactured each year mainly for use in the textile, leather goods, industrial painting, food, plastics, cosmetics, and consumer electronic sectors. 6 About 1-20% of the total global production of dyes is lost during the dyeing process and is released into the environment as textile effluent. 5,7 The impact of these dyes on the environment is a major concern because of the potentially carcinogenic properties of these chemicals. Besides this, weathering of these organic dyes through oxidation, hydrolysis, anaerobic decoloration or other chemical reactions occurring in the wastewater phase can produce potential carcinogens which impart adverse effect on animal and human health. 8 The wastewater which is colored in the presence of these dyes can block both sunlight penetration and oxygen dissolution, which are essential for aquatic life. Thus there is a considerable need to treat efficiently these colored effluents before discharging them to various water bodies.

I.2.1. Conventional wastewater treatment technology and their drawbacks

Various approaches on handling and decontamination of effluents have been reported

in the literature. 9 The conventional method for treating these effluents can be divided into three categories: biological, chemical and physical. These conventional methods for treatment of effluents are ineffective because either they fail to achieve complete color removal or ineffectiveness on pollutants that are not readily adsorbable or volatile. Furthermore, they have further drawbacks since they simply transfer the pollutants to another phase which again creates disposal problems. Biological treatment requires large land area and is constrained by sensitivity toward diurnal variation as well as toxicity of some chemicals, and it shows less flexibility in design and operation. 10 Although many organic molecules can be degraded by this way, many others are recalcitrant due to their complex chemical structure and synthetic organic origin. 11 On the other hand chemical methods use huge amount of chemicals and produce large volume of sludge which itself requires treatment. This method is very expensive too. Different physical methods such as membrane filtration processes (nanofiltration, reverse osmosis, electrodialysis, . . .) and adsorption techniques are widely used. The major disadvantage of the membrane processes is that they have a limited lifetime before membrane fouling occurs and the cost of periodic replacement must thus be included in any analysis of their economic viability. Liquid phase adsorption is one of the popular methods for the removal of pollutants from wastewater. Activated carbon is widely employed as adsorbent for the treatment of water and wastewater. However, the operating cost of activated carbon adsorption is high. Problems of regeneration and difficulty in separation from the wastewater after use are the two major concerns of using this material.

I.2.2. Advanced oxidation processes (AOPs)

It has been frequently observed that pollutants not amenable to biological treatments may also be characterized by high chemical stability and/or by strong difficulty to be completely mineralized. In these cases, it is necessary to adopt reactive systems much more effective than those adopted in conventional purification processes. As a response, the development of newer eco-friendly methods of destroying these pollutants became an imperative task. Thus, over the past decade, many research efforts have been devoted around the world to develop a newer, more powerful, and very promising technique called Advanced

Oxidation Processes (AOPs) to treat the contaminants of drinking water and industrial effluents. AOPs are defined as "near ambient temperature and pressure water treatment processes which involve the generation of hydroxyl radicals in sufficient quantity to effect water purification". 12 Although it is claimed that there are other species involved, the active species responsible for the destruction of contaminants in most cases seems to be the hydroxyl radical (OH • ) which is unstable and quite reactive. Due to the instability of OH • radical, it must be generated continuously "in situ" through chemical or photochemical reactions. 13 The hydroxyl radical (OH • ) is a powerful, non-selective chemical oxidant, which acts very rapidly with most organic compounds. After fluorine, the hydroxyl radical is the second strongest known oxidant (see Table 1) having an oxidation potential of 2.8 V versus NHE (Normal Hydrogen Electrode). 14 It is able to oxidize and mineralize almost every organic molecule, yielding CO 2 and inorganic ions. One of the mechanisms for the oxidation of organic molecules by hydroxyl radical is the abstraction of hydrogen from organic molecules (Eq. 1). 14 This reaction generates organic radicals which by addition of molecular oxygen yield peroxyl radicals (Eq. 2). These intermediates initiate thermal (chain) reactions of oxidative degradation, leading finally to carbon dioxide, water, and inorganic salts. Besides hydrogen abstraction, electron transfer to hydroxyl radicals (Eq. 3) constitutes another mechanism of oxidative degradation. Reaction

(3) combined with a subsequent proton transfer can hardly be differentiated from Eq. 1.

• • + → + R O H RH HO 2 (1) Products RO O R 2 2 → → + • • (2) - HO RX HO → → + • • RX (3)
The reaction scheme demonstrates clearly that rate and efficiency of oxidative degradation processes, which are primarily based on the production and the reactivity of radical intermediates, depend on the energy needed in order to homolyze a given chemical bond, and to a large extent on the concentration of dissolved molecular oxygen. 14 AOPs can be classified into two main groups: (1) Non-photochemical AOPs and (2) Photochemical AOPs. Non-photochemical AOPs include cavitation, 15 Fenton 16 and Fentonlike processes, 17 ozonation at high pH, 18 ozone/hydrogen peroxide, 19 wet air oxidation 20 etc. Photochemical oxidation processes include (i) homogenous processes such as vacuum UV photolysis, 21 UV/H 2 O 2 , 22 UV/O 3 , 23 UV/ O 3 / H 2 O 2 , 24 photo-Fenton, 25 etc, and heterogeneous photocatalysis processes. 26

I.2.3. Heterogeneous photocatalysis

Among the AOPs, heterogeneous photocatalytic process utilizing the near UV radiation to photo-excite a semiconductor catalyst in the presence of oxygen has received considerable attention as a promising method for degrading both aquatic and atmospheric organic contaminants. This process involves the acceleration of photoreaction in the presence of semiconductor photocatalysts. The process is heterogeneous because there are two active phases, solid and liquid. Photocatalysis differs from other AOPs because it employs low energy UV-A light, and reusable catalysts, and it does not require addition of any other strong oxidants. This process can also be carried out utilizing the near part of solar spectrum (wavelength shorter than 380 nm ) what transforms it into a good option to be used at big scale. One of the major applications of heterogeneous catalysis is photocatalytic oxidation to achieve partial or total mineralisation of gas phase or liquid phase contaminants to benign substances. The oxidizing species generated in photocatalytic process are either bound hydroxyl radicals or free holes. Even though degradation begins with a partial degradation, the term photocatalytic degradation usually refers to complete photocatalytic oxidation or photomineralisation, essentially to CO 2 , H 2 O, NO 3 -, PO 4 3-and halide ions. 27 The advantages of heterogeneous photocatalysis process over other conventional methods can be summarized as follows: (i) the processes can be carried out under ambient condition Summing up all these benefits and advantages, heterogeneous photocatalysis provides a cheap and effective alternative to clean water production and environmental remediation.

I.2.3.1. Electronic structure of semiconductor photocatalysts

For a better understanding of the subsequent discussions, it will be crucial to clarify a few fundamental definitions that are the most relevant to this context. An isolated atom exhibits discrete electronic energy states characterized by the quantum numbers n (shells), l (subshells), m l (number of states in each subshell) and m s (spin moment, +1/2 and -1/2). If two atoms are in close proximity, the electrons surrounding each atom start to interfere with each other, starting with the electrons of the outer shell. Each energy level will split into two due to the Pauli Exclusion Principle that states that each quantum state can be occupied by no more than one electron in an electron system such as an atom, molecule, or crystal. A solid is an assembly of a huge number N of atoms instead of the two atoms. As a consequence, when N atoms are brought close together, the energy levels that were identical in isolation split into N closely spaced but distinct energy levels. 28 Since the maximum and minimum energy allowed for each orbital is not dependent on the number of atoms but on nearest-neighbor interactions, the energy "width" over which these levels can split is limited. When N becomes large, the levels are so closely spaced that it is possible to consider them as a continuum of energetic states forming an "electronic energy band". The electron in the valence band can be excited thermally or optically. Under thermal excitation electrons are promoted from the valence band to the conduction band, with the concomitant formation of an equal number of holes in the valence band. In addition, light absorption by semiconducting materials lead to the generation of electron-hole pairs. The magnitude and the energy of the absorption process depend on the band structure of the semiconductor.

I.2.3.2. Basic principle of photocatalysis

In the photocatalytic oxidation process, organic pollutants are destroyed in the Figure I-2: Schematic photoexcitation in a semiconductor photocatalyst followed by deexcitation pathways. 29,31 The excited state conduction-band electrons and valence-band holes can then follow several pathways. The photoinduced electrons transfer to adsorbed organic or inorganic species or to the solvent results from migration of electrons and holes to the semiconductor surface. The electron transfer process is more efficient if the species are pre-adsorbed on the surface. 32 While at the surface the semiconductor can donate electrons to reduce an electron acceptor (usually oxygen in an aerated solution) (pathway C), a hole can migrate to the surface where an electron from a donor species can combine with the surface hole oxidizing the donor species (pathway D). The probability and rate of the charge transfer processes for electrons and holes depends on the respective positions of the band edges for the conduction and valence bands and the redox potential levels of the adsorbed species.

In competition with charge transfer to adsorbed species is electron and hole recombination. Recombination of the separated electron and hole can occur in the volume of the semiconductor particle (pathway B) or at the surface (pathway A) with the simultaneous release of heat.

Oxygen is the usual electron acceptor employed in studies aimed at using of semiconductor photocatalysis for environmental cleaning; its role in these reactions has been the focus of attention of several theoretical and experimental studies. 33 It is generally admited that photogenerated electrons can reduce molecular oxygen to O 2 •-, 34 which can be subsequently transformed into other chemical species, such as HO possibly HO • radicals. 31,35 These activated oxygen species may take part in the oxidation of the organic electron donor. 35,36 On the other hand, photogenerated holes can oxidize the electron donor (also referred to as the "hole scavenger"), either via the formation of reactive species such as surface-bound HO • radicals or through direct reaction with adsorbed organic molecules. 37 Together, these reactions can ultimately result in the complete photomineralization of the organic compounds to carbon dioxide, water, and mineral acids.

I.2.3.3. Mechanism of generating oxidizing species

The heterogeneous photocatalysis is a complex sequence of reactions. The oxidizing pathway is not yet fully understood. In classical heterogeneous photocatalytic process, the reaction itself occurs in the adsorbed phase and the overall process can be decomposed into five independent steps: 30 on the semiconductor photocatalysts (SC) as shown by Eq. ( 5) and Eq. ( 6), respectively. 

+ + → + (6) 
To oxidize hydroxide ions or water, the oxidation potential for reaction (5) and (6) must lie above (i.e., be more negative than) the upper energy level position of the semiconductor valence band.

It is generally accepted that oxygen plays an important role in photocatalysis. Oxygen can trap conduction band electrons to form superoxide ion O 2 •as shown in Eq. ( 7). These superoxide ions can react with hydrogen ions (formed by water splitting), forming HO 2

• .

- • - + → + 2 2ads CB O SC O ) SC(e (7) 
• + - • → + 2 2 HO H O (8) 
H 2 O 2 could also be formed from HO 2

• species according to the following reaction

2 2 2 - CB O H H O ) SC(e → + + + - • + SC (9)
The photogenerated hydrogen peroxide undergoes further decomposition to yield hydroxyl radicals.

• → + 2HO hν O H 2 2 (10) - • • + + → + HO O HO O O H 2 2 2 2 (11) SC HO HO ) SC(e O H - CB 2 2 + + → + - • (12)
It should be mentioned that it takes three electrons to produce one hydroxyl radical through the above pathway, but it takes only one hole to produce a hydroxyl radical from adsorbed water or hydroxyl group. Therefore, most of the hydroxyl radicals are generated through hole reactions. Nonetheless, the presence of electron scavengers (adsorbed oxygen) is vital for prolonging the recombination and successful functioning of the photocatalysis process. Eq. ( 7) depicts how the presence of oxygen prevents the recombination of electronhole pairs, while allowing the formation of superoxide radicals. On the other hand, without the presence of water molecules, the highly reactive hydroxyl radicals could not be formed and impede the photodegradation of liquid phase organics. This was evidenced from a few reports that the photocatalytic reaction cannot proceed in the absence of water molecules. 39 The hydroxyl radical generated from the oxidation of adsorbed water where it is adsorbed as OH -is the primary oxidant for the degradation of organic pollutants. Oxidation of organic compounds proceeds through a number of free radical reactions, producing a large number of intermediates, which in turn, undergo oxidative cleavage, ultimately resulting in the formation of carbon dioxide, water and inorganic ions. In the photocatalytic degradation of pollutants, when the reduction process of oxygen and the oxidation of pollutants do not advance simultaneously, there is an electron accumulation in the CB, thereby causing an increase in the rate of recombination of - CB e and + VB h . 29,30 

I.2.3.4. Photocalysts and its requirement for photocatalysis

The band edge position of the semiconductor is one of the most important and useful parameters that must be considered for using as photocatalyst. Knowledge of the band positions or flat band potentials is useful in as much as they indicate the thermodynamic limitations for the photoreactions that can be carried out with the charge carriers. The ability of a semiconductor to undergo photoinduced charge carrier transfer to adsorbed species on its surface is governed by the band energy positions of the semiconductor and the redox potentials of the adsorbed species. The energy level at the bottom of the conduction band is actually the reduction potential of photoelectrons and the energy level at the top of the valence band determines the oxidizing ability of photoholes, each value reflecting the ability of the system to promote reductions and oxidations, respectively. 40 The flatband potential which is fixed by the nature of the material and the proton exchange equilibria, determines the energy of the two charge carriers at the interface. From a thermodynamic point of view, adsorbed couples can be reduced photocatalytically by conduction band electrons if they have redox potentials more positive than the flat band potential of the conduction band and can be oxidized by valence band holes if they have redox potentials more negative than the flatband potential of the valence band. 31,41 However, the primary criteria to get a good semiconductor photocatalysts for organic compound degradation are that the redox potential of the H 2 O/ OH • (HO -= OH • + e -, E o = -2.8 V) couple lies within the band gap domain of the material and that they are stable over prolonged periods of time. 29 An ideal photocatalyst should possess the following characteristics: (i) photoactive; (ii) have the ability to utilize visible and/or near-UV light; (iii) biologically and chemically inert; (iv) photostable (not prone to photoanodic corrosion); (v) inexpensive and (vi) non-toxic. 42 The band edge positions of several commonly used semiconductors are presented in In view of the utilization of energy (solar or UV light), semiconductors with lower band gap energy are more desired; however, the low band gap semiconductors usually suffer from serious stability problems. Such semiconductors show a tendency towards photoanodic corrosion. In the case of p-type semiconductor, the band gaps are too small and most suffer from seriously stability problems. As a result, p-type semiconductors are rarely used in semiconductor photocatalysis. It is generally found that only n-type semiconducting oxides are stable towards photoanodic corrosion, although such semiconductors usually have so large bandgaps that they can only absorb UV light.

Among the semiconductors shown in Figure I-3, some oxide and chalcogenides have enough band gap energies to be excited by UV or visible light, and the redox potentials of the edges of the valence band and conduction band can promote a series of oxidative and reductive reaction. Nonetheless, some of the candidates do not have long term stability in aqueous media. For example, the metal sulphide semiconductors, especially cadmium sulphide (CdS) and zinc sulphide (ZnS), are unstable since they undergo photoanodic corrosion, while hematite (α-Fe 2 O 3 ), although absorptive in the visible region, is not a suitable semiconductor because of photocathodic corrosion. 44 Tungsten oxide (WO 3 ) can also be activated in the visible region but it is generally less photocatalytically active than titanium dioxide (TiO 2 ). However, TiO 2 is so far the most useful photocatalyst for widespread environmental application, owing to its outstanding optical and electronic properties, chemical stability, non-toxicity and low cost. TiO 2 exists mainly in three different crystalline forms: rutile (tetragonal), anatase (tetragonal) and brookite (orthorombic). 45 Rutile is the thermodynamically stable form, whereas anatase and brookite are metastable and are readily transformed to the thermodynamically stable rutile upon calcination at temperatures exceeding ~ 600 °C. 46

I.3. Hydrogen production

Energy production and environmental challenges are paramount issues in the 21 st century. If the current birth rates remain at their current levels, the global population is predicted to reach 10 billion people by 2100, and primary energy consumption is projected to increase exponentially. 47 Total worldwide annual primary energy consumption was 532.8 exajoules (532.8 x 10 18 joule) in 2008. It is expected to approach 770 exajoules by the year 2035 due to global production and population. 48 Fossil fuels such as oil, coal and natural gas play an important role to meet this huge demand in the development of global economy, providing all the energy for industry, agriculture, transportation and daily life. About 80 percent of the world total primary energy supply derived from the combustion of the fossil fuels. Thus, it is foreseeable that excessive exploration and over consumption of fossil fuels resulting from the rapid growth of world economy and the on-going increase of the world population will cause a depletion of limited fossil energy resources in near future. On the other hand, emission of pollutants, such as CO x , NO x , SO x, soot, ash, droplets of tars, and other organic compounds resulting from the combustion of fossil fuels has caused enormous global climate problems, including the greenhouse effect, acid rain and other air pollution problems. To effectively address the depletion of fossil fuels and the serious environmental problem accompanying their combustion, modern society has been searching for a new form of energy that should, in principle, be a clean, renewable, cheap, safe, and viable alternative to fossil fuels and nuclear energy. So far, many forms of sustainable energy such as wind, geothermal, hydroenergy, and solar energy have been used. In particular, solar energy is one of the best sources of renewable energy as the energy from solar radiation accounts for a total of 5.457 x 10 18 MJ annually. 49 One important clean fuel that has received a great deal of attention over the past few decades is hydrogen. Hydrogen is the simplest element and the most abundant gas in the universe. Hydrogen can be easily used in fuel cells for the generation of electricity without emission of CO 2 emission. Moreover, H 2 molecules have higher energy content per weight than coal and gasoline. [START_REF] Wilhelm | [END_REF] The energy yield of hydrogen gas is as high as 122 kJg -1 , which is 2.75 times higher than that of hydrocarbon fuels, and 5 times higher than that of methanol and ethanol. 51 Thus, hydrogen is considered as a viable alternative fuel and energy carrier for the future.

At present, about 95% of hydrogen consumed in the world is mainly produced from fossil fuels by stream reforming and thermal cracking of natural gas, coal gasification and electrolysis. The fossil resources are not feasible hydrogen resources since they cannot be replenished with the time scale of our lifetime and the additional emission of carbon dioxide from them will exceed the natural capacity and contribute to the global warming. Thus, the hydrogen produced in such ways cannot be regarded as a really environmentally benign fuel.

Therefore, the best way of producing hydrogen is to utilize an alternative energy, such as hydropower, wind energy, and solar energy, to carry out the water-splitting reaction. Among these alternative energies, solar energy is the most promising approach since region-related limitations are less rigorous as compared to wind energy and hydropower. Hydrogen production via solar water splitting generally can be categorized into 3 types: (1) thermochemical water splitting; (2) photobiological water splitting, and (3) photocatalytic water splitting. 52 Among these, photocatalytic water splitting is the most promising technology to produce "clean" hydrogen. In comparison with thermochemical and photobiological water-splitting techniques, it shows the following advantages: (1) reasonable solar-to-hydrogen efficiency; (2) low process cost; (3) the ability to achieve separate hydrogen and oxygen evolution during reaction; and (4) small reactor systems suitable for household applications, thus providing for a huge market potential. 52 Using a powdered photocatalyst for water splitting is the simplest method, as shown in Figure I-4. In a process that mimics photosynthesis, photocatalyst powders dispersed in water absorb solar energy and convert water into H 2 and O 2 . Even though the separation of H 2 and O 2 evolved from the water splitting reaction is a disadvantage, the problem can be solved by using a Z-scheme photocatalyst system. Furthermore, powdered photocatalysts have an advantage for large-scale application of water splitting because of its simplicity. Therefore, H 2 from photocatalytic water splitting is a green and sustainable chemistry which can overcome energy and environmental issues resulting in an energy revolution. 

2H 2 O → 2H 2 + O 2 (13) 
The half-reactions are described as follows

2H 2 O + 4h + → O 2 + 4H + (14) 2H + + 2e -→ H 2 (15) 
The water-splitting reaction is the conversion of photon energy into chemical energy accompanied with a largely positive change in the Gibbs free energy (Eq. 13). It mimics the photosynthesis of green plants. Therefore, photocatalytic water splitting has the perspective of an artificial photosynthesis in chemistry. Based on the Gibbs free energy change of uphill reactions, photocatalytic water splitting is distinguished from photocatalytic degradation reactions such as photo-oxidation of organic compounds using oxygen molecules that are generally downhill reactions. 53

I.3.1.2. Basic principle of photocatalytic hydrogen generation

The Honda-Fujishima effect of water splitting using a TiO 2 electrode was reported in the early 1970s, where TiO 2 electrode irradiated with UV light generated electrons and holes. 54 The photogenerated electrons reduced water to form H 2 on a platinum (Pt) counter electrode while holes oxidized water to form O 2 on the TiO 2 electrode with some external bias by a power supply or pH difference between a catholyte and an anolyte. This concept, which emerged from the use of photoelectrochemical cells with semiconductor electrodes, was later applied by Bard to the design of a photocalytic system using semiconductor particles or powders as photocatalysts. and are oxidized by the holes to form O 2 for overall water splitting. Important points in the semiconductor photocatalyst materials are the width of the band gap and levels of the conduction and valence bands. For H 2 evolution to happen, the conduction band potential of the semiconductor must be more negative than proton reduction potential of 0.0 V vs NHE at pH = 0 (-0.41 V at pH = 7). The potential of the valence band edge must be more positive than the oxidation potential of water of +1.23 V vs NHE at pH = 0 (+0.82 V at pH = 7). 57 Therefore, the minimum photon energy thermodynamically required to drive the reaction is 1.23 eV, which corresponds to a wavelength of ca. 1000 nm. However, there is an activation barrier in the charge transfer process between the photocatalyst and water molecules requiring photon energy greater than the band gap of the photocatalyst to drive the overall water-splitting reaction at a reasonable rate. In addition, the backward reaction, i. 6. To study the photocatalytic activity for hydrogen generation under UV light using methanol as sacrificial reagent.

II.1. Introduction

Semiconductor particles when subjected to the bandgap excitation behave as shortcircuited electrodes, with both oxidation and reduction processes occurring on their surfaces. 1 Thus two critical processes determine the overall quantum efficiency for interfacial charge transfer. These are the competition between the recombination and the trapping of the charge carriers, followed by the competition between the recombination of the trapped charge carriers and the interfacial charge transfer. It is known that the charge separation/migration and recombination are two competitive processes, and the recombination of photogenerated electrons and holes is the major limitation in semiconductor photocatalysis as it reduces the overall quantum efficiency and hinders potential industrial applications. 2 When recombination occurs, the excited electron reverts to the valence band without reacting with adsorbed species non-radiatively or radiatively, dissipating the energy as light or heat. 3 Recombination may occur either on the surface or in the bulk and is in general facilitated by impurities, defects or all factors which introduce bulk or surface imperfections into the crystal. Serpone et al. 4 found that localization (trapping) of the electron as a Ti 3+

species occurred with a time scale of about 30 ps and about 90% or more of the photogenerated electron/hole pairs recombined within 10 ns. The reduction of the recombination of photogenerated electrons and holes by accelerating their separation as well as the rapid charge transportation to their proper active sites for the redox reactions is essential for the achievement of high photocatalytic activity.

II.2. Approaches for efficient charge separation

A variety of approaches has been proposed to promote the charge separation and 7 The synthesized coupled semiconductors significantly enhance the photocatalytic efficiency by decreasing the recombination rate of the photogenerated electron-hole pairs and present potential application in water splitting, organic decomposition, and photovoltaic device. 8 These composites were also considered as promising materials to develop a high efficiency photocatalyst activated with visible light.

They can also compensate the disadvantages of the individual components and induce a synergistic effect such as an efficient charge separation and improvement of photostability. 9 the CB of the semiconductor with higher conduction band edge to the CB of the semiconductor with lower conduction band edge. In turn, the holes are injected in opposite direction, that increases the rate of charge separation and reduces the electron-hole pairs recombination. Depending upon the morphology, the heterostructure photocatalysts can be contact type or core/shell type. Although the charge separation mechanism in both contact type and core/shell type semiconductors is the same, the interfacial charge transfer is significantly different. 10 The charge transfer processes involved in contact type and core/shell type semiconductor systems are shown in Figure II-2. In contact type semiconductor system the two particles are in contact with each other and both holes and electrons are accessible for selective oxidation and reduction process on different particle surfaces. On the other hand, in core/shell type heterostructures the electrons get injected into the energy levels of the core semiconductor (if it has a conduction band potential which is lower than that of the shell).

Therefore, only one charge carrier is accessible at the surface in a core/shell type semiconductor system, thus making selective charge transfer possible at the semiconductor electrolyte interface. The other charge carrier (here electron) gets trapped within the inner semiconductor particle and is not readily accessible for the reduction reaction. However, in the coupled heterostructure composite nanoparticles, no electric field is necessary, as the charge separation is achieved by the tunnelling of electrons. 

II.2.2. Metal/semiconductor heterostructure nanocomposites

Another effective method for increasing the life time of the photogenerated electronhole pair and hence reducing their recombination is to deposit noble metals on the surface of semiconductors. Earlier investigation revealed that metal/semiconductor composites enhance the efficiency of the photocatalytic process, wherein metal deposits depending upon the work function serve as passive sink for electrons or holes, hindering the recombination. Due to different work function of the metal and semiconductor, a space charge region is created upon their contact and a built-in potential facilitate to drive the separation and transportation of photogenerated electron-hole pairs similar to that in the coupled semiconductors. The details mechanism of forming space charge region at metal/semiconductor interface will be discussed in the next section.

II.2.3. Scavenging of electrons and holes

Scavenging of photogenerated electrons or holes is another strategy to reduce the recombination and increase the photocatalytic efficiency. In the absence of suitable electron acceptor or donor, the recombination step is predominant and thus it limits the quantum yield.

First of all, it is crucial to prevent the electron-hole recombination to ensure efficient photocatalysis. Dissolved molecular oxygen is generally used as an electron acceptor in heterogenous photocatalytic reactions. ) on the photocatalytic degradation of various pesticides and herbicides to enhance the formation of hydroxyl radicals as well as to inhibit the electron/hole pair recombination. 13,14 In all cases the addition of oxidants has resulted in higher pollutant degradation rate compared to the molecular oxygen. For example, H 2 O 2 can trap the photogenerated electron to stabilize the electron-hole pairs (reaction scheme 1).

Reaction scheme 1

H 2 O 2 + e -→ • OH + OH - (1) 
H 2 O 2 +O 2 • → • OH + OH -+O 2 (2) 
H 2 O 2 + • OH → H 2 O+OH 2 • (3) OH 2 • + • OH → H 2 O+O 2 (4) 
Additional • OH radicals yielded via the reaction between H 2 O 2 and e -or O 2 • ( Eq. ( 1) and Eq.

(

) 2 
) is expected to promote the degradation of pollutants. However, the excess H 2 O 2 would trap the • OH radicals through Eq. ( 3) and Eq. ( 4).

On the other hand, adding electron donors (sacrificial reagents or hole scavengers) to react irreversibly with the photo-generated valence band holes can enhance the photocatalytic electron/hole separation resulting in higher quantum efficiency. By choosing a suitable hole scavenger the photogenerated electron can be selectively trapped in the surface states of the semiconductor particles from which they undergo a photocatalytic reduction reaction with a dissolved reactant. Thus, in water-splitting reaction, oxygen is normally not desired in the photoreduction process as it competes with the substrate for the photogenerated electrons.

Organic compounds (hydrocarbons) are widely used as electron donors for photocatalytic hydrogen production as they can be oxidized by valence band holes. The remaining strong reducing conduction band electrons can reduce protons to hydrogen molecules. EDTA, methanol, ethanol, cyanide ions (CN -), lactic acid and formaldehyde have been tested as hole scavengers and proved to be effective to enhance hydrogen production. 15 Photocatalytic decomposition of pollutants and photocatalytic production of clean hydrogen fuel can take place simultaneously when the pollutants are acted as electron donors.

II.2.4. Charge carrier trapping

Charge carrier trapping is associated with trapping the photogenerated electron, hole or both. Charge carrier trapping is an alternative technique to suppress recombination and increase the life time of electrons and holes to above a fraction of a nanosecond for efficient photocatalytic activity in a semiconductor. 2 During the preparation of colloidal and polycrystalline photocatalysts, surface and bulk irregularities naturally occur. The irregularities are associated with surface electron states which differ in their energy from the bands present in the bulk semiconductor. These electron states serve as charge carrier traps and may help to suppress the recombination of electrons and holes. 2 On the other hand, these defects may also be involved in the enhancement of recombination.

II.3. Band bending

When a semiconductor comes into contact with another phase (i.e. liquid, gas, or metal) exhibiting a different Fermi level or redox potential, electric charges at the interface are redistributed in order to equalize the chemical potential between the semiconductor and the second phase inducing the formation of a double layer. 2 The transfer of mobile charge carriers between the semiconductors and the contact phases or the trapping of charge carriers at surface states at the interface, produces a space charge layer which results in band bending of the semiconductor. The band bending effect influences the rate of photoinduced charge carrier separation and recombination and thus affects the photocatalytic efficiency. The electric field in the space charge region facilitates the special separation of photogenerated electron-hole pairs and depresses the recombination rate. 16 E ) at the interface is the same. Under equilibrium, a double layer will be established at the metal/semiconductor interface, where the metal is negatively charged and the semiconductor is positively charged near its surface due to its electrostatic induction. As a result, the free charge carrier concentration near the semiconductor surface is depleted compared with the bulk. This region is called the space charge region and, hence, as the electron is depleted, it is also named depletion layer. If the semiconductor work function is higher than that of the metal, the electron will flow from the metal to the semiconductor and will accumulate in the space charge region. This region is called the accumulation layer. Due to built in potential between the semiconductor and metal the energy band edges in semiconductor are continuously shifted, and this phenomenon is called band bending. The energy bands bend upward toward the interface when s Φ m Φ > , while the edges bend downward toward the interface when 
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II.3.2. Band bending at p-n junction

The Fermi level of a p-type semiconductor is lower than that of an n-type semiconductor. Thus, when they are placed into contact with each other, electrons will flow from the n-type semiconductor to p-type semiconductor and hole in the opposite direction. It causes the p-side of the junction to become negatively charged and the n-side to become positively charged, and thus to set up an electric field near the junction. Under equilibrium, the region near the junction is depleted of free carriers and a space charge configuration containing a high electric field is formed there. This space charge configuration is an electric dipole layer with positive charge toward junction of n-type semiconductor and negative charge toward the interface of p-type semiconductor. Thus, the bands of the n-type semiconductor bend upward and that of the p-type semiconductor bend downward. Figure II-4 shows the band bending at the junction between p-type NiO and n-type TiO 2 . When the p-n heterojunction is irradiated by ultraviolet (UV) light with an energy higher or equal to the band gaps of p-type and n-type semiconductor, the photogenerated electrons can move to the conduction band (CB) of the n-type semiconductors and the photogenerated holes to the valence band (VB) of the p-type semiconductor due to the formation of an inner electric field. 17 

II.3.3. Band bending at semiconductor/electrolyte interface

When a semiconductor is put into contact with an electrolyte (i.e. water containing organic pollutants), the electrochemical potential of the two phases must be the same. The electrochemical potential of the solution is determined by the redox potential of the electrolyte solution, and the redox potential of the semiconductor is determined by the Fermi level. If the redox potential of the solution and the Fermi level do not lie at the same energy level, a movement of charge between the semiconductor and the solution is required in order to equilibrate the two phases. 18 If we assume that there is no ion diffusion through the electrode/electrolyte junction, the electrons are the only charge carriers capable to migrate through this interface in both directions. The transfer of electric charge produces a region on each side of the junction where the charge distribution differs from the bulk material, and this is known as the space charge region. Within the space charge region, an electric field is created which reflects the bending of the band edges. The mechanism of bending the band edges at the semiconductor/electrolyte interface is similar to that of the metal/semiconductor interface. Within the space charge layer, the valence and conduction bands are bent. The formation of space charge region and hence the bending of the band edges depend on the Fermi level position of the semiconductor with respect to the redox potential of the electrolyte.

Four types of situation of space charge layer for n-type semiconductor in contact with an electrolyte may be considered as shown in The depletion layer at the interface between a bulk semiconductor and a liquid medium plays an important role in light-induced charge separation. The local electrostatic field present in the space layer serves to separate the electron-hole pairs generated by irradiation of the semiconductor. For n-type semiconductor, the direction of the field is such that holes migrate to the interface where they undergo a chemical reaction and electrons move to the interior of the semiconductor.

II.4. Heterostructure photocatalysts

In contrast to single phase photocatalysts, heterojunction semiconductors or integrated multi-semiconductor systems possess significant advantages in promoting the separation of electron-hole pairs and keeping reduction and oxidation reactions at two different reaction sites. The aim of designing heterostructured photocatalysts is to promote the separation of photoexcited electron-hole pairs through various carrier-transfer pathways by combining suitable electronic structures in the same material. The efficient electron and/or hole transfer from one component to another with suitable band edge positions can greatly minimize the energy wasteful photoinduced electron-hole pairs recombination and increase the life time of charge carriers, thus promoting the photocatalytic efficiency. In this section, a wide range of recently developed heterojunction semiconductor photocatalysts, particularly TiO 2 , ZnO and SnO 2 based heterojunctions will be discussed giving emphasis on the improvement of their photocatalytic performance for photocatalytic remediation of environment or hydrogen production. The physical phenomena behind the various ways to separate the electron-hole pairs will also be tentatively discussed. electron will be injected into SnO 2, while the hole will move in the opposite direction of the electron and accumulate on the TiO 2 particles, thereby making charge separation more efficient. Therefore, the interfacial charge transfer process can explain the higher photocatalytic activity of SnO 2 /TiO 2 composites. In recent years, coupling SnO 2 /TiO 2 composites have been widely studied by many researchers for the degradation of organic pollutants and the composites showed higher photocatalytic activity than the single ones as shown in 

Sol-gel

Messih et al. 25 The SnO 2 /TiO 2 photocatalysts containing 5 wt% SnO 2 and prepared with ball milling showed higher photocatalytic efficiency than that of SnO 2 /TiO 2 prepared without ball milling. In fact, the efficiency of SnO 2 /TiO 2 prepared without ball milling was lower than that of the pure TiO 2. The increased photocatalytic activity resulted from (i) an increased surface area obtained by ball milling; (ii) an efficient charge separation and (iii) a red shift of the absorption wavelength range (about 20 nm) along with an increased of the absorption intensity. Because of the absorption wavelength range red shift of about 20 nm and of the absorption intensity enhancement, the formation rate of electron-hole pairs at the photocatalyst surface also increases greatly, resulting in a higher photocatalytic activity for the SnO 2 /TiO 2 photocatalyst. The reason for the absorption wavelength range red shift of the SnO 2 /TiO 2 system could probably be attributed to the formation of defect energy level in the particles during high energy ball milling process. On the other hand, the stress and strains induced during the ball milling process result in lattice deformation of TiO2 and SnO2 with many defects possessing high lattice and surface energy. This lowers the activation energy for diffusion of elements allowing the atomic or ionic diffusion at room temperature. When the activation of the powder system is sufficiently high during the ball milling process, the collision between balls and grains of the powder will produce a rise in interface temperature which induces a strong coupling reaction and hence the better photocatalytic activity. 21 The accumulation of recalcitrant, strongly bound reaction intermediates on the TiO 2 surface, deactivates the catalyst and influences the photocatalytic degradation rate. The modification of TiO 2 with SnO 2 could avoid the deactivation in photocatalytic reaction. In this context, Fresno et al. 26 studied the photocatalytic degradation of toluene over coupled SnO 2 /TiO 2 . The coupled photocatalysts gave higher degradation rate due to the absence of the deactivation process that occurs with the TiO 2 reference. In coupled photocatalyst, more water molecules adsorbed on the catalysts surface via weak hydrogen bonds instead of intermediates adsorption are responsible for catalyst deactivation.

The drying technique in the preparation of SnO 2 /TiO 2 composites also strongly influences the photocatalytic activity. The SnO 2 /TiO 2 nanocomposite photocatalysts prepared through supercritical fluid drying technique (SCFDT) showed enhanced photocatalytic activity in the degradation of acrylic acid as compared to pure TiO 2 or SnO 2 /TiO 2 catalysts prepared by traditional drying. 27 The interfacial force of the solvent in traditional drying leads to collapse of the cavity structure and to aggregation of the particles, and therefore, increases the particle size and decreases the cavity volume. As a result, the surface area is reduced resulting in lower photocatalytic activity. The SCFDT preparation method could remove this phenomenon by expanding the solvent alcohol in the pores rapidly without interfacial force.

Thus, SCFDT preparation method reduced the aggregation of the nanoparticles giving smaller size composite particles which was attributed to the higher photocatalytic activity.

After 6 h irradiation under UV, the degradation efficiency of the SnO 2 /TiO 2 composite with 15.1 mol % SnO 2 prepared by SCFDT method was 65% while that of composite prepared by traditional drying method was 11%. Nowadays the coupled SnO 2 /TiO2 systems are usually of a particle-like morphology, with a typical size of no larger than several hundred nanometers. It has to be conceded that eliminating the nanoscale catalyst particles from the reactants or productions is tremendously difficult and the particle photocatalyst itself might repollute the treated water and air. The particle photocatalyst might also show lower photocatalytic efficiency because of aggregation problems. 28 The SnO 2 /TiO 2 nanofiber photocatalysts fabricated by electrospinning can solve the problem of separation because of its one-dimensional morphology. 29 The small diameter of nanofibers also provides a comparably large specific surface area as compared with nanoparticles, ensuring a high photocatalytic activity. Liu et al. Rhodamine B (RhB) was much higher than that of pure TiO 2 as was expected from photoluminescence (PL) and surface photovoltage spectroscopy (SPS) measurement. In another experiment, a necklace structured SnO 2 /TiO 2 hybrid nanofiber photocatalyst has been prepared via the sol-gel electrospinning method which has been proven to be an excellent photocatalyst with a much higher photocatalytic activity than pure anatase nanofiber in the oxidation of RhB. 29c

Another approach to solve the problem of separation of the products, permitting reuse and recycling is the preparation of support-based photocatalysts. The SnO 2 /TiO 2 hybrid oxide photocatalysts supported on attapulgite (ATT, or palygorskite, as it often called), were synthesized by depositing SnO 2 /TiO 2 hybrid oxides on the surface of ATT to form a composite photocatalyst (denoted ATT-SnO 2 /TiO 2 ) using an in situ sol-gel technique. 30 The photocatalytic activity of ATT-SnO 2 /TiO 2 for the degradation of methyl orange or phenol was much higher than that of ATT-SnO 2 , ATT-TiO 2 and Degussa P25.

In order to achieve significant improvements for industrial application and avoid the problem of separation of the nanophotocatalyst, many researchers prepared SnO 2 /TiO 2 based thin films . Chen and his co-workers deposited a thin SnO 2 /TiO 2 coating on foamed aluminium by plasma spraying technique. 31 The SnO 2 /TiO 2 coating containing 10 % SnO 2 exhibited higher photocatalytic activity for the degradation of gas-phase benzene. The high photocatalytic efficiency was attributed to reduced electron-hole recombination and higher content of hydroxyl group on SnO 2 /TiO 2 coating. The surface photoactivity for a TiO2

powder is proportional to the number of hydroxyl groups on its surface. 32 With the increase of surface hydroxyl content, the opportunity to form more hydroxyl radical with photogenerated holes was increased resulting in improved photocatalytic activity. Liu and his co-workers also reported similar result where a SnO 2 /TiO 2 composite thin films containing 10 mol% SnO 2 on soda-lime glass showed the highest photocatatytic efficiency for the degradation of methyl orange. The maximum rate of decolorization was about 60 % by the film with 10 mol% SnO 2 while that by the pure TiO 2 film was about 45 %.

A similar behavior has been reported for the degradation of Rhodamine B (RhB) by using SnO 2 /TiO 2 composite films fabricated on transparent electro-conductive glass substrate. 33 Compared to TiO 2 films, the improved activity was attributed to the combined 33 Vinodgopal and Kamat reported a very rapid decolorization of Acid Orange 7 using a coupled SnO 2 /TiO 2 photoelectrode with mass ratio of SnO 2 :TiO 2 = 2:1 under a bias potential. 34 They ascribed the enhanced degradation rate to the improved charge separation related to the good matching in the energy levels. The anodic bias potential was also reported to be responsible for the enhancement in photocatalytic activity by driving away the electrons into the conduction band of SnO 2 , thus promoting the oxidation of dye molecules on the TiO 2 surface where photogenerated holes were more abundant. Similar system was also reported for the improved photoelectrocatalytic degradation of naphthol blue black compared to pure TiO 2 . 35 Window glass (soda lime (SL) glass), an indispensable constituent of buildings and automobiles can be used as substrate for photocatalytic films which, from the practical point of view, can be used for the purification of air in the living space of human beings by utilizing of both solar and illuminating light as the excitation energy source. In order to fulfill this criterion, Tada and his co-workers fabricated bilayer-type patterned TiO 2 films on a SnO 2 film coated soda lime glass substrate by using an organically modified sol-gel method. 36 This Many attempts have been made to prepare ZnO/TiO 2 heterostructures which showed superior photocatalytic activity for the degradation of organic pollutants (Table II-2), such as methyl orange (MO), 43 methylene blue (MB), 44 rhodamine dye, 45 malachite green, 46 azo dye, 47 sodium methyl red, 48 phenol and its derivatives. 49 Ge and his co-workers 43d reported higher photocatalytic efficiency of ZnO/TiO 2 composites synthesized by using the solvothermal method and ultrasonic precipitation followed by heat treatment in the photocatalytic degradation of methyl orange. The degradation efficiency by the assynthesized heterostructured photocatalysts was found to be the best at pH 2.0 in the experimental condition used showing 98.13% degradation efficiency after 30 min and complete mineralization after 60min. The higher degradation efficiency resulted from the vectorial charge separation at the ZnO/TiO 2 interface. They also investigated that the intermediates produced during photocatalytic degradation were unstable and decomposed within about 60 min at pH 2.0.

A hollow sphere composed of mixed metal oxides (ZnO-TiO 2 ) was prepared by a facile approach involving coating of functionalized polystyrene template beads with the successive layers of ZnO and TiO 2 nanoparticles, respectively, followed by calcination of resulting PS/ZnO-TiO 2 core shell composite particles at elevated temperature. 45a The fabricated ZnO-TiO 2 hollow spheres showed superior photocatalytic activity for the degradation of rhodamine 6G compared with those of ZnO and TiO 2 hollow spheres. In order to overcome the problem of pollution of treated water with nanoparticle and decreasing the photocatalytic activity, ZnO/TiO 2 composite nanofibers with diameters in the range of 85-200 nm were fabricated via the electrospinning technique using cellulose acetate as the fiber template. 45b The promoted charge separation of electrons and holes due to the coupling effect of ZnO and TiO 2 in the composite nanofiber reduced the recombination of the electron-hole pairs resulting in higher photocatalytic efficiency of the ZnO/TiO 2 composite nanofiber containing 15.8 wt% ZnO than the pure nanofiber in degrading Rhodamine B or phenol. 

Vopor hydrolysis method

Zhang et al. 49a In order to determine the influence of morphology on the photocatalytic activity, different shapes of ZnO/TiO 2 composite nanoparticles, including spherical and cubic nanoparticles, hexagonal nanorods, and nanobelts with different sizes, were prepared by adjusting the precursors molar ration, i. e. Zn : Ti(OBu) 4 ratio and the nature of the surfactant employed. 43b Spherical ZnO/TiO 2 composite nanoparticles were obtained by using sodium dodecyl benzene sulfonate (DBS) while cubic ZnO/TiO 2 nanoparticles (Zn/Ti(OBu) 4 = 0.5:1), hexagonal nanorods (Zn/Ti(OBu) 4 = 0.25:1), and nanobelts (Zn/Ti(OBu) 4 = 0.17:1) were obtained by using sodium dodecyl sulfonate (SDS). The hexagonal nanorods showed the highest photocatalytic activity for the degradation of methyl orange. This enhanced activity was attributed to the higher surface to volume ratio of the nonorods than that of the nanosphere with similar dimension that would provide higher density of active sites available Many researchers reported that ZnO/TiO 2 composite films lead to higher photocatalytic efficiency due to the suppression of charge carrier recombination. [START_REF] Wilhelm | [END_REF] Composite films made of ZnO particles or nanorods along with TiO 2 nanotube showed higher photocatalytic efficiency compared to ZnO films and TiO 2 films. 51, 41a, 47c Recently, Xiao 41a synthesized on glass substrates by a combination of aqueous solution growth and magnetron sputtering method. 53 The photocatalytic activity of the ZnO/TiO 2 core-brush nanostructure evaluated by the decomposition reaction of Bromopyrogallol Red dye under UV (245 nm)

and visible-light (450 nm) irradiation was much higher than that of a TiO 2 film and a

ZnO/TiO 2 composite film. The photocatalytic activity enhancement of the ZnO/TiO 2 corebrush was attributed to the interaction effect, lower band gap energy and its unique corebrush feature which can lower the recombination rate of electron-hole pairs, extend the absorption range and provide a high density of active sites.

II.4.1.3. WO 3 /TiO 2 heterostructure photocatalysts

It is known that band gaps of WO 3 and TiO 2 are 2.8 and 3.2 eV, respectively. 54 Both the upper edge of the valence band and the lower edge of the conduction band of WO 3 are lower (i. e. more positive) than those of TiO 2 . 54 TiO 2 can be excited by photons with wavelengths under 387 nm, which produces photogenerated electron-hole pairs. and TiO 2 form a coupled photocatalyst, TiO 2 and WO 3 can be excited simultaneously under UV illumination. As the conduction band of WO 3 is lower than that of TiO 2 , the former can act as a sink for the photogenerated electrons. The photogenerated electrons of the TiO 2 conduction band will be transferred to the conduction band of WO 3 . Since the holes move in the opposite direction from the electrons, photogenerated holes might be trapped within the TiO 2 particle, which makes charge separation more efficient. This spatial charge separation limits the recombination of photogenerated charges and thus increases the photocatalytic activity.

To date, the WO 3 /TiO 2 nanocomposites have been prepared by several methods like sol-gel, 55 hydrothermal, 56 incipient wetness method, 57 impregnation, 58 flame-spray pyrolysis, 59 ultrasonic spray pyrolysis, 60 pulsed laser deposition, 61 ball milling, 62 precipitation, 63 electrosynthesis, 64 template synthesis 65 or physical mixing. 66 Saepurahman et al. 58d prepared tungsten-loaded TiO 2 and studied the effect of TiO 2 modification with tungsten trioxide, WO 3 , on the photocatalytic activity. The result showed that tungsten loading stabilized the anatase phase of TiO 2 from transforming into inactive rutile phase giving more stability with higher tungsten loading as compared to the unmodified TiO 2 .

Similar conclusion were drawn by other authors. 55f, 55h, 56e, 67 The photocatalytic activity of tungsten-loaded TiO 2 was superior to that of unmodified TiO 2 with a 2-fold increase in degradation rate of methylene blue, and equally effective for the degradation of different class of dyes such as methyl violet and methyl orange at 1 mol% WO 3 loading. The photocatalytic activity decreased with WO 3 loading higher than 2 mol%, while at lower than 0.6 mol% WO 3 loading, no significant enhancement in the photocatalytic activity was observed. Higher photocatalytic efficiency of WO 3 /TiO 2 prepared by sol-gel process for the degradation of formic acid has been reported at W/Ti molar ratio of 3%. 55h Shifu et al. 62 also described the superior photocatalytic acitivity of the coupled WO 3 /TiO 2 photocatalysts prepared by ball milling containing optimum percentage of 3% WO 3 for the degradation of organophosphate insecticide monocrotophos. The WO 3 /TiO 2 photocatalysts containing 3 mol% WO 3 prepared by microwave assisted hydrothermal method showed higher photocatalytic activity for the degradation of Rhodamine B under visible light. 56e The maximum improvement of MB degradation by flame-made WO 3 /TiO 2 has been reported at 3.6 mol%, 59 while others have reported only 40-50% increment at 3mol% WO 3 /TiO 2 . 58e However, the photocatalytic activity of WO 3 /TiO 2 was maximized when the surface is covered with WO 3 with monolayer thickness, theoretically at 3.2 mol% WO 3 , with the degradation of aqueous dichlorobenzene enhanced by 2.5-fold, and benzene and 2-propanol degradation in the gas phase enhanced by 3.6-and 5.9-fold, respectively. 58e

Figure II-15:

The photoluminescence (PL) spectra of pure TiO 2 and WO x /TiO 2 containing different mol% of WO X . 55a Li et al. 55a reported that coupled WO 3 /TiO 2 photocatalysts prepared by a sol-gel method can form stoichiometric solid solution of W x Ti 1-x O 2 . Solid solution of W x Ti 1-x O 2 can produce a tungsten impurity energy level and depend on the amount of WO 3 . When the content of WO 3 is lower than an optimum ratio, tungsten impurity energy level would be a separation center. On the contrary, when the content of WO 3 is higher than an optimum ratio, tungsten impurity energy level would be a recombination center as evidenced by photoluminescence (PL) spectra (Figure II-15). So, the activity of the photocatalyst raises with the increase in the amount of doped-WO 3 ; but it will decrease drastically when WO 3 content is higher than a given value. The highest activity for WO x /TiO 2 prepared using sol gel method for degradation of MB under visible lamp was at 3 mol% WO 3 . 55a Song et al. 67 observed similar result where the rate of MB degradation increased initially with increasing the impurity fraction of WO x in TiO 2 and then decreased when the molar content of WO x exceeded 1%.

The beneficial effect of WO 3 on photocatalytic activity can also be explained by the loading of electron-accepting species on the TiO 2 surface, which is a good way of slowing down electron-hole recombination. 56d, 68 Since W 6+ can be easily reduced to W 5+ , 69 the photoexcited electrons in the conduction band of TiO 2 can be easily accepted by WO 3 , following the scheme W 6+ + e -(TiO 2 ) CB → W 5+ . In this case, WO 3 helps in trapping of photogenerated electrons. This has also been confirmed in the literature 70 by charge transfer measurements using UV-Vis diffuse reflectance spectroscopy of photoproduced electrons from TiO 2 to W 6+ ; this charge transfer increased as the WO 3 content raised. But, on the other hand, it must be taken into account that excessively loaded WO 3 /TiO 2 catalysts could act as recombination centers for electron-hole pairs, according to the scheme W 6+ + e -(TiO 2 ) CB → W 5+ but W 5+ + e -(TiO 2 ) VB → W 6+ . Therefore, an optimum in WO 3 content is necessary to optimize its ability to trap the photogenerated electron trapping.

Another origin of the higher photocatalytic efficiency of WO 3 /TiO 2 is its higher adsorption affinity toward electrolytes or organic molecules compared to the case with pure TiO 2 , due to its high surface Lewis acidity. 58e WO 3 is indeed more acidic than TiO 2 . Hence, the Lewis surface acidity of WO 3 /TiO 2 will be increased with increasing WO 3 concentration, until the entire TiO 2 surface is covered with WO 3 . The surface acidity of WO 3 /TiO 2 measured as a function of WO 3 content increased steadily, until it reached a plateau level at approximately 3 mol% of WO 3 in WO 3 /TiO 2 indicating that at least 3 mol% of WO 3 is needed to cover the TiO 2 surface completely. A further increase in WO 3 concentration did not have any influence on the acidity of WO 3 /TiO 2 composite particles. The photocatalytic activity also followed the same hysteresis as the acidity dependence. The increased acidity generates a higher affinity of WO 3 /TiO 2 for species with unpaired electrons. Because of this, this material can absorb more OH -or H 2 O, which is a prerequisite for the hydroxyl radical formation necessary for photooxidation reactions. At the same time, the catalyst is able to more easily adsorb organic reactants with polarized functional groups having high affinity with acidic surfaces.

The coupling of WO 3 to titania also allows for extending absorption into the visible range and targeting solar photocatalysis applications, due to 2.8 eV band gap energy falling within the solar spectrum. 55a, 57a, 68, 71, 72 When WO 3 (E g = 2.8 eV) and TiO 2 (E g = 3.2 eV) form a coupled photocatalyst, WO 3 can be excited by photons under visible illumination, TiO 2 remaining unexcited. Upon visible excitation, an electron from WO 3 may be promoted from the valence band to the conduction band, leaving behind a hole in the valence band. As the valence band of WO 3 is lower than that of TiO 2 , the later can act as a hole receiver. The photo-generated holes of the WO 3 valence band will be transferred to the valence band of Optical absorption measurement revealed shifting of the absorption spectrum to the visible region by tungsten doping, even though no clear absorption edge was observed. In another study, the WO x /TiO 2 prepared by sol mixing method showed the optimum tungsten loading at 1 mol%. 67 However, the XPS analysis of 1 mol% WO 3 /TiO 2 similarly showed the existence of W 4+ , W 5+ , and W 6+ , with the first two as predominant species, and the absorption spectrum of W-doped TiO 2 was found shifted to the visible light. Impregnation method also shifted the absorption spectrum of TiO 2 where the shift was possibly caused by the impurity energy level within the band gap of TiO 2 as the metal was spread over the surface, and not incorporated into the TiO 2 framework. 73 Higher photocatalytic activity of the WO 3 /TiO 2 composite film has also been reported for the degradation of organic pollutant under both UV and visible light. [START_REF] Sakthivel | Solar Energ[END_REF]74 It has been reported by Miyauchi et al. 54 that by having TiO 2 facing the incident UV light instead of WO 3 leads to enhanced photocatalysis. The photoinduced hydrophilicity of TiO 2 films with underlying WO 3 layers (TiO 2 /WO 3 layered thin film) and the photocatalytic activity for the oxidation of methylene blue were increased resulting from efficient charge transfer between the TiO 2 and WO 3 layers. Similar effects were observed by Somasundaram et al. 75 when they studied the photoaction of TiO 2 /WO 3 composite films. It has also been reported by Irie et al. 76 that the interfacial area between the TiO 2 layer and WO 3 layer played an important role in charge separation, thus affecting the photocatalytic activity. By increasing the contact area between the TiO 2 and WO 3 surfaces, more separated electron-hole pairs can live longer due to the charge separation effect. In addition, the crystal phase of both the TiO 2 and WO 3 layers plays a key role in the overall photocatalytic performance. Higashimoto et al. 77 has reported that a two-layer TiO 2 /WO 3 system yielded higher efficiency in photoelectrochemical experiments with the TiO 2 layer being crystalline and the WO 3 phase being amorphous than with both layers being crystalline. The explanation for this effect is that the amorphous WO 3 has its conduction band level closer to that of TiO 2 and thus allows for easier charge carrier transfer. Fuerte et al. 78 observed continuously enhanced photocatalytic activity in toluene degradation by TiO 2 /WO 3 when the tungsten concentration was enhanced. They ascribed the effect to the creation of W-related trapping centers on the catalyst surface and intraband electronic states. Needle-like TiO 2 /WO 3-x composite thin films achieved by atmospheric pressure chemical vapour deposition demonstrated enhanced photocatalytic activity in the degradation of stearic acid under different irradiation conditions in the UV range. 79 The increase in activity of films was rationalized in terms of an effective vectorial charge separation at the interface of the two oxide semiconductors. In another report, multilayer TiO 2 /WO 3 thin films, containing 5% WO 3 layers deposited on silicon and quartz glass substrate by pulsed laser deposition (PLD) method showed the best photocatalytic response to the decomposition of methylene blue in aqueous soluution. 61

II.4.1.4. ZnO/SnO 2 heterostructure photocatalysts

Zinc oxide (ZnO) is an n-type semiconductor of wurtzite structure with a direct energy wide band gap of 3.2-3.3 eV at room temperature. 80 SnO 2 is another n-type semiconductor with band gap energy (E g = 3.5-3.6 eV) higher than that of ZnO. 81 But, the conduction band (CB) position of SnO 2 is lower than that of ZnO and the valence band (VB) of ZnO is positioned between the VB and CB of SnO 2 and the CB of ZnO is positioned above the CB of SnO 2 . 82 As shown in ZnO/SnO 2 heterostructure photocatalysts have been synthesized by a variety of different processes, including hydrothermal method, 83, 81 sol-gel route, 84 co-precipitation method 85 and mechanochemical process. 86 The ZnO/SnO 2 photocatalysts fabricated by all the above mentioned processes showed superior photocatalytic activity for the degradation of organic pollutants. 

Physical mixing

Ou et al. 87 The enhanced photocatalytic efficiency of nanosheet heterostructure was attributed to higher BET surface area. The BET surface area of nanosheet was 78.6 m 2 /g while that of other In another report, ZnO/SnO 2 hollow spheres and hierarchical nanosheets were synthesized using an aqueous solution containing ZnO rods, SnCl 4 , and NaOH by using a simple hydrothermal method. 81 The ZnO/SnO 2 hollow spheres were obtained by hydrothermal treatment at 160 °C. The morphology of the ZnO/SnO 2 hollow spheres changed to hierarchical nanosheets when the temperature was increased from 160 °C to 200 °C. Both composites showed higher photocatalytic activities in the degradation of methyl orange than that of ZnO rods or SnO 2 nanomaterials. The increased charge separation by ZnO/SnO 2 composites resulted in the higher photocatalytic efficiency. Aerogel nanocomposites of ZnO/SnO 2 were prepared through a facile, sol-gel method without the use of a template or a supporting matrix. 84 The photocatalytic efficiency of this composite was 20% better than that of commercial TiO 2 (Degussa P25) and was related to a high internal surface area, a small crystallite size and a porous network preserved even after annealing.

Due to high specific surface areas and length to diameter ratios, fiber-shaped photocatalysts showed improved behaviors compared to the particle form as far as the recycling and aggregation issues are concerned. Zhang et al. 88 have synthesized onedimensional ZnO/SnO 2 nanofibers by a simple combination method of sol-gel process and electrospinning technique using a precursor solution obtained by dissolving ZnCl 2 and SnCl 2 .2H 2 O in dimethylformamide and then adding polyvinylpyrrolidone (PVP) to the above solution. The diameter of the resulted nanofiber was ranged from 100 to 150 nm and the length was several micrometers. The photocatalytic activity of ZnO/SnO 2 nanofibers for the degradation of Rhodamine B (RhB) was much higher than that of electrospun ZnO and SnO 2 nanofibers, which could be attributed to the formation of a ZnO/SnO 2 heterojunction in the ZnO/SnO 2 nanofibers and the high specific area of the ZnO-SnO 2 nanofibers. They explained the charge separation mechanism with the help of band bending at the interface of ZnO/SnO 2 heterojunction. The work function of SnO 2 is higher than that of ZnO. In the ZnO/SnO 2 heterojunction, the electrons from SnO 2 transfer to ZnO in order to equalise the Fermi level at thermal equilibrium. Therefore, a built in potential develop which results in the band bending at the interface. Due to this band bending, the photogenerated hole and electron transfer in the opposite direction leading to reduced recombination of charge carriers. Liu et al. 89 also studied the photocatalytic activity of ZnO/SnO 2 nanofibers prepared by electrospinning method using Zn(OAc) 2 and SnCl 4. 5H 2 O as precursors and cellulose acetate as the fiber template in the mixed solvent of N,N-dimethyformamide/acetone (1:1, V:V) followed by calcination at 500 °C. The maximum photocatalytic activity was shown for composite nanofibers with the molar ratio of Zn:Sn = 2:1, more or less Zn:Sn ratios lowered the photocatalytic efficiency. The enhancement of the photocatalytic activity was attributed to the high BET surface areas, high efficiency in the light utilization and high efficient separation of photogenerated electron/hole pairs. Wang et al. 90 investigated the effect of mesoporous structure on the photocatalytic properties based on ZnO-SnO 2 coupled nanofibers. The result showed that the higher photocatalytic activity was obtained by mesoporous ZnO-SnO 2 (M-Z-S) coupled nanofibers in contrast to that of the ZnO-SnO 2 (M-S) coupled nanofibers. The improved photocatalytic activity of the M-Z-S nanofibers stemmed from the high specific surface area and the mesoporous texture. The large surface area provided more active adsorption sites and photocatalytic reaction centers. On the other hand, the mesoporous structure in the (M-Z-S) coupled nanofibers M-Z-S nanofibers makes them more efficient light harvesters which resulted in a higher photocatalytic activity.

A network-structured SnO 2 /ZnO heterojunction photocatalyst (Figure II-19a) synthesized through a simple two step solvothermal method, in which solvothermally fabricated ZnO nanorods were used as seeds, and SnO 2 subsequently grew on their surfaces, exhibited excellent photocatalytic activity for the degradation of methyl orange. 91 The photocatalytic activity of mesoporous network-structured SnO 2 /ZnO was superior to the solvothermally synthesized SnO 2 and ZnO samples which was attributed to the SnO 2 /ZnO heterojunction, the pore structure, and higher Brunauer-Emmett-Teller (BET) surface area of the sample: (1) The SnO 2 /ZnO heterojunction improved the separation of photogenerated electron-hole pairs due to the potential energy differences between SnO 2 and ZnO, thus enhancing the photocatalytic activity. The charge separation mechanism shown in Figure II-19b was similar as described elsewhere. 88 (2) The SnO 2 /ZnO sample might possess more surface reaction sites and adsorb and transport more dye molecules due to the higher BET surface area and many pore channels, also leading to higher photocatalytic activity As for the other systems, the photocatalytic activity of ZnO/SnO 2 films for the degradation of organic pollutants was also investigated. Thin films of the mixed ZnO/SnO 2 system were obtained by the sol-gel technique, involving the mixture of zinc oxide and tin oxide precursor solutions that was deposited by the dip coating method on glass substrates. 92 The films of the mixed ZnO/SnO 2 system with a Zn:Sn = 4:1 ratio and sintered at 500 °C, showed a higher photocatalytic activity for the degradation of methylene blue than the pure SnO 2 or ZnO films. This was attributed to an increase in the superficial area. Furthermore, Zhu et al. 93 

II.4.2. p-n heterojunction

It has already been mentioned in section II.3.2 that the fabrication of an actual p-n heterojunction in various composites photocatalysts constitutes another approach to achieve efficiently electron-hole pairs separation because of the existence of an internal electric field from the n-type semiconductor to the p-type semiconductor. 94 It is known that NiO is a p-type semiconductor, 95 Currently, NiO-loaded TiO 2 , acting as a model nano-p-n junction photocatalyst, is being extensively investigated to improve the photocatalytic activity of TiO 2 . Among various methods available for the synthesis of photocatalytic active nanocomposites, sol-gel is considered to be the most successful one in creating nanoparticulate systems with controlled pore structure. Shifu et al. 96 fabricated the p-n junction NiO/TiO 2 photocatalyst by sol-gel method. The photocatalytic activity of the p-n junction NiO/TiO 2 with optimum 0.5 % doped-NiO (mole ration of Ni/Ti) was much higher than that of TiO 2 on the photocatalytic reduction of Cr 2 O 7 2-owing to the effective charge separation by the inner electric field. However, such process was not favourable in the photocatalytic oxidation of rhodamine B. on the other hand, Chen et al. 97 reported higher degradation efficiency of methylene blue with 0.5 wt% NiO/TiO 2 . Similarly, the photocatalytic preferential oxidation of CO with O 2 in the presence of H 2 was found to proceed efficiently on NiO/TiO 2 containing 0.5 wt% NiO. 98 To get deeper insight in this system, Ku et al. 99 investigated the effect of NiO amount on both texture and structure of the NiO/TiO 2 photocatalysts prepared by the sol-gel route. Coupling of NiO retarded the phase transformation of TiO 2 and hindered the aggregation of particles resulting in a slight increase in the surface area. The heterostructure catalyst exhibited higher response of surface photovoltage and higher photocatalytic activity for the reduction of hexavalent chromium than pure TiO 2 indicating that the recombination of photogenerated electron-hole pairs was delayed by the inner electric field caused by the p-n junction region. Higher photocatalytic degradation of methylene blue was obtained by mesoporous NiO/TiO 2 nanomixed oxides containing 5 mol% NiO with definite particle size and controlled pore structure synthesized by sol-gel route using cetyltrimethylammonium bromide template. 100 The higher photocatalytic activity of the samples was attributed to reduction in particle size, the increasing in surface area, the photoelectron/hole separation efficiency and the extension of the wavelength range of photoexcitation. Finally, it is also worth mentioning that the mesoporous-assembled TiO 2 /NiO mixed oxide nanocrystals containing 25 mole% NiO synthesized by a sol-gel process with the aid of a structure-directing surfactant under mild condition showed a higher photocatalytic activity for the degradation of methyl orange. 101 Iwaszuk et al. NiO/TiO 2 samples showed higher degradation efficiency compared to that of TiO 2 nanotubes. effect of noble metals. 115 The metal nanoparticles often act as electron scavengers improving charge separation within the semiconductor-metal photocatalyst system. 116 The electron accumulation on the metal deposits shifts the Fermi level of metal to more negative The negative shift in the Fermi level reveals the better charge separation and the more reductive power of the composite system. Thus, the metal particles distributed on the surface of the semiconductors could greatly enhance the overall photocatalytic efficiency.

Furthermore, metallic nanoclusters located on the semiconductor surface can act as effective cocatalysts to reduce the overpotential for surface electrochemical reactions or gas evolution processes. Photocatalytic activity of TiO 2 modified by Ag was tested by degrading many organic compounds such as methylene blue (MB), 130, 132a, 133, 136 methyl orange (MO), 137 astrazone orange G, 138 and rhodamine B (RhB). 134 Kim et al. This system has also been developed as film by liquid phase deposition method (LPD) and was investigated by decomposing MO. 137b The photocatalytic activity of Ag/TiO 2 multiphase nanocomposite thin films exceeded that of pure TiO 2 thin films by a factor of more than 6.3.

II

The multiphase was obtained by controlling the concentration of AgNO 3 precursor. The Ag + ions promoted the formation of brookite phase and also reduced the anatase to rutile phase transition temperature. The enhanced photocatalytic activity was attributed to the fact that there were many hetero-junctions, for example anatase/rutile, anatase/brookite, Ag/anatase, Ag/rutile and so on, present in the Ag/TiO Au nanoparticles into TiO 2 photonic crystals (TiO 2 PC/Au NPs). Some research groups reported that chemical reactions such as oxidation of aromatic alcohols 160 and oxidation of 2propanol to acetone. 161 On the other hand, others have reported the higher photocatalytic activity of Au/TiO 2 under UV light for the oxidation of methanol to formaldehyde, 162 degradation of organic dyes, 163 and phenol. 164 In each case, the increased photocatalytic activities of Au/TiO 2 nanoparticles were attributed to the Au/TiO 2 heterointerfaces.

These systems were also studied for H 2 production since Au particles serve as an active site for H 2 production, on which the trapped photogenerated electrons are transferred to protons to produce H 2 . The H + ions reduction to H 2 over the Au metal surface is easier and more efficient than over TiO 2 . Higher photocatalytic production of H 2 has been reported via photocatalytic reforming of methanol used as sacrificial agent on Au/TiO 2 photocatalysts. 165 Chiarello et al. 165b reported 30 times higher hydrogen production upon gold addition to TiO 2 .

Furthermore, a 30% higher reaction rate was attained with the vapour phase reactor, i.e. in the absence of liquid-phase mass transfer rate limitations, ensuring the production of up to 10.

2 mmol of H 2 h -1 g cat -1
, with an apparent photon efficiency of 6.3%. Ruiz et al. The modification of titania with platinum (Pt) is another way to enhance the photocatalytic activity of titania as platinum acts as an electron acceptor and a Schottky barrier is formed at the interface between TiO 2 and Pt. 169 Platinum also provides catalytic sites for adsorbed species and reaction intermediates. 170 However, the reported Pt effects have not been always positive 171 and the role of Pt deposits in photocatalytic reaction mechanism seems to be far more complex than being a simple electron sink. Platinized TiO 2 has also been investigated for its thermal and photocatalytic activity for CO oxidation. Thermal oxidation of CO on Pt/TiO 2 at ambient temperatures has been reported but its activity is much lower than that of Au/TiO ). The activity of the Pt-loaded samples was generally about 30% higher than that of the Au-loaded samples. For both series of the samples, the samples prepared by the photodeposition method showed higher activity than those prepared by other preparation methods. The activities of the platinum samples were decreased in the order Pt/TiO 2 -FD > Pt/TiO 2 -DP ≈ Pt/TiO 2 -IMP. During photochemical deposition, the deposition of gold and platinum particles occurred at or near the site of photoexcitation. This facilitated the efficient transport of photogenerated electrons from TiO 2 to the metal particles resulting in higher H 2 production. The higher overall activity of Pt samples was probably due to a more effective trapping and pooling of photogenerated electrons by Pt and/or because platinum sites had a higher capability for the reduction reaction. The optimum loading amounts were 0.3-1 wt% for Pt-loaded samples. The exposed surface area of the co-catalyst had only a small influence on the hydrogen production rate. It was suggested that the active sites for the reaction may be the metal surface close to the TiO 2 and the TiO 2 surface around the perimeter of the metal nanoparticles. The reason why the activity decreased on the samples with higher loading amount of co-catalyst was rationalized as follows: the metal particles may block the photoabsorption by TiO 2 to decrease the surface concentration of the electrons and holes, or the deposited metal particles may act as recombination centers for the photogenerated electrons and holes.

Photoefficiency of the Pt/TiO 2 system for H 2 was improved by using sacrificial agents or electron donors. Their main task is to prohibit rapid recombination of photogenerated electrons and holes by reacting irreversibly with the photogenerated holes. A large variety of organic compounds have been selected for electron donors during photocatalytic H 2 production with Pt/TiO 2 system including alcohol (methanol, ethanol, isopropanol etc), 15a, 190d,f, 194 organic acids (formic acid, acetic acid, oxalic acid, etc) 191,195 aldehydes (formaldehyde, acetaldehyde, etc.), 196 EDTA,190f,197 biomass,198 and pollutants. 199 revealed that the alcohol series showed a considerably higher activity than others among the sacrificial reagent investigated. This might be attributable to the ease in donating lone-pair electrons to the valence band hole upon the photocatalyst excitation, as compared to other types of sacrificial reagents. Among the alcohol series itself, methanol was found to be the most effective and the strongest sacrificial reagent to yield the highest photocatalytic H 2 evolution activity. It appears that compounds possessing very high polarity, 95b such as acids and ketones, are unable to effectively suppress the electron-hole recombination, probably due to their stable electronic configuration. In another study, Blount et al. 201 indicating the usefulness of these pollutants as sacrificial agents. Similarly higher hydrogen production rate with simultaneous degradation of organic pollutants 199 and reforming of biomass 190g, 198 were reported by Pt/TiO 2 photocatalyst resulting from decreased rates of electron-hole recombination and oxygen-hydrogen back reaction. 

II.5. Conclusion

The semiconductor-based photocatalytic water splitting to produce hydrogen and photocatalytic degradation of organic pollutants from water and air have been proved as one of the most important technology to solve both of the world energy crisis and environment pollution. Among the wide spectrum of metal oxide semiconductors, TiO 2 has attracted significant attention over the past decades due to its excellent performance as a photocatalyst under UV light irradiation. However, the main drawback of recombination of the photogenerated charge carriers hinders the industrial application of this technology. In this literature review, different strategies as, for instance, the coupling of two semiconductors 

III.2. Preparation method review

Various strategies have been investigated to produce SnO 2 /ZnO heterostructures including hydrothermal method, 2 sol-gel method, 3 co-precipitation method, 1,4 mechanochemical process. 5 and zinc chloride (ZnCl 2 ) were slowly added to a solution of CTAB and sodium hydroxide in a mixed solvent of alcohol and water. The resultant suspension was then heated in an autoclave at 160 °C for 15 h followed by washing with distilled water and drying at 60 °C.

The doping of ZnO into mesoporous SnO 2 enhanced the surface area from 156.7 to 200.5 m 2 g -1 and stabilizing the mesoporous structure. A regular morphology of the SnO 2 /ZnO nanostructures was obtained by hydrothermal route controlling the morphology of the precursor with the chiral ionic liquid (CIL) ditetrabutylammonium tartrate. 2a The morphology changed from flower-like nanostructures to irregular rod-shaped nanostructures with increasing concentrations of Zn 2+ in the presence of Sn 4+ maintaining CIL at 0.05 g, while SnO 2 /ZnO nanosheets were obtained by increasing the amount of CIL from 0.05 to 0.1 g, keeping other reaction conditions constant.

A network-structured SnO 2 /ZnO heterojunction photocatalyst was synthesized through a simple two step solvothermal method. 6 In a typical procedure, a mixed solution of Zinc acetate and NaOH in 30 mL of ethanol was heated in an autoclave which was put in an oven at 160 °C for 24 h (first step). After adding an aqueous solution of SnCl 4 into the above solution, the autoclave was heated again at 160 °C for another 24 h (second step). The final products were filtered, washed with deionized water and ethanol and finally dried in the air at was quickly added, shaken and set aside to gel undisturbed. Highly stable gel network was formed in ~ 1 min. The monolith obtained after washing and drying was annealed at 500 °C to induce the desire metal oxide phases. The average particle size of SnO 2 was found to be ~7 nm and the surface area for the as-synthesized and annealed aerogels were determined to be 475 m 2 g -1 and 92 m 2 g -1 , respectively.

In another report, Zhang et al. The sample with the molar ratio of Sn:Zn of 1:2 calcined at 600 °C was composed of uniform spherical particles with sizes of ca. 50 nm while cubes with side lengths of about 200-300 nm was observed when the calcination temperature was raised to 700 °C.

III.3. Result and discussion

III.3.1. Synthesis and particle characterization

The heterostructure SnO 2 /ZnO photocatalyst with a molar ration of Sn : Zn 1:1 was prepared through a two-steps procedure, first SnO 2 was prepared by homogenous precipitation method using urea as precipitant followed by hydrothermal treatment and, then, zinc acetate (Zn(OAc) 2. 2H 2 O) was added to the as-synthesized SnO 2 particle suspension followed by calcination at 500 ºC to yield the SnO 2 /ZnO heterostructure . Precipitation of SnO 2 was observed when a clear solution of SnCl 4 and urea was reacted at 90 ºC in aqueous medium. The pH of the solution increased gradually due to the progressive decomposition of urea into NH 3 and CO 2 , leading to the nucleation and growth of uniformly nanosized particles. 10 The molar ration of Sn to Zn was confirmed by microanalysis (Sn : Zn 0.9 ± 0.1 :

1). ) 12 and at 555 cm -1 due to Zn-O stretching modes (Figure III-1Aa and 1Ac). 13 Furthermore, the Raman spectrum of the as-synthesized SnO 2 /ZnO photocatalyst showed three main features at 438, 632 and 776 cm -1 which could be assigned to the vibration modes E 2 for wurtzite ZnO 14 as well as A 1g and B 2g for cassiterite SnO 2 . 15 Bands at 332 (secondorder vibration originating from the zone boundary phonons) 16 and 585 (E 1 (LO) mode) cm -1

were observed for the pure ZnO sample but were found to be very weak for the heterostructure. It is also worthwhile to mention that the broad resonance observed in the SnO 2 spectrum at 552 cm -1 , a feature that could be related to surface modes, 17 were considerably broadened revealing a small mean crystallite size which was estimated to be 5 ± 0.5 nm. On the other hand, the diffraction peaks of ZnO with the TEM data. 19 The BET surface area and pore volume for this system were estimated to be 77 m 2 .g -1 and 0.26 cm 3 .g -1 , respectively, these values lay between those of pure SnO 2

and ZnO analogues (Table III-1). Furthermore, the pore size distribution for the SnO 2 /ZnO photocatalyst was rather large with an average pore diameter of 14 ± 1 nm (Figure III-4b).

As a consequence, all these data were consistent with the formation of mesoporous SnO 2 /ZnO nanocatalyst. The optical properties of the various samples prepared were then investigated by UV-Visible diffuse reflectance. The absorption edge for the SnO 2 /ZnO photocatalyst was estimated to be about 390 nm, which was shifted toward visible region compared to pure SnO 2 sample (Figure III-5A). The absorption edges of ZnO and SnO 2 were determined to be 394 and 355 nm, respectively. Compared to the SnO 2 sample, the SnO 2 /ZnO photocatalyst showed an obvious absorption edge increment of ca. 35 nm. The absorption edge at higher wavelengths revealed that the heterostructure photocatalysts could more efficiently utilize light for the photocatalytic purpose. 20 Nonetheless, it was close to that of ZnO due to the 1:1 composition of the heterostructure, since, to some extent, the absorption edge of the heterostructure should be the combined contribution of each component in the SnO 2 /ZnO composite. 21 Furthermore, it has been shown for a crystalline direct semiconductor that the optical absorption near the band edge follows the equation

2 / 1 ) ( ) ( g E h A h - = ν ν α
where α , ν, g E , and A are the absorption coefficient, light frequency, band gap energy, and a constant, respectively. 22 It is generally admitted that the absorption coefficient (α ) can be replaced by the remission function F(R). The later can be written in terms of diffused reflectance (R) according to the Kubelka-Munk theory: α /s = F(R) = (1-R) 2 /(2R) where s is scattering coefficient. 23 The band gap energies ( g E values) of the as-synthesized samples can thus be 

estimated from a plot of ) ( ) ) ( (( 2 ν ν h f h R F = ,

III.3.2. Surface and interface analysis

To gain a better insight into the surface composition and the band alignment in the SnO 2 /ZnO photocatalyst, X-ray Photoelectron Spectroscopy studies were performed on the The high resolution XPS spectra for Sn 3d (Figure III-7A) reveals the spin orbital splitting of the Sn 3d 5/2 and Sn 3d 3/2 core level states of tin centered at 486.8 and 495.2 eV, respectively, which were symmetric and were assigned to the lattice tin oxide. The separation between the Sn 3d 5/2 and Sn 3d 3/2 level (8.41 eV) corresponds to the standard spectrum of Sn 25 and of commercial SnO 2 reported in the literature. 26 The measured emission lines also correspond to a binding energy of Sn 4+ ion in SnO 2 . 25 binding. 29 The peak at 531.5 could be ascribed to adsorbed hydroxyl species. 25,28,30 The results confirmed that the SnO 2 /ZnO photocatalyst was actually composed of SnO 2 and ZnO entities.

The valence band offset (VBO) ∆E V of the heterostructure SnO 2 /ZnO was calculated according to Eq. ( 1)
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where
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is the energy difference between Zn 2p and Sn 3d core levels (CLs), which were measured in the SnO 2 /ZnO sample. 
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III.3.3. Photocatalytic activity

To evidence the photocatalytic activities of the as-synthesized SnO 2 /ZnO nanomaterials, the photocatalytic decomposition of methylene blue (MB) was performed as a test reaction according to the literature. 31 For a better understanding of the photocatalytic efficiency of the as-synthesized samples, the kinetic analysis of MB degradation is discussed in the following. It is generally assumed that reaction kinetics can be described in terms of Langmuir-Hinshelwood model, which can be expressed following Eq. ( 2): 32

C K C K k dt dC a a r + = - 1 (2) 
where (-dC/dt) is the degradation rate of MB, C is the concentration of MB, t is the reaction time, r k is a reaction rate constant, and a K is the adsorption coefficient of the reactant. As the initial concentration of MB is very low (C 0 = 10 mg/L in the as-described experiments), a K C is negligible and Eq. ( 2) can be described as first-order kinetics. Setting Eq. ( 2) at the initial conditions of the photocatalytic procedure, when

0 , 0 C C t = =
, it can be described as
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where app k is the apparent rate constant, used as the basic kinetic parameter for different photocatalysts, since it enables one to determine a photocatalytic activity independent of the previous adsorption period in the dark, and the concentration of the remaining dye in solution. This model was then applied to the present data (Figure III-12B) and the apparent first-order rate constants, before and after normalization by the BET surface area, is reported in Table III-3. First of all, the degradation of MB followed a first order kinetic rate for all samples. it is also worth mentioning that the photocatalytic activity collapsed in acidic solution and was improved in basic medium, the SnO 2 /ZnO photocatalyst being always the most efficient.

Considering the positive charge of cationic MB dye in solution, the effect of pH on the photocatalytic degradation of MB can be rationalized on the basis of electrostatic adsorption model where cations are more readily accumulated at the negative sites on heterostructure SnO 2 /ZnO. This can be explained on the basis of the point of zero charge (pHpzc) of SnO 2 /ZnO particle. At lower pH, the surface of the catalyst is positively charged, but at higher pH it becomes negatively charged. Since MB is a cationic dye, high pH favors adsorption on the catalyst surface which results in high degradation efficiency. On the other hand, at lower pH the electrostatic repulsion between the MB cations and positively charged oxide surface greatly reduces the adsorption of the MB dye resulting drastic decrease in degradation rate. In summary, the improved photocatalytic activity found for the SnO 2 /ZnO heterostructure can be rationalized on the basis of the above-determined band alignment as follows (Figure III-14 and Scheme 1). Upon UV illumination, electrons in the VB could be excited to the CB of both oxides, with the concomitant formation of the same amount of holes in the VB. According to the type II band alignment and the heterojunction formed, the electrons were collected by the SnO 2 nanosized particles and the holes by the ZnO particles as they are transferred to a more stable electronic state, that is, downward for electron transfer from ZnO to SnO 2 , upward corresponding to a more stable bonding situation for holes from , yielding hydroperoxy radicals HO 2 on protonation and finally OH radicals will be more efficient. OH radicals are a strong oxidizing agent wellknown to decompose organic substrates as MB dye. 33 As a result, the enhanced charge separation related to the SnO 2 /ZnO heterojunction favors the interfacial charge transfer to physisorbed species forming OH radicals and reduce possible back reactions, and therefore accounts for the higher activity of the SnO 2 /ZnO nanomaterials.

III.4. Conclusion

Mesoporous SnO 2 /ZnO heterojunction photocatalysts have been successfully prepared using a two-step solution route involving the synthesis of nanosized SnO 2 particles by homogenous precipitation combined with an hydrothermal treatment that were further reacted with zinc acetate followed by calcination. The UV-VIS diffuse reflectance studies showed that the band gap energy of the heterostructure SnO 2 /ZnO photocatalyst was red-shifted compared to that of pure SnO 2 and ZnO. A careful examination of the band alignment by XPS revealed a type-II band alignment with VBO of ∆E V = 0.7 ± 0.05 eV and CBO of ∆E C = 0.2 ± 0.05 eV for the SnO 2 /ZnO heterojunction photocatalyst. This heterojunction photocatalyst showed higher photocatalytic activity than the pure SnO 2 and ZnO nanocatalysts for the degradation of MB dye under UV light irradiation in neutral and basic media due to improved separation of photogenerated electrons and holes. Furthermore, the heterostructure photocatalysts could be easily recycled without significant change in the catalytic activity which evidenced the stability of the catalysts and the reproducibility of the approach. This concept of semiconducting heterojunction nanocatalysts with high photocatlytic activity should find industrial application in the future to remove undesirable organics from the environment.

Chapter IV : Metal/n-type semiconductor heterojunction photocatalysts IV.1. Introduction

Since the pioneer works of Fujishima and Honda in 1972 who succeeded in splitting water into hydrogen and oxygen under light irradiation employing TiO 2 as anode material, 1 enormous research activities have been carried out over the past two decades to develop semiconductor photocatalysts with high activities for purifying various environmental pollutants in water and air. 2 Among the various metal oxide semiconductors, TiO 2 has been widely used as a photocatalyst because of its relatively high photocatalytic activity, biological and chemical stability, low cost, non-toxicity and long-term stability against photocorrosion and chemical corrosion. 2 However, the high recombination rate of the photoinduced electronhole pairs formed in photocatalytic processes limits the application of TiO 2. Therefore, determining how to modify TiO 2 to prepare a photocatalyst with higher photocatalytic activity has become the key point studied by many scholars.

While TiO 2 is widely employed as an efficient photocatalyst, Zinc oxide (ZnO), a direct wide band-gap semiconductor, has been considered as a suitable alternative to TiO 2 due to its similar band-gap energy, and thus similar photocatalytic mechanism and capacity.

However, some studies have confirmed that ZnO exhibits better efficiency than TiO 2 in photocatalytic degradation of some dyes, even in aqueous solution in some cases. 3 Moreover, ZnO photocatalysts on the nanometer-scale have become more and more attractive because of their unique physical and chemical properties different from the bulk. 4 However, rapid recombination of photoexcited electrons and holes also weakens its photocatalytic efficiency.

To address these issues, the design and modification of ZnO photocatalysts with high sensitivity and reactivity has attracted much attention. It was found that the photocatalytic performance of ZnO can be greatly improved by developing ZnO-based heterostructures or composites. 5 For example, ZnO-based coupled semiconductor systems such as ZnO-TiO 2 , 6 ZnO-SnO 2 , 7 ZnO-WO 3,8 have shown high photocatalytic efficiency for increasing the charge separation and extending the energy range of photoexicitation.

On the other hand, among different approaches, surface modification by depositing noble metal on the TiO 2, 9 and ZnO 10 has been reported as an effective method to reduce electron-hole recombination in the photocatalytic process. Depending on the alignment of the energy levels, the deposits act as electron sinks or holes accumulators, favouring separation of the photogenerated charge carriers and enhancing the oxidation and reduction reactions required for organic degradation and photocatalytic hydrogen production from water. This is due to the possible induced band bending effect when a metal comes into contact of a semiconductor; a Schottky barrier is created which facilitates the transfer of electrons or holes from the semiconductor to the metal depending upon the work function of the metal. 11 Apart from noble metals (Au, Ag, Pt, ….), other metallic compounds can also be associated with TiO 2 or ZnO to enhance its photocatalytic performances. Thus, ruthenium oxide (RuO 2 ) belongs to the family of transition metal oxides with rutile structure showing an interesting variety of properties. Because of its high chemical stability, electrical (metallic) conductivity and excellent diffusion barrier properties, RuO 2 based nanomaterials have been used for various technological applications such as supercapacitors, electrodes for chlorine electrogeneration, 12 water splitting into hydrogen or oxygen, 13 CO oxidation in sensors, 14 or catalysts for CO 2 methanation, 15 and HCl oxidation. 16 RuO 2 exhibits an excellent metallic conductivity related to its partially filled metal (d)-oxygen (p) π* band in RuO 2 . 17 Sakat et al. 18 showed that RuO 2 is an efficient hole and electron transfer catalyst on TiO 2 and seems to improve the efficiency of charge separation at the metal/semiconductor interface, when deposited in small amounts, because an excess amount is capable of acting as a recombination center. In addition, RuO 2 has a high work function, 19 on TiO 2 (or ZnO) is the increase in conductivity, which ultimately allows more efficient charge transfer within the photocatalyst and makes it kinetically faster when it is involved in the redox processes. 20 To the best of our knowledge, the photocatalytic properties of RuO 2 /TiO 2 in aqueous phase for the degradation of organic dye as well as the production of hydrogen remain largely unexplored although a few studies focused on RuO 2 /TiO 2 . 21 On the other hand, as far as we know, there is no direct evidence for studying the effect of RuO 2 modification of ZnO on the photocatalytic performance. In addition, the interfacial band energy alignment determination to explain the charge carriers separation mechanism at the interfaces of both RuO 2 /TiO 2 and RuO 2 /ZnO systems have not been reported yet. This prompted us to prepare RuO 2 /TiO 2 and RuO 2 /ZnO nanoparticles and systematically perform interface analysis for the determination of the interfacial band energy alignment.

As a consequence, we hereafter report on the characterization and the photocatalytic properties of RuO 2 /TiO 2 and RuO 2 /ZnO nanomaterials prepared by impregnation methods, along with a thorough interface analysis. The photocatalytic activity and recycling ability of as-synthesized samples were investigated by the degradation of methylene blue (MB) and methyl orange (MO) dyes under UV irradiation and compared to those of commercial TiO 2 (Degussa P25) nanopowder. The photocatalytic activity of the as-synthesized RuO 2 /TiO 2 system was also evaluated by producing hydrogen in the presence of methanol as sacrificial reagent under UV light irradiation. To gain a deeper insight on the relationship between the electronic properties and the photocatalytic activity, the band bending at the interfaces of RuO into TiO 2 sol. The resulting sol was used to make a film on float pearls followed by calcination at 500 °C for 120 min. The result showed that the amorphous RuO 2 was highly dispersed on the anatase TiO 2 .

On the other hand, RuO 2 /TiO 2 was prepared by homogeneous hydrolysis of ruthenium chloride (RuCl 3 ) and titanium oxosulphate (TiOSO 4 ) in the presence of urea at 100 °C for 8 h maintaining a solution pH of 2 with sulfuric acid. 23a Then, the RuO 2 /TiO 2 powder was obtained by washing, drying at 105 °C in a furnace followed by calcinations at 600 °C for 2 h. The resulting RuO 2 /TiO 2 powder contained both the anatase and rutile phase TiO 2 . The sizes of the crystallite of anatase, rutile TiO 2 and RuO 2 were about 21, 37, and 55 nm, respectively. The particle size of anatase also decreased with increasing the RuO 2 content. In contrast, BET surface area of RuO 2 /TiO 2 composites increased from 57.3 to 82.1 m 2 g -1 when the RuO 2 content was increased from 0.019 to 2.878 mol%.

Finally, the simplest method appeared to be an impregnation method. Thus, commercial TiO 2 was impregnated by aqueous solution of RuCl 3 under vigorous stirring at room temperature. 24a, c Then, elimination of solvent followed by calcination at different temperature yielded the expected RuO 2 /TiO 2 nanoparticles.

IV.2.2. Results and discussions

IV.2.2.1. Synthesis and characterization of the nanocatalysts

First of all, TiO 2 nanoparticles were prepared by a sol-gel route involving the hydrolysis condensation of titanium tetraisopropoxide followed by a hydrothermal posttreatment. The resulting nanoparticulate powder was then impregnated with a solution of different amounts of ruthenium (III)-2, 4-pentanedionate followed by calcination at 400 °C that allow for obtaining RuO 2 /TiO 2 nanocomposites containing 0. Intensity (a. u.) assigned to δ(OH) of water molecules; 27 (iii) a broad and prominent band centered at 700 cm - 1 attributed to Ti-O and Ti-O-Ti vibrations. 26 It is worth mentioning that the existence of surface hydroxyl groups is very essential for the photocatalytic reactions since they can react with photoexcited holes generated on the catalyst surface and produce hydroxyl radicals.
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Furthermore, both the anatase and rutile phases of TiO 2 can be sensitively identified by Raman spectroscopy based on their Raman spectra. Thus, according to factor group analysis, anatase has six Raman active modes (A 1g + 2B 1g + 3E g ). According to the Raman spectrum of an anatase single crystal, Arsov et al. 28 have reported that the six allowed modes appeared at 144 cm -1 (Eg), 197 cm -1 (Eg), 399 cm -1 (B 1g ), 516 cm -1 (A 1g ), 516 cm -1 (B 1g ), and 639 cm -1 (Eg Comparing these spectra with the spectra of TiO 2 , it is clear that the Raman bands at lower frequency for heterostructure RuO 2 /TiO 2 shifted towards higher wavenumber and the bands broaden with increasing RuO 2 content. This Raman shift can be explained in the following way: in spite of the stable rutile structure of RuO 2 , the ionic radii of Ti 4+ and Ru 4+ are very close and these ions are in sixfold coordination which resulted in an incorporation of Ru 4+ into the anatase structure of TiO 2 without any geometrical constraints.

The large Raman shift was due to the big difference in atomic weight of ruthenium and titanium. 32 The crystalline phases in pure TiO 2 and heterostructure RuO 2 /TiO 2 nanoparticles containing different wt % (0.5, 1.0, 2.5, and 5.0) of RuO 2 were investigated using XRD analysis (Figure IV-2). Regardless of the wt% of RuO 2 , the main diffraction peaks could be indexed as the ( 101), ( 004), ( 200), ( 105), ( 211) and ( 204 The particle size and the morphology were confirmed by TEM analysis. It is worth mentioning that the diameter of the pure TiO 2 was about 17 nm which was in good agreement with the crystallite size deduced from the XRD patterns. BET surface area of 68 ± 2 m 2 /g with mean pore diameter and total pore volume of 17.5 ± 0.5 (within the mesopore region) and 0.31 ± 0.02 cm 3 /g, respectively. When RuO 2 were loaded onto the mesoporous TiO 2 , aiming at improving the catalytic performance, it was seen that the BET surface area, the mean pore diameter, and the total pore volume remained almost unchanged upon increasing the wt% of RuO 2 up to 5% (Table IV-1) . Thus, the 5 wt% RuO 2 /TiO 2 photocatalysts only showed a slight decrease in BET surface area, i. e. 63 ± 2 m 2 /g to be compared with 67 ± 2 m 2 /g for the 1 wt% RuO 2 /TiO 2 photocatalysts that could stem from the blockage of the mesopores with deposited RuO 2 particles. 35 As a consequence, the as-synthesized catalysts could be reliably considered as nanocrystalline mesoporous material according to N 2 adsorption-desorption and XRD data. Based on their absorption spectra, the band gap energy (E g ) of the as-synthesized nanoparticles was calculated from the following equation, α (hv) = A(hv-E g ) n where α, ν , g E , and A are the absorption coefficient, light frequency, band gap energy, and a constant, respectively. 36 Among them, n is determined by the type of optical transition of a semiconductor (n = 1/2 for direct transition and n = 2 for indirect transition). The energy of the band gap was calculated by extrapolating a straight line to the abscissa axis, where α is zero, for E g = hv. 37 It is generally admitted that the absorption coefficient (α) can be replaced by the remission function, F(R). The latter can be written in terms of reflectance (R)

according to the Kubelka-Munk theory: α/s = F(R) = (1-R) 2 /(2R), where s is the scattering coefficients. 38 The optical band gap energies (E g values) of the as-synthesized samples for direct transition can thus be estimated from the plot of (F(R) hv) 2 vs. hν and that for indirect transition can be estimated from the plot of (F(R) hv) 1/2 vs. hν, the intercepts of the tangents yielding the band gap energies of the as-synthesized samples. To establish the type of bandto-band transition in these synthesized particles, the absorption data were fitted to equations for both indirect and direct band gap transitions. between Ti 2p 3/2 and Ti 2p 1/2 was 5.74 eV, which was consistent with the expected oxidation state of Ti 4+ in the as-synthesized RuO 2 /TiO 2 nanoparticles. 39 No indication of a high contribution of reduced Ti 3+ was found in the spectrum. To get an in depth understanding of the interface properties of the RuO 2 /TiO 2 heterojunction, an in-situ interface experiment was carried out by successive deposition of a RuO 2 thin layer on the TiO 2 substrate and consequently the band bending at the interface between RuO 2 and TiO 2 was determined from the core level binding energy shifts. RuO 2 films were formed step by step to a desired amount until the bulk property of RuO 2 was obtained. Photoelectron spectra were recorded at each stage of the RuO 2 deposition. The form of the O emission changed gradually with increasing thickness of RuO 2 from a symmetric line form to a shape with an asymmetry at higher binding energies. This change in O 1s emission line shape is due to the metallic character of RuO 2. 41 It was found that both Ti no interfacial decomposition reaction between RuO 2 and TiO 2 . The Ru 3d 5/2 emission line is also shifted to lower binding energy by an amount of 0.65 eV and changes in its spectral shape from a rather broad emission line at higher binding energy to a sharp line followed by a shake-up satellite due to free electrons excitation as typically found for metallic transition metal compounds which is due to bulk RuO 2 . 42 UPS measurements of the clean TiO 2 film as well as the as-deposited RuO 2 film were performed to determine the work-function. The work-functions of the films were calculated using Eq. ( 1).

43 cutoff E h - = Φ ν (1)
where, ν h (21.2 eV), and E cutoff are incoming photon energy from He I source, and the secondary electron cutoff energy, respectively. The work-function of the RuO 2 film gives a value of 6.2 ± 0.1 eV. Yun et al. 45 showed that the work function of RuO 2 is changed with the crystallinity of RuO 2 when deposited on SiO 2.

The improvement of crystallinity by annealing at high temperature decreased the defect or lattice misfits of the RuO 2 film surface resulting in an increased electron density of RuO 2 film at the surface region. As a result, the work function of the RuO 2 films annealed at 300 °C was 5.17 eV while the work function of the RuO 2 films decreased to 5.03 eV after the annealing process at 500 °C. However, the work function of RuO 2 films deposited at room temperature was always found very close to 6.1±0.05 eV as measured by UPS. 118,46 was determined by the core level shift of Ti 3p 3/2 and was attributed to band bending at the interface of RuO 2 /TiO 2 nanoparticles which was small as compared to the planar semiconductor. The difference in the PES results in heterostructure alignment can be related to two effects: i) in the composite systems the barrier below the RuO 2 coverage in the TiO 2 substrate is shielded from analysis; ii) for the formation of a complete space charge layer the diameter of the TiO 2 particles must exceed the depletion layer width.

IV.2.2.3. Photocatalytic activity

IV.2.2.3.1 Photocatalytic degradation of organic dyes

To evidence the photocatalytic efficiency of the as-synthesized RuO 2 /TiO 2 nanomaterials, experiments of the photocatalytic decomposition of methylene blue (MB) and methyl orange (MO) were performed as a test reaction according to the literature. 48 For a better understanding of the photocatalytic efficiency of the as-synthesized samples, the kinetic analysis of MB and MO degradation was discussed. It is well accepted that the photocatalytic decomposition of organic pollutants follows with a pseudo first-order kinetic.

A plot of ln(C/C 0 ) against reaction time t yields a straight line whose slope gives the apparent reaction constant, k app . In addition, this nanocatalyst can be recycled and reused several times without significant loss of efficiency, which is a key requirement for a possible industrial application.

Thus, the photocatalytic efficiency of the RuO 2 /TiO 2 heterojunction photocatalyst for the 4 cycling reuse were 99.6, 99.5, 99. As the photodegradation process is greatly affected by pH, the effect of pH on the efficiency of photocatalytic degradation of MB was examined at the pH = 2, 7 and 10. As observed in Figure IV-21, the efficiency was higher in alkaline solutions than that in acidic solutions. This is indicative of the significant role of the surface properties of the heterostructure RuO 2 /TiO 2 photocatalyst; the variation of solution pH changes the surface charge of the photocatalysts and shifts the potentials of catalytic reactions. As a result, the adsorption of dye on the surface is altered thereby causing a change in the reaction rate.

Considering the positive charge of cationic MB dye in solution, the effect of pH on the photocatalytic degradation of MB can be rationalized on the basis of an electrostatic adsorption model where cations are more readily accumulated at the negative sites on the heterostructure the RuO 2 /TiO 2 . This can be explained on the basis of the point of zero charge (pHzpc) of RuO 2 /TiO 2 particle. At lower pH, the surface of the catalyst is positively charged, but at higher pH it becomes negatively charged. Since MB is a cationic dye, high pH favors adsorption on the catalyst surface which results in high degradation efficiency. On the other hand, at lower pH the electrostatic repulsion between the MB cations and positively charged oxide surface greatly reduces the adsorption of the MB dye resulting in a drastic decrease in degradation rate. The higher photocatalytic activity of heterostructure RuO 2 /TiO 2 nanoparticles is related to the role of RuO 2 on the surface of TiO 2 nanoparticles. Figure IV-22 shows in detail the mechanism of photogenerated charge separation at the interface of heterojunction RuO 2 /TiO 2 nanoparticles and its photocatalytic process. As we have seen from the surface analysis the Fermi level of TiO 2 is higher than that of RuO 2 , hence, for contact formation the electrons are transferred from the TiO 2 to RuO 2 until thermodynamic equilibrium is established between the two when they come into contact to each other. As a consequence, the Fermi level of the semiconductor and metal like RuO 2 at the interface is the same that results in the formation of an electron depletion region and surface upward-bent band in the semiconductor. This electron depletion region formed at these Schottky barrier leads to an internal electric field at the interface of the heterojunction RuO 2 /TiO 2 nanoparticles at thermal equilibrium. Under UV light irradiation, the electron in the VB of TiO 2 is excited to the CB by leaving a hole in the VB. The photogenerated electron-hole pairs can be separated effectively by the internal electric field developed at RuO 2 /TiO 2 interface. The generated electrons tend to move to the positive side of the internal electric field; the electrons are transferred to the semiconductor side and take part in the reduction of dissolved oxygen forming superoxide radical anions, O 2 -, yielding hydroperoxy radicals HO 2 on protonation and finally OH radicals. At the same time, the photogenerated holes transferred to RuO 2 particles oxidize the surface hydroxyl groups or physisorbed water molecules, forming activated hydroxyl species OH * , that activated hydroxyl species are strong oxidizing agent well-known to decompose organic substrates as MB or MO dye. In addition a hole transfer to the HOMO states of the dye which leads to a direct oxidation process of the dye can also not be neglected. Thus, an internal electric field caused the vectorial charge transport and transfer of electrons and holes into different directions and then retarded the photogenerated electronhole pairs recombination, resulting in a better photocatalytic activity.

IV.2.2.3.2 Photocatalytic hydrogen production

Photocatalytic activity of the as-synthesized heterostructured photocatalysts was also quantified by photocatalytic hydrogen (H 2 ) evolution from the suspension of the photocatalysts with different RuO 2 content in an aqueous methanol solution under UV light irradiation using 1.6 W Hg vapour light source. Experimental procedure for the production of H 2 is described in detailed in the experiment section. Figure IV-23A shows photocatalytic H 2 production in the absence of photocatalyst or sacrificial agent (methanol) and in the presence of both the photocatalyst and methanol. The H 2 production under UV irradiation for 3 h was only 20.4 mL with no photocatalyst adding into the photoreactor, while in the absence of methanol but in the presence of catalysts, H 2 production was 24.5 mL. In contrast, the H 2 production was increased more than 77 times in the present of photocatalyst (5 wt% RuO 2 /TiO 2 ) and methanol. These results indicated that both the photocatalysts and the sacrificial agent are essential for photocatalytic H 2 production. Figure IV-23B shows the time course of the photocatalytic gas evolution over TiO 2 and RuO 2 /TiO 2 containing different amount of RuO 2 . The amount of the evolved gas almost linearly increased with increasing irradiation time. The evolved gas was analyzed with gas chromatography. We identified CO 2 , in an amount of 0.31 wt%, in the gas mixture. No O 2 and CH 4 was detected in the evolved gas mixture. Figure IV-23C shows the hydrogen production over the as-synthesized photocatalysts. Irrespective of the amount of RuO 2 , the yield of H 2 over heterostructure RuO 2 /TiO 2 photocatalysts was higher than that of pure TiO 2 and commercial TiO 2 P25.

Therefore, the presence of RuO 2 played an important role in photocatalytic H 2 production. It was found that the 5 wt% RuO 2 /TiO 2 gave the highest rate of hydrogen production of 618 µmol/h. In order to obtain efficient RuO 2 /TiO 2 , effect of RuO 2 loading on the photocatalytic It was seen that the rate of H 2 production increased initially with increasing RuO 2 content, reached a maximum and then started to decrease once the RuO 2 content was increased beyond a certain point. With an increase in RuO 2 content, from 1 wt% to 5 wt%, the rate of H 2 increased from 441µmol/h to 618 µmol/h. In contrast, with further increase in RuO 2 content from 5 wt% to 10 wt%, the H 2 production rate dropped rapidly from 618 µmol/h to 353 µmol/h. The photocatalytic activity of RuO 2 /TiO 2 was influenced by the Schottky barriers developed at the interface between RuO 2 and TiO 2 . When RuO 2 content was below 5 wt%, the number of Schottky barriers at RuO 2 /TiO 2 interface was enhanced with increment of RuO 2 loading, consequently resulting in an increase in photocatalytic activity. However, when the RuO 2 loading was above the optimum loading, the active sites on the TiO 2 surface that were available for absorption of light and electron donors were covered by excessive RuO 2 particles. Another explanation is that, at higher metal loadings, the deposited metal particles may act as recombination centres for photogenerated electrons and holes. As a result, the photocatalytic activity of RuO 2 /TiO 2 was remarkably decreased due to inefficient excitation.

In the absence of oxygen and presence of sacrificial species such as methanol, the holes generated by the light (Eq. ( 2)) react with methanol (CH 3 OH) to produce • CH 2 OH radical. The • CH 2 OH radical possesses sufficiently negative oxidation potential (-0.74 V) and could further react to produce H + , electron and HCHO ((Eq. ( 4)). 49 On the other hand, electrons in the conduction band of the particle will simultaneously reduce water or protons in the solution to form gaseous H 2 as shown by Eq. ( 5). These reactions proceed competitively with the recombination of the photoinduced electrons and holes

On the basis of the above results, following photoreactions on the photocatalysts could be proposed as

RuO 2 /TiO 2 + hv → e -(TiO 2 ) + h + (RuO 2 ) (2) 
H + +CH 3 OH → • CH 2 OH + H + (3) • CH 2 OH → HCHO + H + + e - (4) 
2H 2 O + 2e -→ H 2 + 2OH - (5) 
The overall reaction is

2 catalyst , h 3 H HCHO OH CH +    →  v (6)
The product, formaldehyde (HCHO), could be further oxidized to methanoic acid HCOOH and subsequently to CO 2 together with hydrogen generation via eqs

2 catalyst , h 2 H HCOOH O H HCHO +    →  + ν (7) 2 2 catalyst , h H CO HCOOH +    →  ν (8) 
So far an idealized mechanistic scheme of electron-hole pair separation of a well defined planar metal-semiconductor contact has been described. However, it is evident from the comparison of the model experiments to the analysis of predeposited nanostructured RuO 2 /TiO 2 heteroparticles changes in morphology and size dependent electronic properties must also be taken into account. The observed band bending shift in the RuO 2 /TiO 2 nanocatalysts is smaller than on the film heterointerface for two reasons. First of all the smaller size of the TiO 2 and RuO 2 particles does not allow to saturate the band bending as the standard space charge layers thickness will exceed the size of the particles (an effect which depend on doping). In addition, the RuO 2 at small concentration ratio has not completely formed its bulk electronic structure (as is evident from the observed size dependent changes in the spectral feature). Furthermore, the spatial distribution of the RuO 2 deposits on the TiO 2 substrates are not yet optimized as is also suggested from TEM data. For optimization of carrier separation a well defined anisotropy must be obtained in the synthesis of the photocatalyst.

IV.3. Nanostructured RuO 2 /ZnO heterojunction photocatalysts IV.3.1.1. Synthesis and characterization of the nanocatalysts

As no preparation method of RuO 2 /ZnO nanocomposites was reported so far, a twostep procedure was established to prepare them. At first, nanosized ZnO particles were prepared by homogeneous precipitation method using zinc acetate and urea as the precursor and precipitating agent, respectively. Precipitation of Zn(OH) 2 was observed when a clear solution of zinc acetate and urea was reacted at 90 ºC in aqueous medium. The pH of the solution increased gradually due to the progressive decomposition of urea into NH 3 and CO 2 , leading to the nucleation and growth of uniformly nanosized particles which were calcined at 350 ºC. Subsequently, the RuO 2 /ZnO systems containing 2, 4 and 6 wt% of RuO 2 were prepared by impregnating the resulting ZnO nanoparticles with a solution containing the desired amount of ruthenium (III) chloride hydrate (RuCl 3 . xH 2 O) followed by calcination at 350 ºC in air. After annealing in air at high temperature, FTIR studies revealed the complete elimination of the undesirable organics and the formation of metal oxide species (Figure

IV-24A).

Irrespective of the RuO 2 content, each spectrum showed a broad absorption band centered at 3434 cm -1 due to the presence of OH groups. Furthermore, the band at 1631 cm -1 was due to bending vibration of molecular water, whereas the intense absorption band at 505 cm -1 was assigned to the stretching vibration mode of ZnO bonds in zinc oxides. [START_REF] Wilhelm | [END_REF] Furthermore, Raman scattering spectroscopy was used to extract nanostructural information of the samples. The technique is capable of elucidating the photocatalyst structural complexity as peaks from each material are clearly separated in frequency, and therefore the phases are easily distinguishable. Thermodynamically stable ZnO crystallite possesses a wurtzite (hexagonal) structure and belongs to the space group of 4 6v C . Group theory predicts that the materials with 4 6v

C space group are expected to have

A 1 + 2B 1 + E 1 +
2E 2 optical phonon modes near the center of the Brillouin zone. Among these optical phonon modes, A 1 and E 1 modes are both Raman and infra-red active. Moreover, these A 1 and E 1 modes are polar which split into transverse optical (TO) and longitudinal optical (LO)

phonons. E 2 mode consists of two modes of low-and high-frequency phonons which are Raman active only and B 1 modes are silent. 51 The bands in the Raman spectra can be entirely explained on the basis of published data for c-ZnO: 51b, 52 E 2 (low) at 101 cm -1 , E 2 (high) at 437 cm -1 , A 1 (TO) at 380 cm -1 , E 1 (TO) at 407 cm -1 , A 1 (LO) at 574 cm -1 , and E 1 (LO) at 583 cm -1 . The rest of the vibrations are usually labeled as second order vibrations. 53 RuO 2 has a rutile structure, which is tetragonal with two RuO 2 molecules per primitive unit cell.

According to the factor group analysis, there are 15 optical modes of RuO 2, among which four modes are Raman active with symmetries A 1g , B 1g , B 2g and E g . 54 The three major Raman features of a rutile single crystal RuO 2 , namely the E g , A 1g , and B 2g are located at 528, 646 and 716 cm -1 , respectively. 55 4000 3500 3000 2500 2000 1500 1000 500
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Raman shift (cm A very weak shoulder at 410 cm -1 in pure ZnO corresponded to the mode of E 1 (TO). 56 The peaks that appeared at 205 cm -1 and 335 cm -1 could be assigned as second order modes. 57 The frequency of the first-order Raman peak at 585 cm -1 could be ascribed to the longitudinal optical (LO) phonons of E 1 . It is obvious for Intensity (a. u.) close view in the 2θ range of 20-30° showed an extra peak at 2θ of 28° that could be indexed to RuO 2 (110). 58 The intensity of RuO 2 peaks in the nanocomposite samples increased with the increase in the amount of RuO 2 content indicating the formation of RuO 2 along with ZnO.

Moreover, the average crystal size of ZnO was estimated from line broadening of (101) diffraction peak using the Scherrer formula as shown Table IV-3 In order to obtain detailed information about the microstructure and morphology of the as-synthesized samples, TEM observations were carried out. The textural properties, namely BET surface area, mean pore diameter, and total pore volume, of the as-synthesized mesoporous ZnO and RuO 2 loaded ZnO catalysts are given for comparison in Table IV-3. The ZnO catalyst possessed BET surface area of 31 m 2 /g with mean pore diameter and total pore volume of 22.9 (within mesopore region) and 0.18 cm 3 /g, respectively. When RuO 2 were loaded onto the ZnO, aiming to improve the catalytic performance, it was seen that the BET surface area, mean pore diameter, and total pore volume as shown in Table IV-3 were slightly decreased with increasing the wt% of RuO 2.

The BET surface area, mean pore diameter, and total pore volume for 4 wt% RuO 2 /ZnO were 25 m 2 /g, 14 nm and 0.09 cm 3 /g, respectively. The decrease in BET surface area could result from the blocking of mesopore dimension when RuO 2 particles were deposited. 

Wavelength (nm) (A) (B) (a) (b) (c) (d) (a) (b) (c) (d) 

IV.3.1.2. Interface analysis

To clarify the elemental and chemical state of the as-synthesized samples, XPS sample. C 1s peaks overlap with Ru 3d 3/2 or the satellite peak, thus the later can not be clearly recognized. The Ru 3d signal shows two different binding states of ruthenium atoms and exhibit asymmetric lineshapes. The deconvoluted peaks were identified as Ru 3d 5/2 and 3d 3/2 at 280.45 eV and 284.60 eV, respectively, and were attributed to the Ru 4+ chemical state of Ru and it existed as RuO 2 in the as-synthesized samples. The deconvolution of the XPS spectra revealed another additional feature with broader line width at 281.9 eV for the Ru 3d 5/2 line higher than the major peak by 1.45 eV. The origin of these satellite peaks which was also observed on oxidized Ru metal surface is still controversial in the literature, where it has been claimed to be related to excitation of the RuO 2 plasmon, 63 the surface species of Ru high bonding states, 64 or due to the final-state screening effect. 65 Figure IV-31D shows the O 1s peaks for 4 wt% RuO 2 /ZnO sample. It can be seen that the O 1s emission line was asymmetric, suggesting that there were more than one kind of species in the samples. The peak could be fitted into three symmetrical peaks centered at 529.03, 530.70, and 531.84 eV. The first peak at 529.03 eV was attributed to the lattice oxygen in RuO 2 . The second peak at 530.70 eV was assigned to the lattice oxygen of ZnO. 66 The higher binding energy at 531.8 eV was attributed to the oxygen of surface hydroxyl group of RuO 2 and ZnO, 67 which was fully consistent with the FTIR result. As suggested by FTIR, the presence of surface hydroxyl group is confirmed, these groups play an important role in the photocatalytic property of semiconductor by capturing photoinduced holes to produce hydroxyl radical, leading to better photocatalytic property. Band bending developed at the interface of RuO 2 /ZnO was also determined by XPS and UPS from the core level binding energy shifts. and O 1s peaks were shifted to lower binding energies by 0.40 ± 0.05 and 0.45 ± 0.05 eV, respectively, from their original values. A slightly higher shift observed from O 1s peak than Zn 2p 3/2 peak might be due to contribution from both ZnO and RuO 2. We consider a rather parallel shift of both Ti 2p 3/2 and O 1s emission lines ignoring this slight difference in peak shift. The Ru 3d 5/2 emission line was also shifted to lower binding energy by an amount of 0.25 ± 0.05 eV and changes its spectral shape from a rather broad emission line at higher binding energy to a sharp line followed by a shake-up satellite due to free electrons excitation as typically found for metallic transition metal compounds which is due to bulk RuO 2. Intensity (a. u.)
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ZnO suggesting that the degradation rate of MB was higher than that of MO. UV light for 20 min. Therefore, 4% RuO 2 was found to be the optimum concentration, and the higher content of RuO 2 could be unfavorable to photocatalytic efficiency. and Degussa P25, the BET surface area values were 31 and 47 m 2 /g, respectively. From these results, we found that the pure ZnO and Degussa P25 had higher surface area than RuO 2 /ZnO composites. It is indicated that the high BET surface area is favorable for the improvement of the photocatalytic activity. Thus, in our study, the better performance of RuO 2 /ZnO photocatalyst than that of P25 and ZnO particles was not due the BET factors, but was contributed to the synergistic action of RuO 2 and ZnO particles.
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On the other hand, it has been well-established that ZnO generally suffers from photocorrosion for photocatalytic applications. 70 Hence, it is of prime importance to probe the photostability of the RuO 2 /ZnO heterostructures. To this end, cyclic photodegradation experiments and XRD were combined to access the evaluation. Organic compounds in wastewater differ greatly in several parameters, particularly in their speciation behaviour, solubility in water and hydrophobicity. While some compounds are uncharged at common pH conditions typical of natural water or wastewater, other compounds exhibit a wide variation in speciation (or charge) and physico-chemical properties. At pH below its pKa value, an organic compound exists as a neutral species.

Above this pKa value, organic compound attains a negative charge. Some compounds can exist in positive, neutral, as well as negative forms in aquous solution. On the other hand, pH also determines the surface charge of the photocatalyst and the size of aggregates it forms.

This variation can also significantly influence their photocatalytic degradation behaviour. The surface charge of photocatalyst and ionization or speciation (pKa) of an organic pollutant can be profoundly affected by the solution pH. Electrostatic interaction between semiconductor surface, solvent molecules, substrate and charged radicals formed during photocatalytic oxidation is strongly dependent on the pH of the solution. Therefore the pH of the solution can play a key role in the adsorption and photocatalytic oxidation of pollutants. Primarily, ZnO becomes hydroxylated in the presence of water to form hydroxide layers (Zn-OH). [START_REF] Sakthivel | Solar Energ[END_REF] The zinc hydroxide surface (Zn-OH) can become charged by reacting with H + (acidic environment) or OH -(basic environment) ions due to surface amphoteric reactions (Eq. 1,

2). 72 Zn-OH + H + → Zn-OH 2 + (acidic environment) ( 1)

Zn-OH+OH -→ Zn-O -+H 2 O (basic environment) (2) 
At low pH hydroxide surfaces adsorb protons to produce positively charged surfaces.

At high pH they lose protons to produce negatively charged surfaces [39]. The zero point charge of ZnO (pHzpc) has been reported to be 7.5-9.8. 73 Therefore, the surface functional groups of ZnO can be ZnOH 2 + , ZnOH, and ZnO -at pH < pHzpc, pHzpc and pH > pHzpc, respectively. On the other hand, MB dye (pKa ≈ 3. It has also been reported that in a slightly alkaline solution (pH 8-9), hydroxyl radicals are more easily generated by oxidizing the available OH -on the photocatalyst surface. 74 Thus, generally, the photodegradation efficiency is expected to be enhanced with increasing pH due to the ready availability of hydroxyl radicals for the reaction. the built in potential at the interface, suggesting that the photogenerated electrons and holes were efficiently separated. The efficient charge separation can also increase the lifetime of the charge carriers and enhance the efficiency of the interfacial charge transfer to adsorbed substrates, and then account for the higher activity of the RuO 2 /ZnO nanocomposites.

The photocatalytic reaction process can be proposed as follows

) (RuO h (ZnO) e /ZnO RuO 2 2 + - + → + ν h e -+ O 2 → O 2 •- O 2 •-+ H 2 O → HO 2 •-+ OH - HO 2 •-+ OH -→ H 2 O 2 + OH • H 2 O 2 → 2OH • OH • → dyes → intermediates → degradation products h + + dyes → intermediates → degradation products
The electrons in the conduction band of ZnO react with molecular oxygen adsorbed on the surface of ZnO to generate superoxide radials anion (O 2

•-

). The O 2 •-radicals further react with H 2 O to produce OH • radicals. On the other hand, holes migrated to RuO 2 react with surfacebound hydroxyl groups (or H 2 O) to produce activated hydroxyl species (OH * ) which is an extremely strong oxidant for the mineralization of organic substrates as dyes (MB or MO). In addition, photogenerated holes transferred to RuO 2 surface can also directly oxidize the organic dyes through the formation of intermediates.

IV.4. Conclusion

In summary, mesoporous heterostructure RuO 2 /TiO 2 nanoparticles photocatalysts have been successfully prepared by impregnation of TiO 2 nanoparticles, synthesized by the sol-gel process, in a ruthenium acetylacetonate solution and, then, thermal annealing at 400

⁰C. The UV-Vis diffuse reflectance studies showed that the band gap energy of the heterostructure RuO 2 /TiO 2 photocatalyst was red-shifted compared to that of TiO 2 . An interface experiment to model the junction was carried out by stepwise deposition of RuO 2 on the TiO 2 film by XPS and UPS and a shift of Ti 2p 3/2 and O 1s core level spectra were determined to be 1.22 and 1.25 eV, respectively which was ascribed to the band bending at the interface of the heterojunction RuO 2 /TiO 2 . The heterojunction 1 wt% RuO 2 /TiO 2 photocatalyst showed higher photocatalytic activity than the pure TiO 2 and reference commercial TiO 2 P25 for the degradation of MB and MO dyes under UV light irradiation in neutral and basic media. Furthermore, the heterostructure photocatalysts could be easily recycled without significant change in the catalytic activity which evidenced the stability of the catalysts and the reproducibility of the approach. The photocatalytic activity for the production of H 2 was carried out under UV in the presence of methanol as a hole scavenger.

The 5 wt% RuO 2 /TiO 2 photocatalysts showed higher catalytic activity with average hydrogen production rate of 618 µmol h -1 . Without RuO 2 the production rate decreased dramatically to 29 µmol h -1 that points out the key role of RuO 2 for efficient hydrogen production.

In addition, heterostructured RuO 2 /ZnO photocatalysts were prepared in two steps.

Nanosized ZnO particles were first prepared by homogeneous precipitation technique using urea as precipitating agent followed by calcination, and, then, RuO showed that almost all the n-n junction composite semiconductors had higher photocatalytic activity than single ones. In the meantime, another novel and promising concept of establishing a p-n junction at the interfacial contact between an n-type TiO 2 semiconductor and a p-type semiconductor has been proposed as an effective way to suppress the electronhole pair recombination and prolong the electron's lifetime. 5 Theoretically, the p-n junction is formed at the interface as a space charge region when p-type (hole-rich) and n-type (electronrich) semiconductors are contacted. Electron and hole carriers are transferred to the p-type and n-type semiconductor, respectively, in forming electronic equilibrium. The inner electric field is established at equilibrium and then acts as a potential barrier to prevent the recombination of electron and hole. The potential related to the electric field enhances the movement of free electrons from p-type to n-type semiconductors and the movement of free holes from n-type to p-type semiconductors. Therefore, the photogenerated electron-hole pairs excited by UV irradiation are efficiently separated by the inner electric field to minimize the recombination.

Nickel oxide (NiO) is a p-type semiconductor frequently used as a cocatalyst loaded with various n-type semiconductors because of its high p-type concentration, high hole mobility, and cost effectiveness. 6 Thus, NiO can be efficiently employed to form a p-n junction with the n-type TiO 2 semiconductor. A few research groups have investigated the photocatalytic performances of the p-n junction NiO/TiO 2 photocatalysts. 5a, 7 Most of the work reported in the literature mainly focused on the photocatalytic oxidation of organics. To our knowledge, there is little information regarding photocatalytic hydrogen production using NiO/TiO 2 nanocomposites. 8 In addition, no actual determination of the band bending at the NiO/TiO 2 interface has been achieved so far allowing for rationalizing the enhanced charge separation concept mentioned above. This prompted us to synthesize and to investigate the photocatalytic performance of NiO/TiO 2 nanocomposites for the photocatalytic degradation of organic dyes and production of hydrogen.

Herein, the p-n junction NiO/TiO 2 photocatalyst was synthesized by a simple, easy and one pot sol-gel route using titanium butoxide, n-butanol and nickel nitrate as starting materials. The p-n junction NiO/TiO 2 photocatalyst was then characterized by FTIR, X-ray powder diffraction (XRD), Raman, UV-vis diffuse reflection spectroscopy, N 2 adsorptiondesorption isotherm, transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS). The band energy alignment at the NiO/TiO 2 interface was determined by X-ray Photoelectron spectroscopies (XPS) and Ultraviolet Photoelectron spectroscopy (UPS).

The photocatalytic activity of the photocatalysts was evaluated by photocatalytic oxidation of methylene blue (MB), methyl orange (MO) and photocatalytic production of hydrogen. The possible mechanisms of p-n junction formation and separation of photogenerated electron and hole were also discussed.

V.2. Preparation method review

So far, Several methods have been applied to synthesize NiO/TiO 2 p-n junction heterostructures, such as sol-gel, 5b, 7d-e, 8a, 9 incipient wetness impregnation, 7a-c electroless plating, 10 chemical-solution-deposition-decomposition 7h or evaporation-induced method. 11

Among the various methods available for the synthesis of photocatalytic nanocomposites, sol-gel is considered to be the most successful one in creating nanoparticulate systems with controlled pore structure. Thus, Ahmed 7e synthesized mesoporous NiO/TiO 2 nanoparticles by the sol-gel route using titanium chloride and nickel acetylacetonate as precursors and cetyltrimethylammonium bromide as controlling template to tune the porous structure. In a typical procedure, cetyltrimethylammonium bromide surfactant dissolved in ethanol was added at a level just below its critical micelle concentration to a solution of titanium chloride and nickel acetylacetonate dissolved in ethanol followed by dropwise addition of an aqueous solution of ammonia. After aging for 48 h, the resultant sol was filtered, washed and dried at 100 °C followed by calcination at 800 °C to obtain the final product. XRD studies showed that TiO 2 in NiO/TiO 2 nanocomposites containing up to 5 mol% NiO was anatase, where as pure TiO 2 calcined at 800 °C was a mixture of anatase and rutile phase, indicating that the NiO stabilized the metastable anatase phase and impeded its transformation to rutile. The NiO/TiO 2 nanocomposites were highly porous and the specific surface area of the NiO/TiO In another study, NiO/TiO 2 nanoparticles were prepared by an evaporation-induced synthetic method, in which a coating of the Ni(NH 3 ) 6 2+ complex cation over TiO 2 was obtained in-situ by adding ammonia to TiO 2 P25, suspended in the required volume of millimolar Ni 2+ solution under vigorous stirring, to reach a pH of 14. 11 Then, the ammonia was evaporated to convert the ammonia complex to hydroxide and eventually, NiO/TiO 2 nanoparticles were obtained by annealing the later at 450 °C. The sample contained both anatase and rutile phases of TiO 2 with average crystallite size of about 23 nm and a BET specific surface area of 65 m 2 g -1 .

In the present study, p-n junction NiO/TiO 2 nanocomposites were synthesized by the sol-gel route as this method allows for preparing more easily pure anatase TiO 2 .

V.3. Results and discussions

V. The spectrum displayed two characteristics broad band centered at 3400 and 1630 cm -1 which were ascribed to the stretching and bending modes of vibrations of physisorbed water or owing to the existence of surface hydroxyl groups (Ti-OH). 12 The bands at 1530 cm -1 were assigned to the asymmetric stretching vibration of COO (acetate) groups bonded to titanium. 13 The band at 1430 cm -1 was ascribed to the bending modes of C-H bonds which come from the residual butyl group in the as-synthesized TiO 2 . 14 The lowfrequency region of the spectrum (below 900 cm -1 ) was attributed to stretching vibrations involving metal-oxygen bands (e.g., Ti-O, Ti-O-Ti and, Ti-O-Bu) suggesting the formation of TiO 2 at low temperature. After calcination of the samples, all the peaks resulting from the organic groups have disappeared (Figure V-2B). The remaining very broad peak between 450-900 cm -1 centered at 720 cm -1 could be assigned to the Ti-O lattice vibration, which indicated that TiO 2 grains had grown after calcination of TiO 2 prepared by sol-gel route. 15 These peaks for NiO/TiO 2 samples were shifted to lower wavenumber with increasing the NiO amount. showed several dominant peaks at 2θ of 25.2°, 37.7°, 48°, 53.8°, 55.1° and 62.6° which could be indexed as ( 101), ( 004), ( 200), ( 105), ( 211) and ( 204) planes of pure anatase phase of TiO 2 (JCPDS 78-2486), respectively. It is also worth mentioning that no other diffraction peaks corresponding to other phase of TiO 2 (i.e. rutile and brookite) or any crystalline impurity were observed from the XRD pattern. The predominant existence of pure anatase phase TiO 2 implied the successful role of sol-gel route for the efficient synthesis of TiO 2 photocatalyst modified by NiO. The absence of the rutile phase was beneficial to the photocatalytic activity of the composite catalysts, owing to higher photocatalytic activity of anatase than that of rutile. 16 Moreover, the route employed in this chapter, that involved the hydrolysiscondensation of Ti(OBu) 4 followed by calcination in air, appeared to be more efficient to get pure anatase than the process developed in the previous chapter (based on hydrolysiscondensation of Ti(O i Pr) 4 followed by hydrothermal treatment) that always gave small amount of brookite TiO 2 . 17 Another reason of the missing NiO signal might be the combination of its low content and its small particle size, being less than 5 nm due the low sensitivity of the XRD analysis.

However, we plotted the XRD pattern in the 2θ region between 40 and 46° (Figure V-4B) to examine the appearance of any peak corresponding to NiO, as the most intense peak of NiO is seen at 2θ of 43.3°. As seen, a fairly weak peak was observed which could be assigned to the (200) plane of NiO. In addition, for the composite catalysts, there was no observation of new diffraction peaks other than TiO 2 , especially NiTiO 3 phase, indicating the absence of crystalline mixed oxides. The possibly formed phase of NiO was examined by using XRD of pure NiO prepared by the similar procedure described above but without titanium precursor (Figure V-5). The peaks positions appearing at 2θ of 37.24°, 43.30 °, 62.83°, 75.40 ° and 79.35° can be readily indexed as ( 111), ( 200), ( 220), (311), and ( 222) crystal planes of NiO, respectively. All these diffraction peaks can be perfectly indexed to the face-centered cubic (FCC) crystalline structure of NiO, which was in accordance with that of the standard spectrum (JCPDS, No. 04-0835). The average crystallite size of TiO 2 in the as-synthesized photocatalysts estimated from the line broadening of the anatase (101) diffraction peak using the Scherrer formula is shown in Table V-1. The calculated crystallite size of TiO 2 prepared by the sol-gel method was in the range of 13-16 nm and the crystallite size of TiO 2 slightly decreased with increasing the NiO content which was also supported by Raman results.

The crystalline phase and the size of crystallite of as-synthesized photocatalysts were further confirmed by Raman investigation. Raman spectroscopy is a powerful method to investigate the structural properties of nanoparticles, monitoring the unusual band broadening and shifts of Raman bands associated with particle size. Thus, it is possible to determine the size of the nanoparticles from a measurement of the maximum of the low frequency Raman band. According to the group theory, anatase has six Raman-active modes (A 1g + 2B 1g + 3E g ). 19 Ohsaka reported the Raman spectrum of an anatase single crystal where six allowed modes appeared at 144 (E g ), 197 (E g ), 399 (B 1g ), 513 (A 1g ), 519 (B 1g ), and 639 cm -1 (E g ). 20 From the Raman spectra, it seems evident that both the pure and NiO-modified TiO 2 only included the anatase phase. There was no apparent impurity-related mode in the Raman spectra of heterostructure NiO/TiO 2 samples, which is in agreement with the above discussed XRD results. For pure TiO 2 , the high intensity lower frequency E g mode was observed at 143 cm -1 , which was well in agreement with the values reported in the literature. 21 In order to highlight the difference between the spectra, the position of the E g mode near 143 cm -1 is presented in Figure V-6B in the enlarged region of range 110-200 cm -1 in which the intensity of the Raman spectra was normalized. With increasing the NiO amount, the position of the Raman bands, in particular the E g mode shifted towards higher wavenumbers. This observation could be attributed to the reduction of the particle size of TiO 2 with increasing the NiO content.

When the grain size decreases to a nanometer scale, the vibrational properties of materials are greatly influenced. Mainly, a volume contraction occurs within the nanoparticles due to sizeinduced radial pressure, which lead to an increase in the force constants because of the decrease in the interatomic distances. In vibrational transitions, the wavenumber varies approximately in proportion to the square root of force constant. Consequently, the Raman bands shift towards a higher wavenumber due to the increasing force constants. The crystallite size of the as-synthesized photocatalyst were determined from the shift of low frequency E g mode and the calculated crystallite size is presented in Table V-1. The average size of the crystallites was well agreed with that determined by XRD. In order to estimate the energy band gap of the catalyst particles, the optical property is mainly constituted by 3d orbitals (t 2g bands) of the Ti 4+ cation. 24 In the junction region, the electronic contact between NiO and TiO 2 may lead to a charge transfer transition fron the NiO valence band to the conduction band of TiO 2 to enable visible light to be absorbed. 24,25 Bokhimi et al. 26 

Figure V-13B

shows the high resolution XPS spectra of the Ti 2p core level of the NiO/TiO 2 sample containing 1 wt% NiO. Peak fitting to the spectra was applied using Gaussian-Lorentzian peak shape after subtraction of Shirley background. The Ti 2p spectrum shows two symmetric peaks, the peak centered at 458.8 eV corresponded to the Ti 2p 3/2 and another one centered at 464.5 eV was assigned to Ti 2p 1/2 . The typical binding energy of Ti 2p 3/2 was reported to be in the range of 458.5-459.7 eV. 34 The symmetric peak of Ti 2p 3/2 at 458.8 eV indicated the formal oxidation state of Ti 4+ in the as-synthesized NiO/TiO 2 nanocomposites. 35 Furthermore, the Ni 2p 3/2 photoemission line for the 1 wt% NiO/TiO 2 sample was located at 854.4 eV (Figure V-13C) which indicated the existence of nickel cation as Ni 2+ , as expected for NiO. 36 These data therefore definitely evidenced the presence of NiO species in the 1 wt% NiO/TiO 2 photocatalyst.

As illustrated in Figure V-13D, the O 1s XPS spectrum of 1 wt% NiO/TiO 2 was wide and asymmetric at higher binding energy, showing that there were at least two forms of O binding states. The O 1s spectrum was deconvoluted into two main components. The emission line at 530.4 eV was attributed to the O lattice of TiO 2 (O 1s-Ti states, TiO 2 ) while the peak at 531.9 eV was ascribed to the hydroxyl group in the water molecules adsorbed on the particle surface. The O 1s peak for NiO was reported to be 529. In order to investigate the electronic properties, we determined the band energy alignment at the interfaces of NiO/TiO 2 nanocomposites by XPS and UPS from the core level binding energy shifts. the Ti 2p 3/2 spectrum shows a peak at a binding energy of 459.1 eV. The spectral line shape and the peak position of the Ti 2p 3/2 core level for the pure TiO 2 were in good agreement with the earlier studies of anatase TiO 2 . 37 The emission lines were shifted to lower binding energy (BE) with increasing NiO content. This shift in BE of TiO 2 core levels with the increase in NiO loading may indicate the formation of a space charge layer (band bending) at the interface of NiO/TiO 2 nanocomposite. 38 The Ti 2p 3/2 line for NiO/TiO 2 nanocomposite with 4 wt% NiO was at a binding energy of 458.7 eV, a shift to lower BE of 0.4 ± 0.1 eV, which can be ascribed to the down ward shift of E F possibly induced by band bending in the TiO 2 particles. Core level photoemission can also distinguish the bonding environment of surface and near-surface atoms and changes induced by the adsorption of molecules on the surface.

(b) (a) (f) (e) (d) (c) (b) (a) (e) (d) (c) 
The formation of covalent or ionic bonds due to surface reactions should result in chemically shifted components. 39 Apart from a slight broadening of all peaks, there were no significant changes in the spectral line shape of the TiO 
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Here, inter and bulk designate interface and bulk, respectively. A value of nanocomposite was even higher than that of commercial P25. Similarly, the rate constant of 0.1 wt% NiO/TiO 2 (0.048 min -1 ) was about 2.3 times higher than that of the as-synthesized TiO 2 (0.021 min -1 ) for the degradation of MO. Finally, regardless of the photocatalysts studied, the degradation rate of MB was faster than that of MO. The photocatalytic degradation efficiencies were 94%, 81% and 3% at pH 10.1, 7.2 and 2.5, respectively, after 10 min of irradiation. In fact, the dye was completely mineralized within 30 min at a pH above 7. On the other hand, only 12% of dyes were decomposed in acidic medium even after 80 min. As the NiO content in the NiO/TiO 2 composite was low, we could explain the higher photocatalytic activity of the as-synthesized photocatalysts by the amphoteric behaviour of semiconducting titanium dioxide and the change of the surface charge properties of TiO 2 with the changes of pH around its point of zero charge (pH PZC ) according to the following reaction:
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TiOH + H + ⇔ TiOH 2 + pH < pH PZC (3) TiOH + OH -⇔ TiO -+ H 2 O pH > pH PZC (4) 
pH changes can thus influence the adsorption of dye molecules onto the catalysts surface, an important step for the photocatalytic oxidation to take place. Ku et al. 41 found that the pH PZC of NiO/TiO 2 nanocomposites containing NiO in the range of 0.1 to 5% to be of 5.6-6.7. On the other hand, MB in aqueous solution of pH higher than 3.8 exists as cation as the pKa value of MB is 3.8 already mentioned in Chapter IV. The surface of NiO/TiO 2 would be negatively charged in the alkaline media (pH > 6.7) and adsorb cationic MB easily as a result of electrostatic attraction of the negatively charged NiO/TiO 2 with the cationic MB dye.

Under acidic conditions, it is difficult for cationic MB dye to adsorb onto the positively charged catalyst surface We have found that that the works function of NiO (5.4 eV) is larger than that of TiO 2 (4.15 eV). The Fermi energy level of TiO 2 is higher than that of NiO due to its smaller work function. When the p-type NiO and n-type TiO 2 formed the p-n heterojunction, the electron transfer occurred from TiO 2 to NiO while the hole transfer occurred from NiO to TiO 2 until the system attained equilibration due to the carrier transfer between the NiO and TiO 2 .

Meanwhile, an inner electric field was built up at the interface between NiO and TiO 2 because of electron and hole transfer. When the p-type NiO and n-type TiO As a consequence, the following photocatalytic reaction process can be proposed which is similar to those described in the previous chapters for RuO ). The O 2

•-radicals further react with H 2 O to produce OH • radicals, which was a strong oxidizing agent for decomposing the organic dye. In contrast, holes on the NiO surface take part in the oxidation reaction with susface adsorbed dye molecules leading to the final degradation products.

V.3.3.2. Photocatalytic hydrogen production

The photocatalytic activity of the as-synthesized NiO/TiO After 6 h irradiation, the H 2 production in the presence of pure TiO 2 was 106.5 µmol, while it was 808 µmol when 1 wt% NiO/TiO 2 was used as catalyst. To get a deeper understanding in the process involved, the H 2 evolution rate was plotted as a function of the NiO loading

(Figure V-23D).
It was seen that the activity towards H 2 production increased with increasing NiO content up to about 1 wt% NiO and then decreased thereafter. A similar trend was observed for RuO 2 /TiO 2 system discussed in chapter IV. With an increase in NiO content from 0.25 wt% to 1 wt%, the H 2 production rate gradually increased from 1812 µmol h -1 g -1 to 2693 µmol h -1 g -1 . In contrast, with further increase in NiO content from 1 wt% to 4 wt%, the H 2 production rate dropped from 2693 µmol h -1 g -1 to 1888 µmol h -1 g -1 . This suggested that the optimum loading of NiO was about 1 wt%. It can be proposed that, when the NiO content was lower than its optimum value, the trapping sites of carriers increased with the increase of the amount of NiO, which prolonged the lifetime of carriers, thus improving the photocatalytic activity. Therefore, the photoreduction activity increased. But when the amount of NiO was higher than its optimum value, the decrease in the photocatalytic activity might be attributed to the excess of NiO nanoparticles on the photosensitive TiO 2 surface, which caused the decrease in the light absorption capability and accordingly lower the photogenerated electrons. In addition, when the loading of NiO was higher than the optimum value, the depth of penetration of the light to the TiO 2 became extremely small, scattering was much increased, and a detrimental effect on the reaction rate was developed.

The as-synthesised NiO/TiO 2 nanocomposites prepared by sol-gel process in this study showed a higher photocatalytic activity for the production of hydrogen than that reported in the literature. Recently, Elouali et al. 8b reported the H 2 production rate of platinized commercial TiO 2 (Inorganic PC50) in suspension to be 263.3 µmol h -1 g -1 which

was almost identical to an equal weight of a PC50 ceramic wafer coated one side with Pt.

However, loading of NiO as co-catalyst lowered the hydrogen production rate to 85.5 µmol h - 1 g -1 and increased the oxygen production rate. In another study, Shreethawong et al. 8a investigated the sacrificial hydrogen production of mesoporous TiO 2 supported NiO photocatalyst from an aqueous methanol solution using 300 W high pressure Hg lamp as UV light source. The highest H 2 production rate obtained was 811 µmol h -1 g -1 , which is much lower than the maximum H 2 production rate reached in the present study, i. e. 2693 µmol h -1 g -1 .

On the basis of the above results and as proposed for the RuO 2 /TiO 2 system in chapter IV, the possible photoreactions on the photocatalysts are the following NiO/TiO 2 + hv → e -(TiO 2 ) + h + (NiO) ( 5)

H + +CH 3 OH → • CH 2 OH + H + (6) • CH 2 OH → HCHO + H + + e - (7) 
2H

2 O + 2e -→ H 2 + 2OH - (8) 
The overall reaction is

2 catalyst , 3 H HCHO OH CH +    →  hv (9)
The product, formaldehyde (HCHO), could be further oxidized to methanoic acid HCOOH and subsequently to CO 2 together with hydrogen generation via eqs (11) In the absence of oxygen, the photogenerated holes react with sacrificial agent methanol (CH 3 OH) to produce • CH 2 OH radical (Eq. ( 6)). The • CH 2 OH radical possesses sufficiently negative oxidation potential (-0.74 V) and could further react to produce H + , electron and HCHO ((Eq. ( 7)). 42 On the other hand, electrons in the conduction band of the particle will simultaneously reduce water or protons in the solution to form gaseous H 2 as shown by Eq. ( 8). These reactions proceed competitively with the recombination of the photoinduced electrons and holes

V.4. Conclusions

Mesoporous heterostructure NiO/TiO 2 nanoparticles photocatalysts have been successfully prepared by a single-step sol-gel route using titanium n-butoxide and nickel nitrate as precursors followed by calcination at 500 ⁰C. XRD analysis showed that the assynthesized TiO 2 was completely anatase phase with no trace of any other phase, which was confirmed by Raman spectroscopy. The UV-Vis diffuse reflectance studies showed that the band gap energy of the heterostructure NiO/TiO 2 photocatalyst was red-shifted compared to that of TiO 2 . XPS and UPS have been used to determine the energy level line up at the interface of p-n NiO/TiO 2 heterojunction nanoparticle from the shift of Ti 2p 3/2 and Ni 2p 3/2 core level spectra. A shift of Ti 2p 3/2 and Ni 2p 3/2 core level spectra were observed to be 0.4 ± 0.1 and 0.6 ± 0.1 eV, respectively, which were ascribed to band bending at the interface of heterojunction NiO/TiO 2 nanoparticles. The investigation of the photocatalytic ability indicated that the p-n NiO/TiO 2 heterojunction nanoparticles containing 0.1 wt% NiO possessed higher photocatalytic activity than the pure TiO 2 and commercial TiO 2 P25 for the degradation of MB and MO dyes under UV light irradiation due to the enhanced separation efficiency of photogenerated electron-hole pairs from the p-n heterojunctions. In addition, the heterostructure photocatalysts could be easily recycled without any significant change in the catalytic activity which evidenced the stability of the catalysts and the reproducibility of the approach. The photocatalytic activity of the as-synthesized NiO/TiO 2 heterojunction nanoparticles was also investigated by the production of H 2 in an aqueous solution of methanol at ambient temperature under UV irradiation. The greater photocatalytic activity for H 2 evolution was obtained for the entire investigated range of NiO loading. The optimum level of NiO was found at 1 wt% with average H 2 production rate of 2693 µmol h -1 g -1 . To the best of our knowledge, the sol-gel 1 wt% NiO/TiO 2 nanocomposite developed in this work is the most efficient NiO/TiO 2 system ever reported to generate hydrogen. This higher photocatalytic activity for degrading organic dye and producing H 2 was related to the higher charge separation resulting from internal electric field developed at the interface of the NiO/TiO 2 heterojunction. Thus, the enhanced photocatalytic activities of heterojunction photocatalysts resulting from reduced charge recombination will allow us to use these systems in various applications such as photocatalytic water/air purification and photocatalytic hydrogen production.

It is now well-established that energy production and environmental challenges constitute paramount issues for the 21 st century. Thus, limited fossil fuel resources and strict environmental regulations motivate the search for sustainable, efficient and environmentally friendly energy sources. For instance, hydrogen produced from renewable sources has great potential as a future energy carrier. On the other hand, acute problems related to hazardous organic waste remediation have emerged as an international priority. In this context, photocatalytic processes over semiconducting oxide surfaces have attracted significant attention in recent years as potentially efficient, environmentally friendly, and low cost methods for water/air purification as well as for renewable hydrogen production. However, the recombination of photogenerated electron-hole pairs that result in low photocatalytic efficiency has hampered the industrialization of this technology. To elaborate new perspectives in this field, this work deals with the improvement of the efficiency of the photocatalytic process by reducing the recombination via vectorial charge transfer. In this aim, new heterostucture photocatalysts were developed by depositing metallic oxide on the surface of semiconductors or by coupling two semiconductors with suitable band edge position.

First of all, the theory and background necessary to understand semiconductor photocatalysis were detailed, with a peculiar emphasis laid on the electronic and optical properties of the bulk and nanoparticulate semiconducting materials. This was followed by the discussion of the basic principles of semiconductor photocatalysis and the thermodynamics that governs the photocatalytic performance. In the second chapter, heterostructure photocatalyst systems based on titanium dioxide (TiO 2 ), zinc oxide (ZnO) and tin dioxide (SnO 2 ) were reviewed with a particular focus on the strategies to improve the photocatalytic activity. Electronic modification of the catalyst by deposition of metal particles or other semiconductor particles showed a strong effect on the photoactivity of the system resulting from the efficient electron-hole pair separation and the dynamics of interfacial charge transfer. However, a systematic study of the effect of various parameters such as specific surface area, porosity and energy band alignment in such systems was still largely unexplored.

To draw new prospects in this field, three different kinds of heterostructure system such as n-type/n-type semiconductor (SnO 2 /ZnO), metal/n-type semiconductor (RuO 2 /TiO 2 and RuO 2 /ZnO) and p-type/n-type semiconductor(NiO/TiO 2 ) heterojunction photocatalysts were synthesized, characterized and their photocatalytic activities were investigated for the degradation of organic dyes and the production of hydrogen. These catalysts are individually discussed below with highlight to the charge separation mechanism at the interface of the heterostucture that resulted in enhanced photocatalytic efficiency for the degradation of methylene blue (MB), methyl orange (MO) and the production of hydrogen. For each system, we described a powerful tool based on a combination of XPS/UPS studies with UV-Visible absorption data to determine accurately the energy band alignment allowing for the rationalization of the photocatalytic properties.

In a first step, the SnO 2 /ZnO system was studied as a model heterostructure n-type/ntype semiconductor heterojunction photocatalyst in order to establish the general scientific methodology followed in this work. Mesoporous SnO 2 /ZnO heterojunction photocatalyst was successfully prepared using a two-step solution route involving the synthesis of nanosized In the next step, we focused our attention on developing heterostructure metal/n-type semiconductor RuO 2 /TiO 2 photocatalysts, the ruthenium oxide being expected to act as a quasi-metallic material. The target heterostructure was prepared by impregnation of TiO 2 nanoparticles, synthesized by the sol-gel process, in a ruthenium (III) acetylacetonate solution followed by annealing at 400 ⁰C. Regardless of the RuO 2 amount, the as-synthesized nanocatalyst was made of a mesoporous network of aggregated TiO 2 anatase nanoparticles modified with RuO 2 according to N 2 sorption and transmission electron microscopy (TEM)

studies. DRS showed that the heterostructure RuO 2 /TiO 2 nanocomposites absorb light in the whole visible range which was attributed to surface plasmon resonance effect (SPR)

suggesting that the obtained photocatalyst could be active in the visible region. In order to clarify the charge separation at the interface of the RuO 2 /TiO 2 heterojunction, an energy band alignment was determined by XPS and UPS. At first, a model interface experiment was carried out by stepwise deposition of RuO 2 on the TiO 2 film. In-situ XPS measurement showed a shift of Ti 2p 3/2 core level spectra toward lower binding energy of 1.22 eV which was ascribed to upward band bending at the interface of the RuO 2 /TiO 2 heterojunction. The evident band bending for the heterostructure RuO 2 /TiO 2 nanocomposites was determined to be 0.2 ± 0.05 eV. The photocatalytic decomposition of MB and MO in solution under UV light irradiation revealed that the heterostructure 1 wt% RuO 2 /TiO 2 catalyst led to higher activities than pure anatase TiO 2 and reference commercial TiO 2 P25 nanoparticles. The degradation rate constant normalized with respect to BET specific surface area was 1.7 and 1.3 times higher than that of P25 for the degradation of MB and MO, respectively. In addition, recycling of the as-synthesized photocatalysts with no appreciable change in degradation rate constant confirmed the stability of the catalysts. Furthermore, the production of H 2 under UV irradiation in the presence of methanol as a hole scavenger was also achieved with this system. Irrespective of RuO 2 content, the hydrogen production rate over RuO 2 /TiO 2 photocatalysts was higher than that of pure sol-gel TiO 2 and commercial P25 TiO 2 . The 5 wt% RuO 2 /TiO 2 photocatalysts showed higher catalytic activity with average hydrogen production rate of 618 µmol/h. This higher photocatalytic activity for the decomposition of organic dyes and producing H 2 was related to the higher charge separation efficiency resulting from the built-in potential developed at the interface of the RuO 2 /TiO 2 heterojunction.

As the band gap energy and the photocatalytic mechanism of ZnO is similar to that of TiO 2 , we have also developed an original heterostructure including both ZnO and RuO 2 by using a two-step procedure similar to that described for the RuO 2 /TiO 2 nanocomposite: preparation of ZnO by homogenous precipitation method and subsequently RuO 2 /ZnO by impregnating ZnO in ruthenium (III) chloride hydrate solution followed by annealing. As for the RuO 2 /TiO 2 system, the RuO 2 /ZnO nanocomposite also showed light absorption in the visible region. An energy band diagram of RuO 2 /ZnO nanocomposites was determined by XPS and UPS from the shift of the core level spectra. A shift of Zn 2p 3/2 core level spectra was determined to be 0.42 ± 0.05 eV which was assigned to band bending at the interface of heterojunction RuO 2 /ZnO nanoparticles. 4 wt% RuO 2 /ZnO showed higher photocatalytic performance under UV illumination for the decomposition of MB and MO when compared with the pure ZnO and commercial TiO 2 P25. The degradation rate constants normalized with BET surface area of 4 wt% RuO 2 /ZnO nanocomposite for the degradation of MB were 2.4

and 2 times higher than that of pure ZnO and P25, respectively, suggesting that the better photocatalytic performance of heterostructure RuO 2 /ZnO nanocomposite was not due to surface area, but contributed to the synergistic action of RuO 2 and ZnO. A similar trend was also observed for the degradation of MO. The upward band bending of ZnO toward the interface facilitated to transfer the photogenerated electron to ZnO and hole to RuO 2 allowing vectorial charge separation that resulted in higher photocatalytic efficiency. Furthermore, the RuO 2 /ZnO nanocomposites could also be easily recycled without any decrease of the photocatalytic activity evidencing the stability of the as-synthesized RuO 2 /ZnO photocatalysts. To the best of our knowledge, this work constitutes the first evidence of the potentialities of RuO 2 /ZnO nanocomposites in photocatalysis.

Finally, heterostructure p-type/n-type semiconductor NiO/TiO 2 photocatalyst was successfully prepared at room temperature by a single-step sol-gel route using titanium nbutoxide as the precursor followed by calcination at 500 ⁰C. XRD analysis showed that the as-synthesized TiO 2 was completely anatase phase and no other phase was observed which was confirmed by the Raman spectroscopy. XRD analysis also revealed a crystallite size of In summary, the concept of semiconducting heterojunction nanocatalysts with high photocatalytic activity has been rationalized in terms of energy band alignment. As a consequence, this technology should find industrial application in the future to remove undesirable organics from the environment and to produce renewable H 2 .

The potential levels of the valence band and the conduction band edges play a vital role in predicting the type of reactions that can occur at the surface of the semiconductor photocatalysts. To achieve H 2 production, the conduction band potential of the semiconductor must be more negative than proton reduction potential of 0.0 V vs NHE at pH = 0 (-0.41 V at pH = 7). Meanwhile, the potential of valence band edge must be more positive than the oxidation potential of water of +1.23 V vs NHE at pH = 0 (+0.82 V at pH = 7). 1 As the conduction band position of ZnO is thermodynamically favourable to reduce water to hydrogen, the photocatalytic activity of RuO 2 /ZnO nanocomposites for the production of hydrogen should be investigated in the future. Finally, methanol was used as an electron donor in this study, the role of which was to react irreversibly with the photogenerated holes and/or oxygen thereby suppressing the electron/hole recombination and/or the reverse reaction between H 2 and O 2 and thus increasing the rate of hydrogen production. Organic pollutants can perform the role of electron donors, thereby can reduce the hydrogen production costs while at the same time can serve the dual role of hydrogen production as well as organic degradation. The chosen sacrificial agent should be inexpensive compared to the hydrogen produced to make the process a feasible one. Wastewater containing organic pollutants such as azo dyes can be considered as suitable electron donor for this purpose. The proof of such a concept could have a huge impact for industrial purpose.

VI.1. Chemicals used

Anhydrous tin tetrachloride (Acros Organic), sodium bicarbonate (Alfa Aesar), ruthenium (III) 2, 4-pentanedionate (Alfa Aesar), ruthenium chloride hydrate (Sigma Aldrich), nickel nitrated hexahydrate (Alfa Aesar), titanium (IV) isopropoxide (Sigma Aldrich), titanium (IV) butoxide (Sigma Aldrich), zinc acetate dihydrate (Alfa aesar), urea The heterostructure RuO 2 /TiO 2 photocatalyst was prepared in two steps. First, TiO 2 was prepared by a sol-gel process according to a procedure described elsewhere. Heterostructure RuO 2 /ZnO was prepared by impregnation method already discussed for the preparation of heterostructure RuO 2 /TiO 2 photocatalyst. In a typical procedure, a desired amount of ruthenium (III) chloride hydrate was dissolved into 50 mL deionized water. ZnO nanopowder (0.3 g) was then dispersed into the solution and was vigorously stirred for 8 h.

The amounts of ruthenium (III) chloride hydrate dissolved into water to obtain RuO 2 /ZnO catalysts containing 2, 4 and 6 wt% RuO 2 were 1.83 x 10 -2 , 3.74 x 10 -2 and 5.73 x 10 -2 g, respectively. The solvent was then removed by evaporation followed by drying at 110 °C overnight. Subsequently, the loaded ZnO was finally calcined at 350 °C in air for 2 h to achieve the desired RuO 2 /ZnO photocatalysts.

VI.2.4. Preparation of NiO/TiO 2 heterojunction photocatalysts

The heterostructure NiO/TiO 2 photocatalyst was prepared at room temperature by the sol-gel route. Titanium butoxide was used as the precursor for TiO In this dissertation, all IR spectra were recorded using a Perkin-Elmer spectrum 100 FTIR spectrophotometer. Samples were recorded as a KBr disc with 2 wt% sample, using 16 scans per sample over the range 4000-450 cm -1 .

VI.3.2. Raman spectroscopy

Raman spectroscopy is used in condensed matter physics and chemistry to study vibrational, rotational, and other low-frequency modes in a system. It relies on inelastic scattering, or Raman scattering of monochromatic light, usually from a laser used to polarize electrons in molecular bonds. The polarization process can result in a loss of energy (Raman effect) that is characteristic of the energy of a probed molecular bond. The amount of the polarizability change will determine the Raman scattering intensity, whereas the Raman shift is equal to the vibrational level that is involved. Raman spectroscopy is commonly used in chemistry, since vibrational information is very specific for the chemical bonds in molecules.

Therefore, Raman spectroscopy as a powerful method can be used to investigate the structural properties of nanoparticles because the vibration in Raman spectra with decrease in particle size can be easily detected. 4 It is also possible to determine the size of nanoparticles by using phonon confinement effect. 5 The technique is complimentary to IR spectroscopy, because only molecular vibrations that are polarizable produce Raman shifted photons.

In this study, all Raman scatterings were measured at room temperature using Horiba Jobin Yvon (Labram HR 800) spectrometer with Ar + laser as excitation source operating at 514.5 nm. Typically, a small amount of powdered sample was mounted on a glass slide using a spatula tip. Using the attached microscope and camera, the instrument was focused on the powder sample through the objective lens. One scan was recorded with a detector exposure time of 2 sec.

VI.3.3. X-ray powder diffraction (XRD)

Powder XRD is one of the primary non-destructive techniques used to characterize solid-state materials. It can provide valuable information about the crystalline phase because each crystalline solid has a unique XRD pattern. The structure of a crystal is analyzed by the X-ray diffraction patterns. When X-ray light with a wavelength λ is incident on a crystal, a diffraction peak occurs if the Bragg condition is satisfied:

nλ = 2d sinθ ( 1 
)
where d is the lattice spacing of the crystal and θ is the angle of incidence. The Cu Kα emission (λ = 1.5418 Å) from a copper target is the most common X-ray source for the diffraction measurement. Furthermore, a powder XRD pattern is also used to determine the average crystallite size of the nanoparticles. From the resulting diffractogram the crystallite size (D, nm) can be estimated using the Scherrer equation. where D is the average nanocrystallite size (nm), λ is the X-ray wavelength (1.542 Å), β is the full-width at half-maximum (FWHM) intensity (in radians), and θ is the Bragg angle of the peak of interest.

In our study, the X-ray diffraction (XRD) measurement was carried out by X-ray diffractometer (Bruker AXS, D2 PHASER A26-X1-A2B0D3A) using Cu α K radiation. A continuous scan mode was used to collect 2θ data from 10-80° with a 0.1 sampling pitch and a 2° min -1 scan rate. Fine powdered samples were spread onto a quartz glass sample holder for measuring XRD. With the Planck constant h and the speed of light c, the wavelength λ can be converted into excitation energy according to the following equation:

λ hc E = (3)
Depending on the energy gap between valence band maximum (VBM) and conduction band minimum (CBM) photons with wavelengths too long to excite an electron into the empty bands will pass through, while photons with sufficient amounts of energy will be absorbed and based on the electronic selection rules create an electron in the excited state.

UV-Vis spectroscopy is therefore suitable to determine important information about the electronic structure and can be used to estimate band gap values.

The optical properties of all the as-synthesized nanoparticles were investigated by diffuse reflectance spectra. Diffuse reflectance spectra of the powder photocatalysts were measured by placing the samples in 1 mm quartz cell using an UV-Vis-NIR spectrometer (Lambda 900) at room temperature in the wavelength range of 200-800 nm. Pure powdered BaSO 4 was used as a reference sample.

The original coordinates of the spectra, reflectance (R) vs. wavelength (λ), were transformed to Kubelka-Munk function F(R) vs. photon energy (hv). The reflectance data were converted to the absorption coefficient F(R) values according to the Kubelka-Munk equation (Eq. ( 4)), i. where F(R) is equivalent to the absorption coefficient. The band gap energy (E g ) of assynthesized nanoparticles was calculated from the following equation,

n g E h A h ) ( ) ( - = ν ν α
where α, v, E g , and A are the absorption coefficient, light frequency, band gap energy, and a constant, respectively. 8 Among them, n is determined by the type of optical transition of a semiconductor (n = 1/2 for direct transition and n = 2 for indirect transition). For a semiconductor material, a plot of (αhv) 1/n against hv should show a linear region just above the optical absorption edge. The band gap energy was calculated by extrapolating a straight line to the abscissa axis, where α is zero, for E g = hv. 9 According to the Kubelka-Munk theory the diffuse reflectance is related to the absorption coefficient as

R R R F s 2 ) 1 ( ) ( 2 - = = α (5)
where s is the scattering coefficient. The optical energy band gap ( g E values) for direct transition can thus be estimated from a plot of (F(R) hv) 2 vs. hv and that for indirect transition can be estimated from the plot of(F(R) hv) 1/2 vs. hv, the intercepts of the tangents to the abscissa axis yielding the band gap energies of the semiconductors.

VI.3.8. X-ray Photoelectron spectroscopy (XPS)

XPS is a quantitative spectroscopic technique that measures the elemental composition, and the chemical and electronic states of the elements that exist within a material. X-ray photoelectron spectroscopy (XPS) utilizes a monochromatic X-ray source to excite electrons from core levels of the atoms near the surface (~1-10 nm) of a solid sample into vacuum. The electrons ejected from the sample are collected by a hemispherical electron energy analyzer which measures the kinetic energy of the ejected electrons. The kinetic energy measured can then be used to determine the binding energy (BE) of the electron from the following equation:

E BE = hv -E kin -ϕ (6) 
Where h is Planck's constant, ν is the frequency of the exciting energy source, and ϕ is the work function of the spectrometer. 10 Each ejected electron from an element has a characteristic binding energy and the position of this binding energy is used to identify the element and core level of the electron that can be found by consulting binding energy tables. 11 The peak intensities can be used to quantitatively determine the elemental composition and the peak positions can be used to determine oxidation states for the elements. In this disseration, XPS was used to analyze the chemical state of as-synthesized photocatalysts. In addition, the band alignment at the interface of the heterostructure 
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 1 Figure 1: Diagramme d'alignement des bandes dans le nanocomposite SnO 2 -ZnO.
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 2334 Figure 2: (A) Cinétique de dégradation du MB sur les différents photocatalyseurs (B) Représentation des phénomènes de transfert de charge dans l'hétérostructure SnO 2 -ZnO.
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 5 Figure 5: (A) Production photocatalytique de H 2 sur les photocatalyseurs TiO 2 et RuO 2 /TiO 2 contenant différentes teneurs massiques de RuO et (B) effet du taux de RuO 2 sur la production de H 2 .Toutes les expériences ont été effectuées pendant 3 h dans des conditions identiques. Volume de solvant 10 mL (H 2 O: méthanol = 1:1), quantité en photocatalyseur : 0.05 g.
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 11 Figure I-1:Change of the electronic structure of a semiconductor compound as the number N of monomeric units present increases from unity to clusters of more than 2000 units.29 

  presence of semiconductor photocatalysts (e.g.,TiO 2 , ZnO), an energetic light source, and an oxidizing agent such as oxygen or air. The first step in the heterogeneous photocatalysis of organic and inorganic compounds is the interaction of semiconductor with light which results in the generation of electron-hole pairs in the semiconductor particles. When a semiconducting photocatalyst is illuminated with light the energy of which is equal to or greater than the band-gap energy, light is absorbed by the semiconductor and the valence band electrons are excited to the conduction band, leaving a positive hole in the valence band(Figure I-2).

  (i) mass transfer of the reactants in the liquid phase to the surface of catalyst; (ii) adsorption of the reactants onto the photon activated catalyst surface (i.e. surface activation by photon energy occurs simultaneously in this step); (iii) photocatalysis reaction for the adsorbed phase on the catalyst surface; (iv) desorption of the products from the catalyst surface; (v) desorption of the products from the surface of the catalysts. There are two pathways through which OH radical can be formed. The valence band hole ( + VB h ) can either react with the adsorbed water or the adsorbed hydroxyl groups (OH -)

Figure I- 3 .

 3 It should be noted here that although bulk electronic structure of the semiconductors changes faintly with the pressure and temperature, the pH of the electrolyte used during the study influences the band edge position of the various semiconductors compared to the redox potentials for the adsorbate.

Figure I- 3 :

 3 Figure I-3: Band position of commonly used semiconductors in aqueous electrolyte at pH 1. 43

Figure I- 4 :

 4 Figure I-4: Photocatalytic hydrogen production from water using a powder photocatalyst. I.3.1.1. Photocatalytic water splitting Catalytic splitting of pure water into H 2 and O 2 is a typical uphill reaction involving a large positive change in the Gibbs free energy (∆G° = +237 kJ mol -1 ).
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 55 

Figure I- 5 :

 5 Figure I-5:(a) Basic principle of overall water splitting on a semiconductor particle56 (b) Processes involved in photocatalytic water splitting on a semiconductor particle.56 

Figure I -

 I Figure I-5a shows a schematic illustration of the basic principles of overall water splitting on a semiconductor particle, which is essentially identical to a water-splitting PEC cell. Under irradiation with an energy equivalent to or greater than the band gap of the semiconductor photocatalyst, electrons in the valence band are excited into the conduction band, leaving holes in the valence band. The photogenerated electrons and holes cause redox reactions similarly to electrolysis. Water molecules are reduced by the electrons to form H 2

3 . 4 .

 34 photoelectron spectroscopy (UPS) techniques. 4. To investigate the band energy alignment (valence band offset, conduction band offset and band bending) of the prepared heterostructures by photoemission spectroscopies (XPS, UPS) in order to prove the concepts of the approach proposed and to explain the charge transfer phenomena occurring at the interfaces in the different systems studied. 5. To investigate the photocatalytic activity of the prepared photocatalysts for the degradation of organic dyes (methylene blue and methyl orange) under UV light by varying different parameters including composition of the photocatalysts and pH. The stability and the recyclability of the prepared catalysts will also be investigated by cycling use.

Figure II- 1 :

 1 Figure II-1: Schematic energy band diagram of semiconductor heterojunctions. According to the band alignment of the two semiconductors, the semiconductor heterostructure can be classified into three different types: straddling gap (type-I), staggered gap (type-II) and broken gap (type-III), as shown in Figure II-1. Considering a type-II band alignment, the energy gradient existing at the interface tends to spatially separate electrons and holes on the different sides of the heterojunctions, where electrons may be confined to one side and holes to the other side. The mechanism of the charge separation of the heterostructure photocatalysts are schematically described in Figure II-2. When a heterostructure photocatalyst is irradiated with UV light, electrons in the valence band (VB) are excited to the conduction band (CB) with the concomitant simultaneous generation of the same amount of holes in the valence band. Photogenerated electrons are then injected from

Figure II- 3 :

 3 Figure II-3: Energy band diagram at metal/n-type semiconductor heterojunction.

Figure II- 4 :

 4 Figure II-4: Energy band diagram at the junction of TiO 2 and NiO.

Figure II- 5 :

 5 (i) flat band situation (Figure II-5a), where no space charge exists in the flat band region layer and the electrode is at the flat band potential. In this case, the semiconductor contains a uniform distribution of charge; (ii) accumulation layer (Figure II-5b), positive charges exist at the interface and electrons accumulate in the semiconductor close the surface, inducing an increase in the free electron density and a decrease in the free hole density. Band of the semiconductor bend down as one moves toward the surface as a result of the decrease of electron potential energy as one moves toward the positively charged outlayer; (iii) depletion layer (Figure II-5c), negative charges exist at the surface and positive charges accumulate near the surface, causing a decrease in the free electron density and an increase in the free hole density. The bands of the semiconductor then bend upward toward the surface; (iv) inversion layer (Figure II-5d), the depletion of the majority charge carriers extends far into the top of the valence band and the Fermi level decreases below the intrinsic level. The surface region of the semiconductor appears to be p-type while the bulk still exhibits n-type behavior.

Figure II- 5 :

 5 Figure II-5:Space charge layer formation and band bending.19 

  Titanium oxide is a well-known photocatalyst working in the ultraviolet region of the electromagnetic spectrum. It is widely used for photocatalytic reactions like oxidation of organic pollutants in air and water as well as hydrogen generation from water. However, in order to increase the photocatalytic activity of TiO 2 for its practical use and commerce, it is crucial to decrease the recombination of photogenerated charge carriers. Coupling TiO 2 with another semiconductor with a suitable band edge position can effectively reduce the recombination by vectorial transfer of photogenerated electrons and holes. When TiO 2 is combined with another semiconductor whose conduction band is at a lower potential than TiO 2 , the electrons present in the conduction band of TiO 2 can be transferred to the second semiconductor decreasing the recombination rate. Coupled SnO 2 /TiO 2 system has recently attracted much attention due to enhanced charge separation and thus improved photocatalytic activity.20 Both TiO 2 and SnO 2 are n-type semiconductors with band gap energies greater than 3.0 eV and exhibit a strong absorption threshold in the UV region. The conduction band edges of TiO 2 and SnO 2 are located at E CB (TiO 2 ) = -0.5 V and E CB (SnO 2 ) = 0 V vs NHE at pH 7, respectively. 20a The valence band edge of SnO 2 [E VB (SnO 2 ) = 3.67 V] is much positive than that of anatase TiO 2 [E VB (TiO 2 ) = 2.87 V]. 20c Figure II-6 shows the charge transfer process in heterostructure SnO 2 /TiO 2 photocatalysts. Upon band gap excitation, hole-electron pairs are generated in each semiconductor. Due to the lower conduction band edge of SnO 2 ,

Figure II- 6 :

 6 Figure II-6: Schematic representation of charge transfer process in heterostructure SnO 2 /TiO 2 photocatalysts.

Figure II- 7 :

 7 Figure II-7: (a and b) Typical SEM images of the electrospun bicomponent SnO 2 /TiO 2 nanofibers calcined at 500 °C29a (c) Morphology of the hybrid nanofiber by scanning electron microscopy, with arrows showing the bead parts.29c

  photogenerated electrons and holes within the bicomponent system, allowing both of the photogenerated electrons and holes to participate in the overall photocatalytic reaction. The photocatalytic activity of the bicomponent SnO 2 /TiO 2 nanofiber evidenced by degrading

FilmFigure II- 8 :

 8 Figure II-8: Schematic diagram of the charge-transfer process in the SnO 2 /TiO 2 composite film.33 

Figure II- 9 :

 9 Figure II-9: (A) SEM micrograph of pat-TiO 2 /SnO 2 /SL-glass after Ag photodeposition. (B) X-ray image of Ti for the same region as (A). (C) X-ray image of Ag for the same region as (A). (D) X-ray image of Ag for TiO 2 /SnO 2 /SL-glass. 36a

Figure

  Figure II-9A is a SEM photograph of pat-TiO 2 /SnO 2 /SL-glass after illumination; an X-ray image of Ti for the same region (B) revealed that the region at the left (light area) was covered with TiO 2 film, and the SnO 2 underlayer was exposed at the right (dark area). An Xray image of Ag in the same region (C) demonstrated preferential deposition of Ag particles on the surface of SnO 2 . A comparison of (C) and (D, X-ray image of Ag for TiO 2 /SnO 2 /SLglass after photodeposition) indicated the enhancement of Ag photodeposition by patterned bilayer-type pat-TiO 2 /SnO 2 /SL-glass films. The excited electrons generated by the band gap transition of TiO 2 flew into SnO 2, where they are consumed by the reduction, indicating the specification of the reduction sites in the photocatalytic reaction. The result also showed that the activity of the non patterned TiO 2 /SnO 2 /SL-glass films decrease gradually due to the accumulation of electrons in the conduction band of SnO 2 , because of SnO 2 being not directlyin contact with reaction gas. Similar work is done in another investigation where a large area patterned TiO 2 film was formed on a SnO 2 coated soda lime glass using a gravure printing method.37 Preferential deposition of Pt particles on the SnO 2 underlayer of pat-TiO 2 /SnO 2
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 10412 Figure II-10: Energy diagram for the SnO 2 /TiO 2 bilayer-type photocatalyst system. 20cCao et al.39 reported the similar finding where a double layered SnO 2 /TiO 2 film was prepared by the plasma-enhanced chemical vapor deposition (PECVD) technique on glass slide with both of the two components exposed to the surface allowing both photogenerated electrons and holes to contribute to the photocatalytic reactions. The bilayer film showed higher catalytic activity for phenol degradation. The activity of this bilayer film was highest

Figure II- 11 :

 11 Figure II-11: Schematic diagram illustrating the charge-transfer process in the ZnO/TiO 2 heterostructure under UV light irradiation. 41a

  for surface reaction as well as a higher interfacial charge transfer rate. Another reason of the improved photocatalytic properties was the red shift in the UV-Vis light reflectance, as shown in Figure II-12. Nanorods, with their increased surface area, provided surface states within the band gap that effectively reduce the band gap.

Figure II- 12 :

 12 Figure II-12: UV-Vis reflectance spectra of nanoparticles synthesized with SDS and different Zn/Ti(OBu) 4 molar ratio. 43b

  photocatalytic performances for the degradation of Rhodamine B (RhB) to its counterparts of pure ZnO, TNTs, and commercial TiO 2 ( Degussa P25) nanoparticulate film. The enhanced

Figure II- 13 :

 13 Figure II-13: (a) SEM cross-sectional images of aqueous solution growth ZnO nanorods (NRs), (b) ZnO/TiO 2 CB nanostructures (the insert is a high magnification image and the scale bar is 200 nm). 53 Taking into account the easy aggregation of spherical nanocomposites, Chen et al. 52 fabricated a coupled biocomponent composites consisting of TiO 2 nanoparticles and ZnO 1Dnanorods by using a one-step hydrothermal method. The photoanode of the synthesized ZnO-TiO 2 composite prepared on the FTO glass showed higher photocatalytic activity for the degradation of methylene blue and enhanced photocurrent with several orders of magnitude higher intensities than that of the mere TiO 2 nanoparticles or ZnO nanorods. The enhancement of the photocurrent and photocatalytic activities resulted from the increased surface area, which can raise the light harvesting and the ability of generating photoinduced electron-hole pairs of active sites, and the favorable electron-transfer properties of the

Figure II- 14 :

 14 Figure II-14: Energy band diagram and charge transfer process in WO 3 /TiO 2 heterostructure photocatalyst.

Figure II- 14

 14 Figure II-14 shows the charge transfer process at the interface of WO 3 /TiO 2 nanocomposites. For WO 3 , theoretically, it can be excited by photons with wavelengths under 443 nm, but it shows only low photocatalytic activity under UV light irradiation. When WO 3

  TiO 2 while photogenerated electrons remain in the conduction of WO 3 causing charge separation to become more efficient. The positive holes in the valence band of TiO 2 can be trapped by OH -or H 2 O species adsorbed on the surface of the catalyst, producing reactive hydroxylradicals in aqueous media.

Figure II- 16 :

 16 Figure II-16: Energy diagram for TiO 2 and WO x -Ti 1-x O 2 systems. 67

Figure II- 17 :

 17 photogenerated electron in the conduction band of ZnO can easily transfer to the conduction band of SnO 2. At the same time, the holes in the valence band of SnO 2 can transfer to the valence band of ZnO. As a result, the formation of the ZnO/SnO 2 heterojunction by coupling two semiconductors could hinder the charge recombination and improve the photocatalytic efficiency.

Figure

  Figure II-18: SEM images of ZnO/SnO 2 nanostructures obtained at different Zn 2+ /Sn 4+ molar ratios: (a) 2:1, (b) 1:1, (c) 4:1, (d) 1:2, (e) 0:1, and (f) 1:0, (g) CIL=0.1 g, Zn2+/Sn4+=1:1, (h) CIL=0.05 g, Zn 2+ /Sn 4+ =1:1; (a-f): CIL = 0.05 g. 83a

Figure

  Figure II-19:(a) TEM image of the as-synthesized SnO 2 /ZnO heterojunction nanocatalyst (b) Energyband diagram and photocatalytic mechanism of the as-synthesized SnO 2 /ZnO heterojunction nanocatalyst. vac, vacuum level; E f , Fermi level; CB, conduction band; VB, valence. 91

  investigated the photocatalytic activity of SnO 2 /ZnO/chitosan films for the degradation of methyl orange under visible light irradiation The SnO 2 /ZnO quantum dots (3-5 nm diameters) heterojunction immobilized on cross linked chitosan films (SnO 2 /ZnO/chitosan films) were fabricated by a co-precipitation technique combined with solution casting method. The SnO 2 /ZnO/chitosan films exhibited efficient decolorization of azo dyes during the photocatalytic reaction under visible light irradiation.

  photogenerated holes will flow to the valence band of NiO nanoparticles (negative side), while the electrons flow to the conduction band of TiO 2 (positive side). As a result, the photogenerated electrons and holes are separated efficiently, and the photocatalytic activity is enhanced.

  102 studied the origin of the visible-light response of surface modified TiO 2 with NiO cluster . The results showed that NiO clusters were deposited on TiO 2 surfaces with large adsorption energies ranging from -3.18 to -6.15 eV, with metallic Ni-Ti bonds leading to extra stabilization on rutile (110) compared with anatase (001). The deposited clusters narrowed the TiO 2 band gap, which pushed the photoactivity into the visible region due to the presence of NiO states at the top of the valence band of TiO 2 . The NiO/TiO 2 exhibited a high level visible-light activities for 2-naphthol and p-cresol degradations concurrently with enhanced UV-light activity. The enhanced photocatalytic activity was attributed both to the charge separation due to the excitation from the Ni 3d surface sub-band to the TiO 2 conduction band and the action of the NiO species as a mediator for the electron transfer from the TiO 2 conduction band to O 2 . Jin et al. 103 proposed a similar explanation for narrowing the band gap of the surface modified TiO 2 with NiO that caused a high visiblelight activity and a significant increase in the UV-light activity for the degradation of 2naphthol. p-n junction heterostructure TiO 2 nanobelts produced by assembling NiO nanoparticles on TiO 2 nanobelts also exhibited much enhanced photocatalytic activity under visible light for the degradation of methyl orange through the separation of holes and electrons produced at the p-n junction. 104 Sim et al. 105 investigated the photocatalytic decomposition of methylene blue under solar light with p-n junction NiO/TiO 2 nanotubes.

Figure II- 20 :

 20 Figure II-20: Equilibration of semiconductor-metal nanocomposites with the redox couple before and after UV irradiation. 117

CH 3

 3 photodegradation under visible light irradiation whereas the RhB photodegradation under UV irradiation was slightly enhanced. The significant enhancement in the Ag/TiO 2 photoactivity under visible light irradiation can be ascribed to simultaneous effects of Ag deposits by both acting as electron traps and enhancing the RhB adsorption on the Ag/TiO 2 surface. More RhB molecules are adsorbed on the surface of Ag/TiO 2 than on the TiO 2 surface, enhancing the photoexcited electron transfer from the visible-light sensitized RB to the conduction band of TiO 2 and subsequently increasing the electron transfer to the adsorbed O 2 . Wodka et al.135 reported significantly higher photocatalytic activity of Ag/TiO 2 (P25) composites than that of pure P25 for the degradation of oxalic acid, formic acid and humic acid under artificial solar light (ASL) and UV light irradiation. In the degradation reaction of oxalic acid under ASL irradiation, Ag/TiO 2 composites were several times more active than pure P25.

  photodegradation rate and reduced electron-hole pair recombination.

Figure II- 21 :

 21 Figure II-21: Interface charge-carrier transfer dynamics of anatase/rutile, Ag/ anatase and Ag/rutile within Ag/TiO 2 composite thin films. 137b

  photocatalytic reaction limited the efficacy and the stability of the photocatalysts, especially for long-term working. To improve the catalytic performance of oxide-metal composites, core-shell nanoparticles with Ag cores and TiO 2 shells have attracted a considerable attention recently.132a,b,139 The Ag@TiO 2 core-shell nanoparticles prepared by the hydrazine reduction of Ag + /Ni 2+ ions and the subsequent sol-gel coating of TiO 2 in an aqueous solution of CTAB demonstrated significantly higher photocatalytic activities in the degradation of rhodamine B than TiO 2 nanoparticles in the visible light region.132b The enhance photocatalytic activity was attributed to the formation of Schottky barrier at the core-shell interface as well as to the excitation of the photogenerated electrons from the surface of Ag cores to the conduction band of TiO 2 shells. In contrast, the Ag@TiO 2 nanoparticles showed lower photocatalytic activities than TiO 2 nanoparticles under UV light illumination. This could be attributed to the lower TiO 2 content as well as the transfer of photogenerated electrons from TiO 2 shells to Ag cores, where the photoinduced electrons might recombine with holes and hence lead to a decrease in the photocatalytic activity. In the absence of electron scavengers, Ag has the ability to store the photogenerated electrons, as shown in Figure II-22. The transfer of electrons from TiO 2 shells to Ag cores continues until a Fermi level equilibrium is established between Ag and TiO 2 . 139a,b,140 The stored electrons can be readily estimated by titrating with a known redox couple such as thionine or C 60 . Another convenient way to probe the electron storage in metal nanoparticles is by monitoring its plasmon frequency. The addition of electrons to silver nanoparticles or nanorods causes a blue shift in the absorption spectrum due to the increasing surface plasmon frequency of the electron gas.139a The shift in the surface plasmon resonance band can be used to estimate the number of electrons stored in the Ag core, with about 66 electrons per Ag/TiO 2 core/shell structure.139a The stored electrons
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 22433 Figure II-22: Photoinduced charge separation and charging of metal core in Ag@TiO 2.139b

Figure II- 23 :

 23 Figure II-23: Stepwise Transfer of Electrons from TiO 2 to Au to C 60 following the excitation of TiO 2 particles. 117 Isolation of individual charge-transfer steps from UV-excited TiO 2 → Au → C 60 provided mechanistic and kinetic information on the role of metal in semiconductor-assisted photocatalysis and size dependent catalytic activity of metal-semiconductor nanocomposites is shown in Figure II-23. Upon UV excitation of TiO 2 colloid in deaerated ethanol-toluene, the photogenerated electrons get trapped at Ti 4+ as confirmed by blue coloration of the TiO 2

  photocatalytic activity of Au/TiO 2 .Excitation of surface plasmon resonance (SPR) on gold nanoparticles can also contribute significantly to the photocatalytic hydrogen evolution of Au/TiO 2 nanoparticles under visible light as some of the energetic electrons from SPR excitation have sufficient potential to drive water reduction.167 Recently,Fang et al. 168 reported that Au/TiO 2 nanocomposites prepared co-polymer assisted sol-gel route exhibited remarkable visible-light

Figure II- 24 :

 24 Figure II-24: Schematic illustration for hydrogen evolution over Au/TiO 2 photocatalysts under visible light irradiation. 168 This visible-light-driven photocatalytic activity was attributed to three major reasons as shown in Figure II-24. First, the defect/impurity states in the TiO 2 matrix led to weak visible-light absorption near 420 nm; Second, the plasmon-excitation of gold nanoparticles at longer wavelengths enhanced this weak visible light excitation through strong localized electric field and improves charge separation on TiO 2 ; Third, some plasmon-excited electrons with sufficient high energy could transfer from Au nanoparticles to the contacting TiO 2 to generate hydrogen by reducing water.

TiO 2

 2 photocatalysts loaded with Pt deposits have been widely applied to the remediation of contaminated water and air with high degrees of photocatalytic conversion.172 As time-resolved pump-probe spectroscopy is a powerful method to investigate the dynamics of the charge carriers such as trapping, recombination and charge transfer processes with high time resolution,Furube et al. 173 exploited this method to study the trapping of photoexcited electrons in Pt/TiO 2 systems. As shown in Figure II-25, in addition to the normal decay of the transient absorption of the trapped CB electrons in TiO 2 at 600 nm due to the electron/hole recombination following 390 nm excitation, a new decay component lasting a few picoseconds was observed and interpreted as the photoelectron migration from TiO 2 to Pt. Concerning their decay profiles, a fast decay of 5 ps was observed at 600 nm for Pt-loaded TiO 2 while almost no decay was observed up to a few tens ps for non-loaded TiO 2 .

Figure II- 25 :

 25 Figure II-25:Transition absorption spectra at 600 nm for TiO 2 and Pt/TiO 2 powder with 390 nm excitation.173 Moreover, the decay of Pt-loaded TiO 2 became slower than that of the non-loaded one after several hundred ps. The PL emission spectra are also useful to disclose the efficiency of charge carrier trapping, immigration, and transfer, and to understand the fate of electron-hole pairs in semiconductor particles since PL emission results from the recombination of free carriers. In this context, Li and Li 174 reported that the PL intensity of the Pt/TiO 2 nanoparticles prepared by photoreduction process was significantly lower than that of the pure TiO 2 . The less PL intensity of the Pt/TiO 2 indicated a lower radiation recombination of the photogenerated electrons and holes. The lower recombinaiton can be explained in the following manner. Firstly, the Pt deposited on the TiO 2 surface produced the highest Schottky barrier at the interface that facilitated the electron capture. XPS studies revealed the presence of Pt 4+ as PtO 2 on the surface of TiO 2 and the formation of Ti 3+ resulting from the interaction between Pt and TiO 2 matrix occurred during photoreduction. Thus, secondly, Pt 4+ species trapped the electrons, which migrated to adsorbed O 2 . Thirdly, Ti 3+ could enhance the oxygen chemisorption and promote the excited electrons trapped by O 2 .

Figure II- 26 :

 26 Figure II-26: Half-life mineralisation rates of 2000 g of carbohydrate carbon (as sucrose) and corresponding quantum efficiencies in ambient or oxygen-enriched suspensions by Degussa P25, FSP-made pure TiO 2 (0Pt5) and Pt/TiO 2 (XPt5, X = atom% Pt). 183 Biswas and co-workers 185 investigated the effect of size of Pt in Pt/TiO 2 nanostructured films, which contained one dimensional structured TiO 2 single crystals coated with Pt nanoparticles, prepared by using versatile gas-phase deposition methods on the photocatalytic reduction of CO 2 to CH 4 . The size of Pt nanoparticles was controlled by changing the time for Pt deposition, and the mean sizes of Pt nanoparticles of 0.5-2 nm were obtained as the deposition time changed from 5-60 s. The Pt/TiO 2 nanofilms exhibited very high efficiencies for photocatalytic reduction of CO 2 with H 2 O vapour in a continuous flow reactor to CH 4 under UV-light irradiation. The highest rate of CH 4 formation was obtained at a mean Pt particle size of 1nm with quantum yield of 2.41%. Both smaller and bigger Pt cocatalysts displayed lower activities for CH 4 formation. It is proposed that the smaller Pt

Figure II- 27 :

 27 Figure II-27: Energy band positions of Pt/TiO 2 -CO 2 system. 185
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  et al. 200 investigated the effect of various sacrificial reagents on photocatalytic H 2 evolution with mesoporous Pt/TiO 2 photocatyst. The result shown in Figure II-28

Figure II- 29 :

 29 Figure II-29: Proposed photocatalytic reaction mechanism for Z-scheme water-splitting system using an IO 3-/I -redox mediator and a mixture of Pt/TiO 2 -antase and TiO 2 -rutile photocatalysts. 203 Abe et al. 203 designed a two-step photoexcitation system for overall water splitting into H 2 and O 2 . It was composed of an IO 3-/I -redox shuttle and two different photocatalysts: Pt-loaded anatase TiO 2 for H 2 evolution and rutile TiO 2 for O 2 . Under UV irradiation, simultaneous gas evolution of H 2 (180 µmol/h) and O 2 (90 µmol/h) was observed from a basic (pH ) = 11) NaI aqueous suspension of these two different TiO 2 photocatalysts. The proposed photocatalytic reaction mechanism for water-splitting is shown in Figure II-29. The overall water splitting proceeded by the redox cycle between IO 3-and I -under basic conditions as follows: (a) water reduction to H 2 and I -oxidation to IO 3-over Pt-TiO 2 -anatase and (b) IO 3-reduction to I -and water oxidation to O 2 over TiO 2 -rutile. In another experiment, a stoichiometric decomposition of water into H 2 and O 2 (H 2 /O 2 = 2) took place when a suspension of Pt-TiO 2 in aqueous NaNO 2 was irradiated with UV light and the activity and stability were promoted by the addition of Na 2 CO 3 to the NaNO 2 solution. 204 Some researchers reported photocatalytic hydrogen production over Pt/TiO 2 under UV irradiation by using different type of sensitizers such as merocyanine dye, 205 Eosin Y, 206 and heteropoly blue. 190e Abe et al. 206b reported that the Eosin Y-fixed Pt/TiO 2 exhibited high efficiency and quite steady H 2 production from aqueous TEA solution under visible-light irradiation for long periods, the quantum yield at 520 nm being about ∼10%.

  photocatalytic hydrogen generation. The metal deposition also extends the absorption to the visible region allowing the use of solar light to achieve the photocatalytic process. Although heterostructure photocatalysts enhance photocatalytic efficiency, other factors such as specific surface area, porosity and the band position of the semiconductors also strongly influence the photocatalytic efficiencies. Specially, band alignment determination at the interface is still unexplored in most of the studies. Therefore, there is enough room to investigate in detail the reason behind the enhanced photocatalytic efficiency.

Figure III- 1 :

 1 Figure III-1: FTIR (A) and Raman (B) spectra of the as-synthesized photocatalysts after annealing in air at 500 º C (a) SnO 2 (b) SnO 2 -ZnO, and (c) ZnO.After annealing in air at high temperature, FTIR studies revealed the complete elimination of the undesirable organics and the formation of metal oxide species (Figure III-1A). Thus, above 2000 cm -1 , a very broad absorption around 3430 cm -1 ascribed to OH stretching

  photocatalyst. This was confirmed by the XRD patterns of the materials calcined at 500 º C (Figure III-2A).

Figure III- 2 :

 2 Figure III-2: (A) XRD patterns of the as-synthesized photocatalysts annealed in air at 500 º C and (B) XRD patterns of the SnO 2 /ZnO photocatalyst annealed in air at different temperature. (a) SnO 2 (b) SnO 2 /ZnO, and (c) ZnO. All the diffraction lines in Figure III-2Aa and III-2Ac were those expected for the standard rutile-like, i.e. cassiterite, crystalline structure of SnO 2 (space group: P4 2 /mmm, JCPDS file no. 41-1445) and the standard hexagonal wurtzite ZnO (space group: P6 3 /mc, JCPDS file no. 36-1451), respectively. The diffraction peaks of pure SnO 2 (Figure III-2Aa)

  Figure III-2B shows the XRD patterns of the heterostructure SnO 2 /ZnO calcined at different temperatures. As seen in Figure III-2B, the phase of the as-synthesized heterostructure SnO 2 /ZnO photocatalysts calcined at different temperature were the couple of SnO 2 and ZnO, but the diffraction peaks became continuously sharper with increasing temperature which indicated that the size of crystallite increased with temperature. The size of SnO 2 crystallite calculated by the Scherrer's equation at temperature 350 º C, 600 º C and 800 º C were 4, 4.7, and 6.5 nm and that of ZnO were 7.4, 18.0 and 34.4 nm, respectively.

Figure III- 3

 3 Figure III-3 shows TEM images of SnO 2 /ZnO heterostructures dried at 90 °C (Figure III-3a) and calcined at 500°C (Figure III-3b). Moreover, HRTEM micrographs of the calcined materials are shown to verify the crystallinity of both SnO 2 and ZnO after the heat treatment (Figure III-3c, d). The shape of the pure SnO 2 nanoparticles was spherical and of uniform size. It is worth mentioning that the diameter of the pure SnO 2 was about 5 nm which was in good agreement with the crystallite size deduced from the XRD patterns. The dried SnO 2 /ZnO heterostructure was composed of amorphous ZnO and nanocrystalline SnO 2 , while upon hydrothermal treatment both phases were crystalline, as confirmed by the Selected Area Electron Diffraction (SAED) pattern shown in Figure III-3b. According to the TEM bright field images, the SnO 2 /ZnO photocatalyst was composed of aggregated ZnO particles of approximately 100 nm in diameter and nanosized SnO 2 particles, as also shown in the HRTEM images in Figure III-3c and d. These results were consistent with those inferred from the above XRD analysis. Furthermore, a large number of small pores were observed

Figure III- 3 :

 3 Figure III-3: TEM micrographs of the (a) dried SnO 2 /ZnO heterostructure and (b) calcined SnO 2 /ZnO photocatalyst. The inset SAED patterns reveal the occurrence of (a) crystalline SnO 2 and (b) crystalline SnO 2 and ZnO. HRTEM images (c, d) verify the crystallinity of both SnO 2 and ZnO after calcination. The N 2 adsorption-desorption isotherm of the SnO 2 /ZnO heterostructure exhibited a type IV-like behavior including a type H2 hysteresis loop (Figure III-4a) which is typical of mesoporous materials according to the IUPAC classification. 18 The H2-hysteresis loop indicated the presence of pores of non-uniform sizes and shapes, characteristic of solids consisting of particles crossed by nearly cylindrical channels or made by aggregates (consolidated) or agglomerates (unconsolidated) of spheroidal particles being fully consistent

Figure III- 4 :

 4 Figure III-4: (A) Nitrogen gas adsorption-desorption isotherms and (B) pore-size distribution of the SnO 2 /ZnO photocatalyst.

Figure III- 5 :

 5 Figure III-5: UV-Visible diffuse reflectance spectra (A) and plots of (F(R) hν) 2 versus photon energy (hν) (B) of the as-synthesized materials after annealing in air at 500 º C (a) SnO 2 (b) SnO 2 /ZnO, and (c) ZnO.

  the intercepts of the tangents yielding the band gap energies of the as-synthesized samples (Figure III-5B). The estimated band gap energies of the resulting samples were therefore about 3.7, 3.23 and 3.2 eV for SnO 2 , SnO 2 -ZnO, and ZnO, respectively. The values for ZnO and SnO 2 are in good agreement with those reported by others.24 

SnO 2 ,Figure III- 6 :

 26 Figure III-6: XPS survey spectrum of the SnO 2 /ZnO photocatalyst.

Figure III- 7 :Figure III- 8 :

 78 Figure III-7: XPS patterns of the SnO 2 /ZnO photocatalyst (A) Sn 3d region; (B) Zn 2p region.

Figure III- 8

 8 Figure III-8 shows the XPS high resolution spectrum of oxygen. The shape of the spectrum is asymmetric which indicates that there are several chemical states according to the measured binding energy. Thus, the region of O 1s could be deconvoluted into three peaks centered at 530.3, 530.8 and 531.5 eV. The lower binding energy peak at 530.3 eV was attributed to oxygen in SnO 2 ,27,28 while the peak centered at 530.8 eV is due to the Zn-O

Figure III- 9 :

 9 Figure III-9: (A) Core level Sn 3d 5/2 spectra (B) VB spectra for the bulk SnO 2 sample and (C) core level Zn 2p 3/2 spectra (D) VB spectra for the bulk ZnO sample.Finally the conduction band offset (CBO) was estimated by the formula ∆E C = ∆E V +

Figure III- 10 :

 10 Figure III-10: Band alignment diagram of the SnO 2 /ZnO photocatalyst.

Figure III- 11 :

 11 photocatalyst or in the presence of irradiation without the photocatalyst, as well as similar experiments with pure SnO 2 and ZnO samples were carried out to rationalize the photocatalytic activity of the as-synthesized SnO 2 /ZnO photocatalyst. The degradation efficiency of the as-synthesized samples was defined as

Figure III- 12 :

 12 Figure III-12: (A) Kinetic of the degradation of MB in the presence of UV only (square, dot), SnO 2 /ZnO in the dark (triangle, dash), SnO 2 /ZnO under UV (square, plain), SnO 2 under UV (triangle, plain), and ZnO under UV (circle, plain). (B) ln (C/C 0 ) as a function of the irradiation time for calcined SnO 2 (triangle), SnO 2 /ZnO (square) and ZnO (circle) photocatalysts.

Furthermore, the mesoporous SnO 2 /Figure III- 13 :

 213 Figure III-13: (A) Cyclic runs in the photodegradation of MB using the SnO 2 /ZnO photocatalyst under UV-light: 1st cycle (square), 2sd cycle (triangle), 3rd cycle (circle) and 4th cycle (diamond) (B) effect of pH on the photocatalytic activity of photocatalysts.The as-synthesized heterojunction nanocatalyst can be recycled and reused several times without significant loss of efficiency, which is a key requirement for a possible industrial application. Thus, the photocatalytic efficiency of the SnO 2 /ZnO heterojunction photocatalyst for the 4 cycling reuse were99.3, 99.2, 99.3 and 99.0% after 50 min of reaction time, respectively (Figure III-13A). No significant change in the catalytic efficiency of the degradation of MB dye by the photocatalysts after successive cycles of use under UV irradiation indicated the stability and reproducibility of the catalysts. Finally, pH, in photocatalysis systems, can be considered as one of the most important parameters that can greatly affect the photo-oxidation process. The photocatalytic efficiency SnO 2 /ZnO in the degradation of MB as a function of solution pH is shown in Figure III-13B.

Figure III- 14 :

 14 Figure III-14: Schematic representation of the charge transfer process for the heterostructure SnO 2 /ZnO photocatalyst.

SnO 2 to

 2 ZnO (Comparison between Figure III-10 and Figure III-14). The resulting charge carrier separation (electrons preferentially on the SnO 2 particle, holes preferentially at the ZnO particle) leads to increased carrier lifetime because of reduced charge recombination. As a consequence, the formation of hydroxyl OH radicals by reaction of holes with surface hydroxyl groups or physisorbed water molecules at the zinc oxide surface is enhanced. On the other side, also the reaction of electrons with dissolved oxygen molecules to give superoxide radical anions, O 2 -

  situated in the band gap above the valence band of TiO 2 or ZnO. When they are put into contact, electrons will transfer from TiO 2 (or ZnO) to RuO 2 in order to equalize the Fermi level at thermal equilibrium. As a consequence an upward bending of energy bands is expected from TiO 2 (or ZnO) to RuO 2 which favours an efficient charge carrier separation at the RuO 2 /TiO 2 (or RuO 2 /ZnO) interface under illumination. Another important beneficial effect of RuO 2 loading

Figure IV- 1 :

 1 Figure IV-1: FTIR (A) and Raman (B) spectra of as-synthesized photocatalysts calcined at 400 °C for 6h. (a) TiO 2 , (b) 1 wt% RuO 2 /TiO 2 , (c) 2.5 wt% RuO 2 /TiO 2 , and (d) 5 wt% RuO 2 /TiO 2 . Whatever the RuO 2 content, heterostructure RuO 2 nanoparticles showed the same features by FTIR spectroscopy (Figure IV-1A) as the as-synthesized TiO 2 : (i) a broad band centered at 3433 cm -1 resulting from an overlapping of the stretching vibration bands (O-H)

  Figure IV-1B(b-d) shows the Raman spectra of heterostructure RuO 2 /TiO 2 nanoparticles containing various percentages of RuO 2. The figures show an increase background with increasing RuO 2 which might be due to surface plasmon absorption related to RuO 2.

  ) diffraction lines corresponding to the anatase phase of TiO 2 (Figure IV-2A). Peaks corresponding to RuO 2 were not seen clearly. In order to identify the crystalline phase of RuO 2 and the presence of other phases of TiO 2 , the XRD patterns of all the samples were plotted with enhanced intensity in the region 2θ from 26 to 66° as shown in Figure IV-2B. A small broad peak at 2θ = 31.32º could be ascribed to brookite TiO 2 traces, the presence of which having been previously reported in the literature for TiO 2 particles prepared by a similar method. 33 Figure IV-2B(b-e) also showed the presence of two extra peaks of the RuO 2 /TiO 2 samples at 28.1° and 35.5° which could be indexed to RuO 2 (110) and (101) planes, respectively. The intensities of these peaks corresponding to RuO 2 increased with increasing RuO 2 contents. The crystallite sizes of TiO 2 estimated from the line broadening of anatase (101) diffraction peak using the Scherrer formula are presented in

Figure IV- 2 :

 2 Figure IV-2: XRD pattern of TiO 2 and RuO 2 /TiO 2 in the 2θ region of 10-80 ° (A) and 26-66 ° (B). (a) TiO 2 , (b) 0.5 wt% RuO 2 /TiO 2 , (c) 1 wt% RuO 2 /TiO 2 , (d) 2.5 wt% RuO 2 /TiO 2 , and (e) 5 wt% RuO 2 /TiO 2 .

FigureIV-

  3A shows the TEM micrograph of TiO 2 nanoparticle calcined at 400 °C for 6 h. The shapes of the pure TiO 2 nanoparticles were cube and rhombohedra of uniform nanoscale size.

Figure IV- 3 :

 3 Figure IV-3: TEM micrograph of (A) TiO 2 and (B) and (C) 1 wt% RuO 2 /TiO 2 showing distribution of RuO 2 by discrete contrast variation (D) SAED pattern of TiO 2 (E-G) EDX elemental mapping of 1 wt% RuO 2 /TiO 2 . The formation of nanocrystallite of TiO 2 was confirmed by selected area electron diffraction (SAED) pattern as shown in Figure IV-3D. The first ring associated with the diffraction

Figure IV- 3 (Figure IV- 4 :Figure IV- 5 :

 345 Figure IV-3(B, C) shows the distribution of RuO 2 in 1wt% RuO 2 /TiO 2 nanocomposites. As shown in the Figure IV-3(B, C), the RuO 2 is inhomogenously distributed, visible by discrete contrast variations as shown by arrows. The peaks corresponding to Ti, Ru and O were observed in the EDX (Energy dispersive X-ray spectroscopy) pattern (Figure IV-3(E-G)), revealing the formation of RuO 2 /TiO 2 composite. The spatial distribution of RuO 2 in heterostructure was confirmed by the EDX elemental mapping as shown in Figure IV-4. The EDX elemental mapping obviously showed the formation of RuO 2 particles on TiO 2 . The crystallite size of TiO 2 and RuO 2 were observed in the range of 15-18 nm and 5-10 nm, respectively Figure IV-3(B, C)) which were in good agreement with the values obtained by XRD.

Figure IV- 6 Figure IV- 6 :

 66 Figure IV-6 shows the N 2 adsorption-desorption isotherm and pore size distribution of the as-synthesized TiO photocatalyst, compared with the isotherms of 1 wt% RuO 2 /TiO 2. The isotherm of the synthesized TiO 2 in Figure IV-6A revealed a type IV sorption behavior including a type H2 hysteresis loop which is typical of mesoporous materials according to the IUPAC classification. The H2-hysteresis loop indicated the presence of pores of non-uniform sizes and shapes that was characteristic of solids consisting of particles crossed by nearly cylindrical channels or made by aggregates (consolidated) or agglomerates (unconsolidated) of spheroidal particles. 34 The 1 wt% RuO 2 /TiO 2 (Figure IV-6B) as well as all other TiO 2

Figure IV- 7 :

 7 Figure IV-7: UV-Visible diffuse reflectance spectra of as-synthesized nanoparticles. (a) TiO 2 , (b) 1 wt% RuO 2 /TiO 2 , (c) 2.5 wt% RuO 2 /TiO 2 and (d) 5 wt% RuO 2 /TiO 2 . The optical properties of the various samples prepared were then investigated by UV-Visible diffuse reflectance (UV-Vis DR). The UV-Vis DR spectra of the as-synthesized samples are shown in Figure IV-7. The as-synthesized pure TiO 2 sample exhibited the characteristic spectrum of TiO 2 with its fundamental sharp edge around 385 nm. By contrast, along with the absorption edge in the Near-UV region assigned to the TiO 2 nanoparticles, the RuO 2 /TiO 2 nanocomposites exhibit a continuous absorption in the visible range, the intensity of which increases with RuO 2 content. As a result, the heterostructure RuO 2 /TiO 2 nanocomposites absorb light in the whole visible region, which might suggest that the obtained phototocatalyst could be active in the visible light region. Absorption of the visible light by this composite can be attributed to the surface plasmon resonance effect (SPR) that is related to excitation of collective electron oscillations in the metallic RuO 2 nanoparticle by the electric field of the electromagnetic wave.

Figure IV- 8 :

 8 Figure IV-8: (A) (F(R) hν) 1/2 vs. hν plot and (B) (F(R) hν) 2 vs. hν plot of as-synthesized nanoparticles. (a) TiO 2 , (b) 1 wt% RuO 2 /TiO 2 , (c) 2.5 wt% RuO 2 /TiO 2 and (d) 5 wt% RuO 2 /TiO 2 .

  Figure IV-8A presents (F(R) hv) 1/2 vs. hν plot for the as-synthesized TiO 2 and RuO 2 /TiO 2 samples used to determine their band gap energy associated with an indirect transition. The band gap of as-synthesized pure anatase TiO 2 nanopowder as calculated from the extrapolation of the absorption edge onto the energy axis was 3.23 eV which was consistent with the results of Figure IV-7. It can be observed that the indirect band gap energy decreased gradually with increasing the RuO 2 amount. The band gap energies decreased from 3.23 eV for pure TiO 2 to 3.19, 2.98 and 2.85 eV for 1 wt% RuO 2 /TiO 2 , 2.5 wt% RuO 2 /TiO 2 and 5 wt% RuO 2 /TiO 2 , respectively. To evaluate the band gap energy of the nanoparticles associated to their direct transition, (F(R) hv) 2 vs. hν was plotted for each sample (Figure IV-8B). The estimated band gap values are larger than those associated with indirect transitions IV.2.2.2. Interface analysis To distinguish the existing form of ruthenium cations and the chemical composition of the as-synthesized RuO 2 /TiO 2 nanoparticles, X-ray photoelectron spectroscopy (XPS) studies were carried out. Apart from a C 1s peak located around 285 eV which might be attributed to adventitious carbon-based contaminant, only titanium, oxygen and ruthenium related emissions were detected in the survey spectrum of RuO 2 /TiO 2 nanoparticles after calcination (Figure IV-9). The high resolution XPS spectra for Ti 2p showed two peaks in the Ti 2p region, the first one centered at 459.37 eV assigned to the Ti 2p 3/2 and the other one centered at 465.11 eV corresponding to Ti 2p 1/2 (Figure IV-10A). The peak separation

Figure IV- 9 :

 9 Figure IV-9: XPS survey scan spectrum of heterostructure 1wt% RuO 2 /TiO 2 nanoparticles.

Figure

  Figure IV-10B displayed the high resolution XPS emission line of Ru 3d. The binding energy of Ru 3d 3/2 was unfortunately overlapped with that of C 1s, thus the Ru oxidation state was evaluated from the Ru 3d 5/2 emission line. The Ru 3d 5/2 peak was located at 280.63 eV which indicates the existence of Ru 4+ ruthenium cation, as expected for RuO 2 . 39a, 40 These results further confirmed that the RuO 2 /TiO 2 nanoparticles contain RuO 2 and TiO 2 .

Figure IV- 10 :Figure IV- 11 :

 1011 Figure IV-10: (A) High resolution XPS spectra of Ti 2p for 1 wt% RuO 2 /TiO 2 nanoparticles (B) High resolution XPS spectra of Ru 3d for (a) TiO 2 and (b) 1 wt% RuO 2 /TiO 2 nanoparticles after spectral deconvolution.

FigureIV- 11

 11 shows the survey spectra of the TiO 2 substrate and stepwise deposited RuO 2 film after the saturation of spectral changes has been attained. In the case of the TiO 2 film only emissions from Ti and O were present. The absence of C 1s emission due to adsorbed hydrocarbon expected at a binding energy of around 284.8 eV shows that the TiO 2 film surface was free of contaminations. The RuO 2 film also showed the emission lines of only Ru and O which also confirmed the absence of carbon contamination in the course of RuO 2 deposition.

Figure IV- 12 Figure IV- 12 :

 1212 Figure IV-12 shows the evolution of Ti 2p, O 1s and Ru 3d emissions recorded in the course of RuO 2 deposition. During stepwise deposition of RuO 2, the attenuation of substrate emission of Ti as well as the growth of the Ru emission was observed with increasing thickness of RuO 2 . The shape of Ti 2p 3/2 emission line did not change with increasing RuO 2 thickness, but that of Ti 2p 1/2 emission line changed due to a growing Ru 3p 1/2 emission line superimposing at a binding energy of ~464 eV.

2p 3 /

 3 2 and O 1s lines were shifted towards the lower binding energy by 1.22 and 1.25 eV, respectively, from their original values. The slightly higher shift observed from the O 1s line than the Ti 2p 3/2 line may be due to an overlap of O 1s emission from both RuO 2 and TiO 2 . We consider a rather parallel shift of both Ti 2p 3/2 and O 1s emission lines ignoring this slight difference in peak shift. The almost unchanged Ti 2p 3/2 emission line shape as well as the parallel shift of both Ti 2p 3/2 and O 1s emissions in the course of RuO 2 deposition suggested

Figure IV- 13 :

 13 Figure IV-13: (A) Ultraviolet photolectron spectra and (B) X-ray photoelectron spectra of the TiO 2 film (a) and RuO 2 film (b).From Eq. 1 and the UPS spectra shown in Figure IV-13A, the work-functions of TiO 2 film before deposition of the RuO 2 and that of RuO 2 film after being saturated were calculated.The TiO 2 film showed a work-function value of 3.8 ± 0.1 eV. This value of work function is close to the work function of 3.9 eV of TiO 2 film on ITO substrate cited in the literature.44 

Figure IV- 13 Figure IV- 14 :

 1314 Figure IV-14:(A) XP valence band spectra during stepwise deposition of RuO 2 onto TiO 2 film (B) evolution of the valence band position of TiO 2 determined from core level binding energy: (A) the spectrum at bottom (at 0 s) refers to the uncovered TiO 2 film and the spectrum at the top (after 300 s) refers to saturated RuO 2 film.

Figure IV -Figure IV- 15 :Figure IV- 16 :Figure IV- 17 :

 IV151617 Figure IV-14A shows the evolution of the XP valence band spectra during the stepwise deposition of RuO 2 onto TiO 2 film. The overall valence band spectra gradually shifts toward lower binding energy with increasing amount of RuO 2 deposition. For a better visibility of the shift of the valence band maximum of TiO 2 with respect to Fermi level due to the superimposing of the valence of TiO 2 and RuO 2 , the valence band shift was determined from the core level binding energy shift of Ti 2p 3/2 during the interface experiment. As shown in Figure IV-14B, the valence band position rapidly shifts to the lower binding energies, and

Figure IV- 18 :

 18 Figure IV-18: Change of absorbance spectra of (A) MB and (B) MO solution after different irradiation times in the presence of 1 wt% RuO 2 /TiO 2 . As depicted in Figure IV-18A, the maximum absorption peaks of MB at 664 nm diminished gradually and disappeared completely under UV light irradiation for 60 min in the presence of the RuO 2 /TiO 2 nanocatalyst. Meanwhile, the color of the solution changed gradually, suggesting that the chromophoric structure of MB was decomposed. A similar trend was also observed for the decomposition of MO (Figure IV-18B). Furthermore, blank experiments in the presence of irradiation without the photocatalyst were carried out to rationalize the photocatalytic activity of the as-synthesized RuO 2 /TiO 2 photocatalyst. The degradation efficiency of the as-synthesized samples was defined as C/C 0 , where C 0 and C are the initial concentration after equilibrium adsorption and the concentration of MB during the reaction time, respectively. Blank experiment results showed that MB could not be decomposed without the photocatalyst under UV irradiation.

Figure IV- 19 : 2 (

 192 Figure IV-19: Kinetic of the degradation of MB (A) and MO (B); and plot of lnC/C 0 against t for the photocatalytic degradation of MB (C) and MO (D) with the as-synthesized nanoparticles. In order to elucidate the effect of wt% of RuO 2 on the photocatalytic activity of RuO 2 /TiO 2 photocatalyst, a set of parallel experiments were conducted with RuO 2 /TiO 2 photocatalysts containing different wt% of RuO 2 . Figure IV-19A shows the effect of wt% of RuO 2 on the photocatalytic degradation of MB. As seen in Figure IV-19, RuO 2 /TiO 2 composite nanoparticles had a higher photocatalytic activity than pure TiO 2 . The heterostructure RuO 2 /TiO 2 nanoparticle with 1 wt% RuO 2 was a superior catalyst with the degradation efficiency of 94% after 10 min irradiation of UV light. By contrast, values of about 62, 90 and 85% were found for the TiO 2 , 2.5 wt% RuO 2 /TiO 2 and 5 wt% RuO 2 /TiO 2 samples, respectively. Similarly, 1 wt% RuO 2 /TiO 2 also showed higher photocatalytic performance for the degradation of MO as compared to pure TiO 2 and commercial TiO 2 (Degussa P25) (Figure IV-19B). As a result, the mesoporous RuO 2 /TiO 2 heterojunction nanomaterials showed the faster decomposition rate of MB as well as that of MO that validates the concept of improved minority charge carrier separation developed in this study.

  Figure IV-19C and D show the plots of ln(C/C 0 ) against t for different as-synthesized photocatalysts for the degradation of MB and MO, respectively. The apparent reaction rate constants, BET surface area (S BET ) of catalysts and the normalized rate constant k norm defined as k norm = k app /S BET for the degradation of MB and MO using different as-synthesized photocatalysts are summarized in

Figure IV- 20 :

 20 Figure IV-20: Cyclic runs in the photodegradation of MB employing 1 wt% RuO 2 /TiO 2 under UV light.

Figure IV- 21 :

 21 photocatalytic degradation efficiency of MB solution as a function of pH is shown in Figure IV-21. The results showed that the pH of the solution had a direct influence on the heterogeneous photocatalysis process.

22 :

 22 Figure IV-22: Schematic diagram of photogenerated charge separation by internal electric field at RuO 2 /TiO 2 heterojunction and its photocatalytic process.

Figure IV- 23 :

 23 Figure IV-23: (A) photocatalytic evolution of H 2 under different condition, photocatalytic evolution of gas (B) and H 2 (C) over TiO 2 and RuO 2 /TiO 2 photocatalysts and (D) effect of RuO 2 loading on the H 2 production. All the experiments were run for 3 h at identical condition.

Figure IV- 24 :

 24 Figure IV-24: (A) FTIR and (B) Raman spectra of as-synthesized photocatalysts. (a) ZnO, (b) 2 wt% RuO 2 /ZnO, (c) 4 wt% RuO 2 /ZnO, and (d) 6 wt% RuO 2 /ZnO.

Figure IV -

 IV Figure IV-24B shows the Raman spectra of ZnO nanoparticles and RuO 2 -ZnO nanocomposites. The main dominant sharp peak labeled as E 2 at 438 cm -1 is known as Raman active phonon mode, which was characteristic of the Wurtzite hexagonal phase of ZnO (Figure IV-24Ba). A very weak shoulder at 410 cm -1 in pure ZnO corresponded to the mode

  Figure IV-24B(b-d) that the intensity of Raman peaks for RuO 2 -ZnO nanocomposites was enhanced as compared to pure ZnO with increasing the amount of RuO 2 on the surface of ZnO nanocatalysts. This enhancement was predominant for the first order LO phonon mode. In addition, the red shift of both E 2 mode and LO phonon could also be observed. The presence of an electric field can enhance the scattering by Raman active optical phonons due to polarization by the field of the excitonic states. This scattering is proportional to the electric field and goes through a maximum. The transfer of electrons from ZnO to RuO 2 leads to the formation of interfacial electric field between ZnO and RuO 2 due to different work functions. This local electric field increases the electron-phonon coupling, which led to the enhancement of the Raman intensity of ZnO. Otherwise, more phonon modes of ZnO have been activated in RuO 2 -ZnO nanocomposites compared to ZnO nanocatalysts.

Figure IV- 25 :

 25 Figure IV-25: XRD pattern of RuO 2 /ZnO heterostructure recorded at different RuO 2 content in the 2θ region of 10-80° (A) and 26-66° (B). (a) ZnO, (b) 2% RuO 2 /ZnO, (c) 4% RuO 2 /ZnO, (d) 6% RuO 2 /ZnO.The crystalline phases of the catalysts were further confirmed by using XRD analysis(Figure IV-25). Irrespective of the RuO 2 content, all the diffraction peaks could be readily indexed as hexagonal Wurtzite structure for ZnO for both pure ZnO and RuO 2 /ZnO in well agreement with the reported data(JCPDS File No. 36-1451). The peaks at 2θ of31.7°, 34.3°, 36.2°, 47.5° and 56.5°, corresponded to the crystal planes (100), (002), (101), (102), and (110) of crystalline ZnO, respectively. Peaks corresponding to RuO 2 were not seen clearly. In order to identify the crystalline phase of RuO 2 , the XRD pattern of all the samples were

.Figure IV- 26 :

 26 Figure IV-26: (A) TEM image and (B) HRTEM image of 4 wt% RuO 2 /ZnO photocatalysts (C) EDX spectrum from part (A).

Figure IV- 27 :Figure IV- 28 :

 2728 Figure IV-27: (A) STEM secondary electron image (SEI) of 4 wt% RuO 2 /ZnO and EDX maps of (B) Ru, (C) Zn and (D) Overlay (Ru and Zn). EDX mapping was carried out by scanning a region different from the region shown in (A). In order to obtain the microstructure of the samples, high-resolution transmission electron microscopy (HRTEM) observations were carried out, and the corresponding results are shown in Figure IV-26B. The interplanar distance of 0.28 nm is consistent with the lattice spacing of the (100) plane expected for the hexagonal wurtzite ZnO. The composition and the presence of RuO 2 of the as-synthesized samples were confirmed by energy dispersive X-ray (EDX) analysis and the results are shown in Figure IV-26C. All of the peaks in the curves were ascribed to Zn, Ru, O, and Cu, and no peaks of other elements are observed. The copper signal is from the sample holder. Therefore, it can be concluded that the as-synthesized samples were composed of Zn, Ru and O, which was in good agreement with the above XRD results. In addition, EDX analysis revealed the elemental compositions of the as-synthesized samples (listed in Figure IV-26C) and the calculated weight percentage of RuO 2 was 3.75 wt% which was close to the theoretical value (4.0 wt %). EDX maps shown in Figure IV-27 further confirmed that RuO 2 was deposited on ZnO as cluster.

Figure IV- 29 :Figure IV- 30 :

 2930 Figure IV-29: UV-Vis diffused (A) absorption and (B) reflectance spectra of (a) ZnO, (b) 2 wt% RuO 2 / ZnO, (c) 4 wt% RuO 2 / ZnO and (d) 6 wt% RuO 2 / ZnO. The optical property such as the band gap of the as-synthesized nanoparticles was determineded by means of the optical absorption spectrum. 60 Figure IV-29A shows the UV-Vis diffuse absorption spectra of as-synthesized ZnO and RuO 2 /ZnO nanocomposite photocatalysts containing different weight percentage of RuO 2 . For all the samples, a significant increase in the absorption at wavelength shorter than 400 nm could be assigned to the intrinsic band gap absorption of ZnO. The RuO 2 loading obviously influenced visible light absorption of ZnO. Compared to pure ZnO (Figure IV-29Aa), the absorption spectra of all RuO 2 /ZnO samples (Figure IV-29A(b-d)) showed an enhanced absorption in the visiblelight region. In addition, the absorption increased with raising the RuO 2 content. The

Figure IV- 31 :

 31 Figure IV-31: (A) XPS survey spectra of ZnO (a) and 4 wt% RuO 2 /ZnO (b). High-resolution spectra of 4 wt% RuO 2 /ZnO sample: (B) Zn 2p spectra, (C) Ru 3d spectra and (D) O 1s spectra. The high-resolution spectra of Zn, Ru, and O species are shown in Figure IV-31(B-D), respectively. The emission line appearing in Figure IV-31B is symmetric and centered at1021.83 and 1044.92 eV, which were attributed to Zn 2p 3/2 and Zn 2p 1/2 , respectively. Thus, it could be confirmed that Zn mainly forms Zn 2+ chemical state in the as-synthesized samples.62 

Figure

  Figure IV-31C provides high-resolution XPS spectra of Ru 3d in the 4 wt% RuO 2 /ZnO

Figure IV- 32 :

 32 Figure IV-32: Evolution of photoemission core level spectra of the heterostructure RuO 2 /ZnO nanoparticles with different contents of RuO 2 . (a) ZnO, (b) 2 wt% RuO 2 /ZnO, (c) 4 wt% RuO 2 /ZnO and 6 wt% RuO 2 /ZnO.

Figure IV- 32

 32 shows the evolution of the core level spectra of RuO 2 /ZnO nanocomposites containing different amount of RuO 2. The Zn 2p 3/2 line shape did not change with increasing RuO 2 content as shown in Figure IV-32A. On the other hand, the O 1s emission was changed gradually to lower binding energies with the RuO 2 content resulting from the metallic character of RuO 2 . The intensity of the Ru 3d 5/2 emission line increased with increasing RuO 2 content as shown in Figure IV-32C. However, it was found that both Zn 2p 3/2 and O 1s peaks were shifted to lower binding energies with the increasing RuO 2 content. The binding energy shift for Zn 2p 3/2 was estimated from the difference between the values of pure ZnO and ZnO containing 6 wt% RuO 2 . The Zn 2p 3/2

Figure IV- 33 :

 33 Figure IV-33: (A) UP spectrum of pure ZnO (B) XP valence band spectra of ZnO and RuO 2 /ZnO with different amount of RuO 2 . a) ZnO, (b) 2 wt% RuO 2 /ZnO, (c) 4 wt% RuO 2 /ZnO and 6 wt% RuO 2 /ZnO. The work function of ZnO was determined by ultraviolet photoelectron spectroscopy (UPS).Figure IV-33A shows the secondary electron cutoff recorded with UPS using HeI and the work function for pure ZnO was calculated to be about 4.2 eV. This value agreed well with the work function for n-type ZnO in the literature. 69 Figure IV-33B shows the evolution of the valence band spectra of ZnO containing different amount of RuO 2 : the valence band maximum (VBM) shifted toward lower binding energy with increasing RuO 2 content. The VBM was deduced by linearly extrapolating the low binding energy edge of the valence band intersecting with the background. The calculated VBMs were 2.90 ± 0.05, 2.75 ± 0.05, 2.60 ± 0.05 and 2.5 ± 0.05 eV for ZnO, 2 wt% RuO 2 /ZnO, 4 wt% RuO 2 /ZnO and 6 wt% RuO 2 /ZnO, respectively. These values suggested that as-synthesized ZnO is a n-type semiconductor. The

Figure IV- 34 : 1 .Figure IV- 35 .

 34135 Figure IV-34: Schematic band energy alignment at the interface of RuO 2 and ZnO. E CB , E VB , E F , E g are conduction band maximum, valence band maximum, Fermi level and energy gap, respectively. eV bb refers to band bending at the interface of RuO 2 and ZnO.IV.3.1.3. Photocatalytic activity

Figure IV- 35 :Figure IV- 36 :

 3536 Figure IV-35: UV-Visible spectra of (A) MB and (B) MO aqueous solutions as a function of reaction time in the presence of 4 wt% RuO 2 /ZnO.

Figure IV- 37 :

 37 photocatalyst went through four successive recycles, suggesting the RuO 2 /ZnO heterostructures were stable during the course of photodegradation. Moreover, XRD patterns (Figure IV-37B) of the used and fresh samples revealed intact crystalline phase of the RuO 2 /ZnO heterostructure after successive use.

Figure IV- 38 :

 38 Figure IV-38: Effect of solution pH on MB degradation.

Figure IV- 39 :

 39 Figure IV-39: schematic diagram showing the photogenerated charge separation mechanism of RuO 2 /ZnO nanocomposites.It is known that the work function of RuO 2 (6.2 eV) is larger than that of ZnO (4.2 eV). The Fermi energy level of ZnO is higher than that of RuO 2 due to its smaller work function.Accordingly, when the metallic RuO 2 are attached to ZnO nanoparticles, the electrons will migrate from ZnO to RuO 2 in order to achieve the Fermi level equilibration. Meanwhile, an electrostatic field is built in the discontinuity interface of ZnO and RuO 2 because of electron transfer, which could lead to an upward bending of the energy bands of ZnO. When the heterostructure RuO 2 /ZnO nanocomposites are illuminated by UV light with photon energy higher or equal to the band gap of ZnO, electrons in the valence band (VB) can be excited to the CB with simultaneous generation of the same amount of holes in the VB. As the Fermi energy level of RuO 2 is just above the valence band band maximum of ZnO, the holes in the valence band of ZnO can transfer from ZnO nanoparticles to RuO 2 nanoparticles driven b y
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 3112 Figure V-1: TG curves of (a) TiO 2 and (b) 1 wt% NiO/TiO 2 .

Figure V- 3 :

 3 Figure V-3: XRD of TiO 2 and 1 wt% NiO/TiO 2 dried at 150 °C for 2 h.

Figure V- 4 :

 4 Figure V-4: (A) XRD pattern of the as-synthesized NiO/TiO 2 nanocomposites with different content of NiO and (B) XRD pattern of the as-synthesized NiO/TiO 2 nanocomposites in the 2θ region between 40 and 46° to show the peak of NiO (200). To characterize the crystal structure of the as-synthesized samples, XRD measurements were carried out on TiO 2 nanoparticles and NiO/TiO 2 nanocomposites with various NiO contents. The XRD patterns of TiO 2 and 1 wt% NiO/TiO 2 dried at 150 °C shown in Figure V-3 revealed clear peaks which can be indexed to pure anatase TiO 2 . The crystallite size for dried TiO 2 and 1 wt% NiO/TiO 2 was 7.5 and 7.3 nm, respectively. This

Figure V- 5 :

 5 Figure V-5: XRD pattern of the as-synthesized NiO nanoparticle.

Figure V- 6 :

 6 Figure V-6: (A) Raman spectra of as-synthesized photocatalysts (B) enlarged region of Raman shift range 110-200 cm -1 . (a) TiO 2 (b) 0.1 wt% NiO/TiO 2 (c) 0.25 wt% NiO/TiO 2 (d) 0.5 wt% NiO/TiO 2 (e) 1 wt% NiO/TiO 2 .

aFigure V- 7 :Figure V- 8 :Figure V- 9 :Figure V- 10 :

 78910 Figure V-7: (A) TEM and (B) HRTEM images (inset shows the SEAD pattern and enlarged view of HRTEM) of 1 wt% NiO/TiO 2 nanocomposites.

  of the as-synthesized nanoparticles was studied by UV-Vis diffuse reflectance spectra as shown in Figure V-11. Pure TiO 2 exhibited a steep absorption edge located at ca. 385 nm (Figure V-11Aa) indicating the excitation of electrons from valence band (O 2p states) to conduction band (Ti 3d states). The absorption edges of composite photocatalysts were found to shift towards visible region with the presence of NiO. Moreover, the extended red-shift absorption edge revealed the good contact between NiO and TiO 2 as consequence of the inter-dispersion of the two oxides. A possible explanation is that the valence band of TiO 2 is mainly formed by overlapping oxygen 2p orbitals (O pπ states), whereas its conduction band

  also reported that the UV-vis diffuse reflectance spectra of CuO/TiO 2 exhibited an extension of absorption edge to the visible region related to a transition from the valence band of the nanocrystalline CuO to the conduction band of nanocrystalline TiO 2 because of a good contact between CuO and TiO 2 crystals.As mentioned in different reports and evidenced in chapter IV, anatase TiO 2 can be considered as an indirect semiconductor. 27 Figure V-12 shows the plots of (F(R) hν)1/2 versus hν for as-synthesized phtocatlaysts, where F(R) is the Kubelka-Munk function and hν is the photon energy. The indirect energy band gap of pure TiO 2 estimated from the extrapolation of the tangent to the abscissa was 3.1 eV. This obtained band gap value of pure

Figure V- 11 :

 11 Figure V-11: UV-Vis diffuse absorption spectra of (A) as-synthesized photocatalysts; (a) TiO 2 (b) 0.1 wt% NiO/TiO 2 (c) 0.25 wt% NiO/TiO 2 (d) 0.5 wt% NiO/TiO 2 and (e) 1 wt% NiO/TiO 2 and (B) NiO (inset: (F(R) hν) 1/2 vs hν plot of NiO).

Figure V- 12 :Figure V- 13 :

 1213 Figure V-12: (F(R) hν) 1/2 versus hν for as-synthesized photocatalysts. (a) TiO 2 (b) 0.1 wt% NiO/TiO 2 (c) 0.25 wt% NiO/TiO 2 (d) 0.5 wt% NiO/TiO 2 and (e) 1 wt% NiO/TiO 2 .In contrast, a significant decrease of the band gap energies for the NiO/TiO 2 nanocomposites was observed with a gap value shifting from 3.0 eV to 2.65 eV when the

Figure V- 14 :

 14 Figure V-14: Evolution of core level spectra (A) Ti 2p (B) O 1s (C) Ni 2p 3/2 . (a) TiO 2 (b) 0.1 wt% NiO/TiO 2 (c) 0.25 wt% NiO/TiO 2 (d) 0.5 wt% NiO/TiO 2 (e) 1 wt% NiO/TiO 2 (f) 4 wt% NiO/TiO 2 (g) 25 wt% NiO/TiO 2 (h) 50 wt% NiO/TiO 2 (i) NiO.

  Figure V-14A shows the evolution of the core level spectra of Ti 2p of NiO/TiO 2 nanocomposites containing different amount of NiO. Starting with the pure TiO 2 ,

  2 core level (Figure V-14A) feature following NiO loading which implied that no chemical interface reaction occurs between TiO 2 nanoparticles and NiO entities.

Figure V -

 V Figure V-14Bshows the evolution of the core level O 1s emission lines of NiO/TiO 2 nanocomposites with different content of NiO. The form of the O emission line was symmetric and there was no significant change in the line shape when the NiO content was lower than 0.5 wt%. Above 0.5 wt% content, the form of the O spectra was changed gradually with increasing NiO content from a symmetric line form to a shape with an asymmetry at higher binding energies. This change of O 1s emission line most probably results from the contribution of adsorbed OH -species.40 The O 1s peak was also shifted to the low binding energy by 0.35 ± 0.1 eV. Turning to the Ni 2p 3/2 core level photoemission spectra shown in Figure V-14C, we observed an increase in the intensity of Ni 2p 3/2 core level signal. The Ni 2p 3/2 signals were shifted to lower binding energy with increasing the NiO content. The Ni 2p 3/2 emission lines were found at binding energies of 854.5, 854.35, and 853.75 eV for 1 wt% NiO/TiO 2 , 4 wt% NiO/TiO 2 and NiO, respectively. The shift of the Ni 2p 3/2 emission line for 1 wt% NiO/TiO 2 was ~0.6 ± 0.1 eV. Then, as previously done for the other heterostructures (e. g. RuO 2 /TiO 2 in Chapter IV) studied in this thesis, the work function φ of the NiO or the TiO 2 sample was determined

Figure V- 15 :

 15 Figure V-15: Ultraviolet photoelectron spectra (HeI) of TiO 2 and NiO.

Figure V- 16 :

 16 Figure V-16: (A) Valence band spectra of TiO 2 and NiO (B) evolution of valence band position. (a) TiO 2 (b) 0.1 wt% NiO/TiO 2 (c) 0.25 wt% NiO/TiO 2 (d) 0.5 wt% NiO/TiO 2 (e) 1 wt% NiO/TiO 2 (f) 4 wt% NiO/TiO 2 .

Figure V -

 V Figure V-16Ashows the valence band spectrum of TiO 2 and NiO, respectively. The valence band maximum (VBM) was determined by linearly extrapolating the low binding energy edge of the valence band intersecting with the background. The calculated value of 2.9 ± 0.1 eV was obtained as the VBM energy position for the TiO 2 , while a value of 0.4 ± 0.1 eV was obtained for NiO, which indicated that the as-synthesized TiO 2 and NiO were n-

  to the band bending in n-type semiconductor (TiO 2 ) and p-type semiconductor (NiO), respectively, were estimated by the core level shifts, these numbers were obtained above. For example the valence band offset

Figure V- 17 : 17 V 1 .Figure V- 18 :Figure V- 19 :

 171711819 Figure V-17: Band energy alignment at the heterojunction interface of n-type (TiO 2 ) and p-type (NiO) semiconductor.The band gap energies determined by UV-Vis diffuse spectroscopy for TiO 2 and NiO were 3.1 and 3.4 eV, respectively. According to Eq. (2) the conduction band offset ( inter CB E ∆) was

Figure V- 20 Figure V- 20 :V- 21 .

 202021 photodegradation process was evaluated and compared between the reuse cycles. Figure V-20 shows the performance of a recycled NiO/TiO 2 sample measured under identical conditions over four recycle tests. There was no noticeable change in the photocatalytic activity of the recycled catalyst after four cycles under UV light irradiation, which indicated that the as-synthesized photocatalysts displayed a high stability, recyclability and an efficient photoactivity for degradation of the organic pollutants under UV light irradiation.

Figure V- 21 :

 21 Figure V-21: Effect of initial solution pH on the photocatalytic degradation of MB over 0.1 wt% NiO/TiO 2 . The enhanced photocatalytic activity of heterostructure NiO/TiO 2 nanocomposites was related to the role of NiO on the surface of TiO 2 nanoparticles. The photogenerated charge separation and the photocatalytic mechanism of the heterostructured NiO/TiO 2 nanocomposite system are depicted in the schematic diagrams as shown in Figure V-17 and Figure V-22.

22 :

 22 photogenerated hole transfer could take place from the VB of TiO 2 to the VB of NiO, suggesting that the photogenerated electrons and holes were efficiently separated.Alternatively also an electron (of TiO 2 )/hole (of NiO) recombination may take place at the heterojunction interface (Z-scheme). The efficient charge separation could increase the lifetime of the charge carriers and enhance the efficiency of the interfacial charge transfer to adsorbed substrates and then account for the higher activity of the p-type NiO and n-type TiO 2 heterojunction nanocomposites.

Figure V- 23 :

 23 photocatalysts was also investigated by the photocatalytic hydrogen production from the suspension of the photocatalysts containing different amount of NiO (0.25-4 wt%) in a deaerated aqueous methanol solution (v:v 1:1) under UV light irradiation for 6 h using 1.6 W Hg vapour light source. Blank experiment revealed that there was no significant production of hydrogen (H 2 ) in the absence of catalyst or methanol as shown in Figure V-23A. Moreover, water alone did not show any evidence of H2 evolution upon the irradiation. However, the irradiation of NiO/TiO 2 suspensions containing methanol led to the observable evolution of H 2 gas (Figure V-23A) indicating that both the photocatalysts and the sacrificial agent are essential for photocatalytic H 2 production. Typical representations of the photocatalytic evolution of gas as a function of time for the NiO/TiO 2 samples with various NiO loading are shown in Figure V-23B. It was foundthat the amount of evolved gas was increased linearly over the experimental irradiation time of 6 h indicating that the as-synthesized photocatalyst was stable. This finding was fully consistent with the good recycling of this photocatalyst evidenced for the photocatalytic

SnO 2

 2 photocatalyst was red shifted compared to pure SnO 2 and ZnO. Special emphasis was given on the determination of band alignment at the interface of SnO 2 /ZnO heterojunction. XPS was used as a direct method to measure the VBO of the heterostructure SnO 2 /ZnO photocatalyst. A type-II band alignment with valence band offset (VBO) of ∆E V = 0.7 ± 0.05 eV and conduction band offset (CBO) of ∆E C = 0.2 ± 0.05 eV was obtained. The heterostructure SnO 2 /ZnO photocatalyst showed higher photocatalytic activity than pure SnO 2 and ZnO for the degradation of MB dye under UV light irradiation. The degradation rate constant normalized with respect to BET specific surface area for heterostructure SnO 2 /ZnO nanocomposite was 1.7 times higher than that of SnO 2 and was around 1.4 times higher than that of ZnO. The enhanced degradation rate was attributed to vectorial transfer of photogenerated electrons and holes resulting from the band discontinuity at the interface of the SnO 2 /ZnO nanocomposites confirmed from band alignment. Furthermore, the heterostructure photocatalysts could be easily recycled without any significant change in the catalytic activity which indicated the stability and reproducibility of the catalysts. In addition, the high pH favoured the adsorption of cationic MB dye on the catalyst surface which resulted in high degradation efficiency. Finally, a mechanism was proposed for the photocatalytic degradation of MB.

TiO 2

 2 dried at 150 °C of about 7.5 nm suggesting that the anatase TiO 2 nanoparticle was developed during synthesis at low temperature. The UV-Vis DRS studies revealed that the absorption edge of the coupled NiO/TiO 2 photocatalyst was shifted towards the visible region due to the introduction of NiO. The energy level line up at the p-n NiO/TiO 2 heterointerface was determined by XPS and UPS from the core level energy shift. A shift of Ti 2p 3/2 and Ni 2p 3/2 core level spectra were observed to be 0.4 ± 0.1 and 0.6 ± 0.1 eV, respectively, which were ascribed to band bending at the interface of heterojunction NiO/TiO 2 nanoparticles. The valence band offset ( interVB E ∆) and the conduction band offset ( inter CB E ∆ ) at the interface were calculated to be of 1.5 ± 0.1 and 1.8 ± 0.1 eV, respectively. The band alignment at the interface could explain the charge transfer at the NiO/TiO 2 heterojunction. It was found that the p-n NiO/TiO 2 heterojunction containing 0.1 wt% NiO possessed higher photocatalytic activity for the degradation of MB and MO than pure TiO 2 and P25. The photocatalytic activity of the as-synthesized NiO/TiO 2 heterojunction nanoparticles was also investigated by the production of H 2 in an aqueous solution of methanol at ambient temperature under UV irradiation. A greater photocatalytic activity for H 2 evolution was obtained for the entire investigated range of NiO loading. The optimum level of NiO was found at 1 wt% with average H 2 production rate of 135 µmol/h. This higher photocatalytic activity for degrading organic dye and producing H 2 was related to the higher charge separation efficiency resulting from the internal electric field developed at the interface of the NiO/TiO 2 heterojunction.

Furthermore, the main

  photocatalytic efficiency can be increased by trapping the photogenerated electrons in the conduction band of semiconductor. In addition, providing active centres for the activation and reduction of H 2 O to H 2 can also increase the catalytic efficiency for the production of hydrogen. One of the possible ways would consist in depositing noble metal cocatalysts which not only accept the electron but also provide active centres for the activation and

( 2 . 1 .

 21 Sigma Aldrich), propan-2-ol (Acros organics), ethanol (Aldrich), 1-butanol (Sigma Aldrich), acetic acid (Acros Organics), tetrahydrofuran (Sigma Aldrich), sodium hydroxide (Acros Organics), hydrochloric acid(Sigma Aldrich), methylene blue (MB) (Alfa Aesar), methyl orange (MO) (Alfa Aesar). All chemicals were used as received. P25 TiO 2 nanoparticles were provided by Degussa. Deionised water purified by a Millipore (Milli-Q) water purification system was used in all experiments.VI.2. Synthesis of nanophotocatalysts VI.Preparation of SnO 2 /ZnO heterojunction photocatalystsAnhydrous tin tetrachloride, zinc acetate dihydrate, sodium bicarbonate and urea of analytical grade were used without further purification. Nanocrystalline SnO 2 colloids were first prepared by homogeneous precipitation using a procedure adapted from the literature.1 In a typical experiment, 2.08 g (0.04 M) of anhydrous SnCl 4 and 14.4 g (1.2 M) of urea, used as the precipitant, were mixed in 200 mL of deionized water. The solution was then heated at 90 ºC for 4 h. The resulting precipitates were filtered and washed with distilled water. The solids obtained were then dispersed in 100 mL aqueous solution of acetic acid (pH 2) and subjected to hydrothermal treatment in an autoclave at 240 ºC for 16 h. The resulting suspension was then condensed to a final SnO 2 concentration of 10-15 wt% by a rotary evaporator. The latter suspension was then divided into two parts. The first one was dried at 90 ºC overnight and then calcined in air at 500 ºC for 2 h. To prepare the SnO 2 /ZnO heterostructure with a 1:1 molar ratio, 0.437 g of Zn(CH 3 COO) 2 .2H 2 O was added to 5 g of the 12 wt% SnO 2 aqueous suspension. After stirring for 12 h, the resulting mixture was dried at 90 ºC overnight and then annealed in air at 500 ºC for 2 h to yield the herehafter named SnO 2 /ZnO photocatalyst.Finally, ZnO was prepared by precipitation method: 2 to a solution of 5.5 g of Zn(CH 3 COO) 2 .2H 2 O in distilled water (100 mL), and under continuous stirring, was added an aqueous solution of sodium bicarbonate until reaching a neutral pH. After filtration of the precipitate, the latter was dried at 110°C overnight and subsequently calcined at 500°C in air for 2h to give the herafter named ZnO photocatalyst. The different powders prepared were crushed with pestle and mortar before further characterization and photocatalytic experiments.
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 23 3 A solution of19 g of tetra(propan-2-oxy)titanium in 20 mL of propan-2-ol was progressively added to 91 mg of glacial acetic acid in 26.8 mL deionized water under strong stirring (pH 3). The solution was stirred for 15 h at room temperature, and then the volatiles (acetic acid and propan-2-ol) were eliminated by heating at 120 °C. The resulting powder was then mixed with about 20 mL of deionized water and heated at 250 °C in an autoclave for 13 h. The resulting powder was dried at 300 °C for 30 min and then bleached under UV irradiation for 3 h to yield 5.3 g of titanium dioxide as a white powder. Heterostructure RuO 2 /TiO 2 was prepared in the second step by impregnation method. In a typical procedure, a desired amount of ruthenium (III) 2, 4-pentanedionate was dissolved into 50 mL tetrahydrofuran. TiO 2 powder (0.3 g) was then dispersed into the solution. After the solutions were stirred vigorously for 4 h at room temperature, the solvents were evaporated at 80 °C. Subsequently, the loaded TiO 2 was dried in an oven at 70 °C overnight and finally calcined at 400 °C in air for 6 h to achieve the desired RuO 2 /TiO 2 catalyst. The content of RuO 2 in RuO 2 /TiO 2 powder was controlled by changing the concentration of the ruthenium (III) 2, 4-pentanedionate solution. The heterostructure RuO 2 /TiO 2 nanocomposites containing 1, 2.5, 5, 10, and 20 wt% of RuO 2 were obtained by adding 0.91 x 10 -2 , 2.30 x 10 -2 , 4.70 x 10 -2 , 9.98 x 10 -2 and 22.45 x 10 -2 g of ruthenium (III) 2, 4-pentanedionate, respectively, to tetrahydrofuran. Preparation of RuO 2 /ZnO heterojunction photocatalysts ZnO nanoparticle was first prepared by homogeneous precipitation method from a solutions of zinc acetate dihydrate, Zn(CH 3 COO) 2 . 2H 2 O using urea as a precipitant. In a typical procedure, 1.62 g (0.037 M) of zinc acetate dehydrate was dissolved in 200 mL of deionized water containing 6 g (0.5 M) of urea. The solution was magnetically stirred at room temperature in a round bottomed flask until a homogeneous solution was obtained. The solution was then heated at a temperature of 90 °C for 4 h. Upon completion of the reaction, a white precipitate obtained was centrifuged at 5000 rpm for 10 min and washed with deionized water till it was neutral. The resulting precipitate was then dried at 110 °C overnight followed by calcination at 350 °C in air for 2 h to obtain ZnO nanoparticle powder.

  photocatalyst, nickel nitrate hexahydrate (Ni(NO 3 ) 2 . 6H 2 O) was used as the precursor for NiO. Predetermined amount of nickel nitrate hexahydrate was added to the colloid of TiO 2 and stirred vigorously overnight. The amounts of nickel nitrate hexahydrate to obtain NiO/TiO 2 photocatalysts containing 0.1, 0.25, 0.5, 1, 2, 4 and 25 wt% of NiO were 0.35 x 10 - 2 , 0.89 x 10 -2 , 1.79 x 10 -2 , 3.61 x 10 -2 , 7.31 x 10 -2 , 14.92 x 10 -2 and 1.19 g, respectively. The colloidal solution obtained was then dried at 150 °C for 2 h, and the resulting powder was annealed in air at 500 °C for 2 h. The pure TiO 2 was prepared under the same conditions used for the NiO/TiO 2 samples. The calcined NiO/TiO 2 or TiO 2 samples were ground into fine particles prior to characterization and further application for photocatalysis.
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 34 Transmission electron microscopy (TEM)Transmission electron microscopy (TEM) is utilized to obtain high (atomic) resolution images of materials. TEM transmits a focused, high-energy electron beam through a sample. The electrons scatter off the nuclei of atoms in the sample and are projected onto a fluorescent screen. Through this process, atomic scale images can be collected. In addition, a selected area electron diffraction (SAED) pattern can be obtained from single nanostructures, to analyze the orientation of crystallographic planes. By combining the information gained from atomic scale imaging and diffraction patterns, the surface crystallographic planes of a material can be identified. Scanning Transmission Electron Microscopy (STEM) can be combined with the high-angle annular dark field (HAADF) imaging technique to provide Zcontrast images which can distinguish particles of different atomic number. The image brightness is approximately dependent on the square of the atomic number (Z 2 ) of the atoms present and very useful for particles with a great difference in atomic mass and not so useful for particles with similar atomic masses.The elemental composition of a sample can be determined by Energy-Dispersive Xray Spectroscopy (EDX). EDX is the more commonly used technique and involves ionizationVI.3.7. UV-Visible diffuse reflectance spectrometry (UV-Vis DRS)Electronic excitations of electrons from filled bands to empty bands are typically induced by electromagnetic radiation in the UV and visible light range (UV-Vis spectroscopy). Wavelengths of these types of radiation are on the order of 200 to 800 nm.

  photocatalysts was also determined by XPS technique. The interface experiments for the model were performed at the Darmstadt Integrated System for Material research (DAISY-MAT), which combines a Physical Electronics PHI

Figure VI- 1 : 1 .Figure VI- 2 :

 112 Figure VI-1: Schematic drawing of Darmstadt Integrated System for Fundamental research (DAISY-FUN). The interface experiment for heterostructure RuO 2 /TiO 2 nanoparticles was performed at Darmstadt Integrated System for Fundamental research (DAISY-FUN) (Figure VI-1), the XPS spectra were recorded using a PHOIBOS 225 (Specs GmbH) spectrometer.Monochromatized X-ray (Kα: 1486.6 eV) from an Al anode was used for excitation. The charge effect was evaluated using the main component of the C 1s peak, associated with adventitious hydrocarbons with a binding energy of 284.8 eV as reference for calibration.The base pressure in the sample during the measurements was less that 3x10 -8 mbar.

Figure VI- 2

 2 Figure VI-2 shows the experimental set up for the photocatalytic production of hydrogen at LIKAT, Rostock, Germany. The photocatalytic experiments were conducted in adouble walled thermostatically controlled reaction vessel (under a constant temperature of 25.0°C) which was connected via a condenser to an automatic gas burette. In a typical reaction, the double-walled reaction vessel connected to the automatic gas burette was evacuated and flushed with argon three times to remove any other gases. The photocatalysts were introduced as a powder and the mixture of methanol/H 2 O (1:1, 10 mL) was added, and the temperature was maintained at 25°C by a thermostat. The mixture was stirred (300 rpm) for 5 min to reach thermal equilibrium. The photocatalytic reaction was started by irradiating the reaction vessel with light. The volumes of the evolved gases were determined by an automatic gas burette. The gas burette was equipped with to a pressure sensor. Evolving gas during the reaction causes a pressure increase in the closed system, which is compensated by volume increase of the burette syringe by an automatic controlling unit. The gas evolution curves are collected by a PC. After each reaction a gas sample was taken and quantitatively analyzed by gas chromatography (HP6890N, carboxen 1000, thermal conductivity detector (TCD) and methanizer/flame ionization detector (FID), external calibration). The variance of the volumes for reproduction of experiments was between 1-15%.
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 I1 Oxidation potential of some oxidants.14 

	Species	Oxidation potential (V) vs. NHE
	Fluorine	3.03
	Atomic oxygen	2.42
	Ozone	2.07
	Hydrogen peroxide	1.78
	Perhydroxyl radical	1.70
	Permanganate	1.68
	Hypobromous acid	1.59
	Chlorine dioxide	1.57
	Hypochlorous acid	1.49
	Hypoiodous acid	1.45
	Chlorine	1.36
	Bromine	1.09
	Iodine	0.54

Figure II-2: Schematic illustration of charge transfer process in coupled heterostructure composites.

  

					11 It has been established that the
	interparticle electron transfer occurred within 500 fs-2 ps. 12		
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II.3.1. Band bending at metal/semiconductor contact

  

	bending at p-type semiconductor/n-type semiconductor heterojunction also called p-n
	junction; (iii) band bending at semiconductor/electrolyte interface; (iv) surface state induced
	band bending and (v) field-effect-induced band bending. Here in this section, the first three
	types will be discussed.	
	The interaction between two different materials with different work function can
	occur because of their different chemical potential. For example, the electrons can transfer
	from a material with lower work function (high Fermi level) to another material with high
	work function (low Fermi level) when they contact each other. The work function of an n-
	type semiconductor ( s Φ ) is lower than that of the metal ( m Φ ) such as Ag, Au, and Pt
	(Figure II-3). Hence, the electrons will transfer from the semiconductor to the metal until
	thermodynamic equilibrium is established between metal and semiconductor when they
	contact each other, that is, the Fermi level of the semiconductor (	s E ) and metal ( m F, F,
	Depending on the second phase,
	band bending can be classified as: (i) band bending at metal/semiconductor contact; (ii) band

Table II -

 II 1 . Shifu et al. 21 prepared SnO 2 /TiO 2 photocatalysts by ball milling using H 2 O solution as disperser. The photocatalytic activities of SnO 2 /TiO 2 photocatalysts prepared with or without ball milling with different content of doped SnO 2 were investigated by degrading an organophosphate insecticide monocrotophos.

Table II - 1 :

 II1 Degradation of different organic pollutants with SnO 2 /TiO 2 heterostructure photocatalysts

	Pollutant	Dose	Reaction condition and effieciency	Synthesis	Reference
		g L -1		method	
	Methylene blue (MB)	0.4	Under UV irradiation (355 nm). 125 mL of 5.35 x 10 -5 mol/L MB. The	method Flame synthesis	Akurati et al. 20d
			composite with Ti/Sn = 28.2:1 showed		
			higher degradation compared to TiO 2		
	Methylene blue (MB)	0.5	Under UV irradiation (30 W). 100 mL of 5.35 x 10 -5 mol/L MB. Degradation	Solvothermal	Hou et al. 20e
			efficiency of 5 wt% SnO 2 /TiO 2 after 20 min was 95% and that of TiO 2 was 77%.		
	Active red X-3B	3.5	Under UV irradiation (300 W), 2000	Homogeneous	Shi et al. 22
	Acrylic acid	1	mL of 50 mg/L X-3B. Degradation rate constant k, 0.13 min -1 for SnO 2 /TiO 2 composite with 18.4% loading of SnO 2 and 0.06 min -1 for TiO 2 Under UV irradiation (9 W, 254 nm). that for TiO 2 was 43%. with 15.1 mol% of SnO 2 was 65% and degradation efficiency of SnO 2 /TiO 2 300 mL of 300 mg/L. after 6h,	precipitation drying super critical combined with Sol-gel	Zhang et al. 27
	Methyl orange	0.5	Under UV irradiation (300 W, 365	Steric acid	Yang et al. 23
	(MO)		nm). 450 mL of 20 mg/L MO.	method	
			Degradation efficiency of SnO 2 /TiO 2 with molar ratio 0.15 was 94% and that		
			of TiO 2 was 30%.		
	Rhodamine B (RhB)	0.25	Under UV irradiation. 40 mL of 2.5 × 10 -5 M RhB. The TOC loss of 10 wt%	Electrospinning	Hwang et al. 29b
			SnO 2 /TiO 2 composites nanofiber was 61 % and than that of TiO 2 was 21% after 40 min irradiation under UV.		
	Rhodamine B (RhB)	1	Under UV irradiation (8W, 254nm). 0.013 min -1 for TiO 2 . nanofiber with (3 mol% SnO 2 ) and constant k, 0.043 min -1 for SnO 2 /TiO 2 2.5 × 10 -5 mol/L RhB. Degradation rate	Electrospinning	Zhang et al. 29c
	Rhodamine B (RhB) Rhodamine B (RhB)	0.2 0.1	Under UV irradiation (254 nm). 100 mL of 5 × 10 -5 M RhB. Degradation rate constant k, 0.089 min -1 for SnO 2 /TiO 2 composite and 0.042 min -1 for TiO 2 Under UV irradiation (50 W, 315 nm). 40%.nanocomposite after 1h. 1:10 was 100% and that of TiO 2 was efficiency of SnO 2 /TiO 2 with Sn:Ti = 450 mL of 20 mg/L MO. Degradation	Electrospinning hydrothermal combined Electrospinning	Liu et al. 29a Wang et al. 24
	Rhodamine B (RhB)	1	Under UV irradiation. 100 mL of 1 × 10		

-5 

mol/L RhB. Degradation rate constant k, 0.013 min -1 for SnO 2 /TiO 2 containing 10 mol% SnO 2 and 0.007 min -1 for TiO 2 .

Table II - 2 :

 II2 Degradation of different organic pollutants with ZnO/TiO 2 heterostructure phtocatalysts

	Pollutant	Dose	Reaction condition and effieciency	Synthesis	Reference
		g L -1		method	
	Cyanide (CN -) detoxification	0.33	Under visible light. 75 mL of 10 mM cyanide. Photocatalytic efficiency of	Modified ammonia	Karunakaran et al. 45c
			composite was higher than that of TiO 2 P25 .	evaporation-induced	
	Methyl orange	10	Under UV irradiation. 100 mL of 0.1-1	Sol-gel	Liao et al. 43a
	(MO)		g/L MO. Degradation ratio D after 5 h,		
			72% for composite and 50% for TiO 2.		
	Methyl orange (MO)	2.5	Under UV irradiation (1250 W, λ=365 nm), 50 mL of 20 mg/L of MO. Degradation rate constant k, 0.085 min -1 for composite and 0.07 min -1 for TiO 2	Homogeneous hydrolysis Zhang el al. Mechanical Serpone et al. 42a
				mixing	
	Phenol	0.5	Under UV irradiation (12 W). 10 mL of	Electrospinning	Liu et al. 45b
			20 mg/L phenol. Degradation rate for		
			composite was 1.833 mg/(L h) and that		
	Phenol	0.4	for TiO 2 was 1.13 mg/(L h) Under UV irradiation (< 340 nm). 400 mL of 100 mg/L MO. The ZnO/TiO 2 nanocomposite showed enhanced		
			degradation efficiency compared to		
			TiO 2		

43f 

Methylene blue (MB) 10 Under sun light, 50 mL of 20 mg/L of MB. Degradation efficiency of ZnO/TiO 2 with Ti/Zn = 1:1 was 99% and that for TiO 2 was 94%. Precipitation Jiang et al. 44a Rhodamine B (RhB) 0.5 Under UV irradiation (12 W). 10 mL of 8 mg/L RhB. Degradation rate for composite was 0.75 mg/(L h) and that for TiO 2 was 0.57 mg/(L h) Electrospinning Liu et al. 45b Rhodamine 6G 0.86 Under UV irradiation. 70 mL of 1 x 10 - 5 M. The rate of degradation with ZnO/TiO 2 composites was much higher than that of TiO 2 . Template assisted Agrawal et al. 45a Phenol 1.6 Under UV irradiation (355 nm). 80 mL of 20 mg/L phenol. Degradation rate constant k, 0.071 min -1 for composite and 0.061 min -1 for ZnO at pH 6.7.

Table II - 3 :

 II3 Degradation of different organic pollutants with ZnO/SnO 2 heterostructure photocatalysts.

	Pollutant	Dose	Reaction condition and effieciency	Synthesis	Reference
		g L -1		method	
	Methylene blue	0.5	Under UV irradiation (365 nm). 3 L of	Co-precipitation	Lin & Chiang 85a
	(MB)		10mg/L MB. Degradation rate constant k, 0.018 min -1 for coupled ZnO/SnO 2 and 0.003 min -1 for SnO 2.		
	Rhodamine B	1	Under UV irradiation (200 W). 10 mL	Hydrothermal	Wen et al. 83b
	(RhB)		of 4.79 mg/L RhB. Degradation rate constant k, 0.19% min -1 for composite and 0.013% min -1 for SnO 2.		
	Rhodamine B (RhB)	1.67	better efficiency than that of P25. Composites of ZnO/SnO 2 showed 20% Under UV irradiation (250 W, λ=365 nm), 3 mL of 1.2 x 10 -5 M of RhB.	Sol-gel	Davis et al. 84a
	Methyl orange	0.5	Under UV irradiation. 50 mL of 20	Hydrothermal	Wang et al. 81
	(MO)		mg/L MO. Photocatalytic activity of		
			ZnO/SnO 2 was higher than that of SnO 2 or ZnO.		
	Methyl orange (MO)	1.25	Under UV irradiation (253.7 nm). 80 mL of 20 mg/L MO. Coupled higher photocatalytic efficiency ZnO/SnO 2 with Zn 2+ /Sn 4+ = 1:1 gave	Hydrothermal	Kowsari and Ghezelbash 83a
			compared to ZnO and SnO 2 .		
	Methyl orange	1.33	Under UV irradiation (365 nm). 150	Co-precipitation	Yang et al. 85b
	(MO)		mL of 20mg/L MO. The ZnO/SnO 2 composite calcined at 700 °C with a		
			molar ration of Zn:Sn of 2:1 exhibited		
			best photocatalytic efficiency.		
	Methyl orange	2.5	Under UV irradiation (365 nm). 100	Co-precipitation	Wang et al. 85c
	(MO)		mL of 20mg/L MO. Photocatalytic		
			activity of ZnO/SnO 2 was 21.3 times higher than that of SnO 2 .		
	Methyl orange	2.5	Under UV irradiation (300W). 100 mL	Co-precipitation	Zhang et al. 85d
	(MO)		of 20mg/L MO. Rate constant for		
			ZnO/SnO 2 , Degussa P25, ZnO, SnO 2 were 0.0865, 0.0822, 0.0335, 0.0124 min -1 , respectively.		
	Methyl orange	2.5	Under UV irradiation (365 nm). 100	Co-precipitation	Cun et al. 85f
	(MO)		mL of 20mg/L MO. Rate constant for		
			ZnO/SnO 2 , ZnO, and SnO 2 were 0.5657 0.3406, 0.0215, and 0.0124 min -1 , respectively.		
	4-chlorophenol (4-CP)	1.2	Under UV irradiation (8 W). 3 L of 2 x 10 -4 M 4-CP. Rate constant for ZnO/SnO 2 , ZnO were 0.612, 0.347, h -1 , respectively, at pH 7.		

  The optimum level of NiO loading was 1.5 wt%.Elouali et al. 107 prepared a porous ceramic wafer photocatalyst disc from several commercially available titanias. The wafers were coated on one face with Pt and a NiO co-catalyst on the reverse side. The activities of the ceramic wafer were tested for hydrogen and oxygen evolution from aqueous sacrificial systems. Loading with NiO was found to greatly increase photo-oxidation activity by 677% at the expense of a 67% reduction in the hydrogen production rate.Guo et al. 108 demonstrated the synthesis of TiO 2 nanotube arrays based on a Ti substrate by a facile and effective two-electrode anodization process in an aqueous electrolyte. The NiO/TiO 2 junction electrode was fabricated by employing electroless plating and annealing which resulted in TiO 2 nanotube arrays coated with a layer of NiO nanoparticles. The resulting NiO/TiO 2 junction electrode enabled to obtain an enhanced photocurrent (3.05 mA cm -2 ) as compared with a TiO 2 blue for both dyes being observed with KOH derived NiO/ZnO nanocomposites. Shifu et al. 111 observed higher photocatalytic reduction of Cr 2 O 7 2-and lower photocatalytic oxidation of methylene blue with p-n junction NiO/ZnO photocatalysts compared with pure ZnO.This system is also efficient to achieve water reduction under visible light as investigated byBelhadi et al. 112 The best performance was obtained in basic media on 4%NiO loaded NiO/ZnO composite using S 2 O 3 2-as sacrificial agent with hydrogen evolution rate of 435 µmol h -1 . The best performance was attributed to the effective dispersion of NiO over the support that led to enhance the photoactivity. The electrons generated upon visible light in the conduction band of NiO, anchored uniformly on ZnO, diffuse to the interface for Modification of semiconductor with noble metals, such as Ag, Au, Pd, Pt nanoparticles is a profound way to enhance the photocatalytic activity by increasing the lifetime of the electron-hole pairs and allows the extension of the light absorption of wide band gap semiconductor to the visible region due to the surface plasmon resonance (SPR)

	II.4.3. Metal/semiconductor heterojunctions
	heterojunctions. The PL spectra and SPS measurement confirmed the enhanced charge separation. In addition, these nanofibers could be easily recycled without a decrease in the photocatalytic activity due to their one-dimensional nanostructure properties. Hameed et al. 110 also reported the higher catalytic efficiencies of NiO/ZnO nanocomposites synthesized by co-precipitation/co-gel formation techniques using potassium hydroxide (KOH), sodium 2-, but lower photocatalytic oxidation activity for the oxidation of methyl orange. 43c The higher photocatalytic performance of p-ZnO/TiO 2 was attributed to the inner electric field assisted charge separation at the junction interfaces between the p-ZnO and TiO 2 semiconductors, which consequently favors an effective photoexcited electron-hole separation. On the other hand, ZnO could trap the hole (ZnO + 2h + → Zn 2+ +1/2O 2 ) enriching electrons in the interface to react with Cr 2 O 7 2-adsorbed on the photocatalysts surface, thus increasing photocatalytic reduction activity and lowering photocatalytic oxidation activity. Similar result was also obtained for the photocatalytic reduction of Cr 2 O 7 2-by single-step synthesized ZnO/TiO 2 carbonate (Na 2 CO ZnO/TiO 2 exhibited higher photocatalytic reduction activity for the reduction of Cr 2 O 7 nanoparticles by microwave radiation. 44c

Sreethawong et al. 106 

prepared mesoporous NiO/TiO 2 composites using the sol-gel process in the presence of a suitable template. The as-synthesized NiO/TiO 2 demonstrated higher photocatalytic activities for H 2 evolution from aqueous methanol solutions. electrode based on TiO 2 nanotube arrays (0.92 mA cm -2 ) under AM 1.5 G (100 mw cm -2 ) at a bias of 0.65V resulting from reduced recombination of photogenerated charge carriers.

Furthermore, the NiO/TiO2 junction electrode exhibited a considerable and sustained water splitting behavior demonstrating a 2:1 volume ratio of hydrogen and oxygen.

Other n-type semiconductors as ZnO or SnO 2 can also be used in combination with NiO to build p-n heterostructure photocatalysts. Thus, the p-n NiO/ZnO heterojunctions also exhibit high photocatalytic activity in degradation of organic pollutants compared with pure ZnO resulting from suppression of the recombination of photogenerated electron-hole pairs by the mutual transfer of photogenerated electrons or holes in the heterojunctions.

Zhang et al. 109 

investigated the photocatalytic activity of one-dimensional electrospun nanofibers of NiO/ZnO heterojunctions synthesized by using a sol-gel process and electrospinning technology. The results showed that the NiO/ZnO heterojunction nanofibers with the Ni/Zn molar ratio of 1 possessed higher photocatalytic activity than the pure NiO and ZnO nanofibers for the degradation of rhodamine B dye under UV light irradiation due to the enhanced separation efficiency of the photogenerated electron-hole pairs from the p-n 3 ) and oxalic acid (H 2 C 2 O 4 ) as precipitating agents. All the three synthesized nanocomposites showed appreciable activity for the decolorization of methyl orange and methylene achieving the water reduction. These properties found recently interesting application in sensing of dilute hydrogen sulfide (H 2 S) gas. Thus,

Xu et al. 113 

reported enhanced sensitivity with hierarchical NiO@ZnO gas sensor compared with the pure ZnO, NiO, and the ZnO/NiO mixed gas sensors.

Examples with SnO 2 are rare. However, it is worthwhile to mention that Mohamed and Aazam investigated the photocatalytic oxidation of CO over NiO/SnO 2 photocatalyst synthesized by coprecipitation method under UV irradiation. 114 Compared with pure SnO 2 , the 33.3 mol% NiO/SnO 2 composite led to a twentyfold enhancement of the photocatalytic oxidation of CO resulting from efficient interface electron transfer.

In another report, the p-n junction p-ZnO/TiO 2 photocatalyst was prepared by ball milling of TiO 2 in H 2 O solution doped with p-ZnO. The p-n junction photocatalyst p-

.4.3.1. RuO 2 /TiO 2 heterostructure photocatalysts

  bands is expected from TiO 2 to RuO 2 which favours an efficient charge separation at the RuO 2 /TiO 2 interface under illumination. Another important beneficial effect of RuO 2 loading on TiO 2 is the increase in conductivity, which ultimately allows a more efficient charge transfer within the photocatalyst and makes it kinetically faster when it is involved in the redox processes.119 Several studies have shown that TiO 2 decorated with RuO 2 particles or films could catalyze the oxygen production by improving the efficiency of charge separation at the metal oxide/semiconductor interface.120 Ohno et al. 120c found that Ru-doped TiO 2 materials exhibit a photocatalytic activity under visible light due to the formation of an impurity energy level which then modifies the band gap of TiO 2 . Housekova et al. porous TiO 2 films were also modified with RuO 2 by the impregnation and dropping methods.123 Modification with an appropriate amount of RuO 2 improved the titania photocatalytic performance in the degradation of Eosin Y by retarding the recombination of holes with electrons. RuO 2 -modified TiO 2 prepared by the impregnation method showed better photocatalytic performance than that of the materials obtained by the dropping method because of the uniform distribution of RuO 2 formed by the impregnation method. Yao et al.124 deposited RuO 2 /TiO 2 films on float pearls (FP) by the sol-gel dipping method. The photocatalytic activity of RuO 2 /TiO 2 /FP was evaluated through the degradation of beta-It was also found that the RuO 2 /TiO 2 /FP system was particularly efficient in the photocatalytic degradation of BEC under visible light.Ismail et al. 125 investigated the photocatalytic activity of mesoporous RuO 2 /TiO 2 nanocomposites prepared through one step sol-gel method by choosing the photocatalytic

	Adequate RuO 2 homogeneously distributed on the surface of TiO 2 particles can serve
	as a shallow trap of holes to favour the separation of electron-hole pairs and delay the
	recombination of holes with electron, thus improving the photodegradation efficiency. The
	RuO

2 has a high work function located in the band gap above the valence band of TiO 2 .

118 

When they are put into contact, electron will be transferred from TiO 2 to RuO 2 in order to equalize the Fermi level at the thermal equilibrium. As a consequence an upward bending of the energy 120b prepared nanocrytalline titania particles doped with ruthenium oxide by homogeneous hydrolysis of TiOSO 4 in aqueous solution in the presence of urea. The resulting composites showed an enhanced photocatalytic activity for the decomposition of acetone in the gaseous phase under visible light. The RuO 2 caused the anatase to rutile transformation to occur at lower temperatures, resulting in a decrease in the band gap. Amama et al. 121 reported a higher photocatalytic activity of TiO 2 /RuO 2 prepared by the impregnation method compared to that of TiO 2 /RuO 2 prepared by the slurry precipitation method for the photocatalytic oxidation of trichloroethylene. The enhanced activity was obtained with an optimum amount of 0.4 wt% RuO 2 . Liquid-phase cyclohexene epoxidation with H 2 O 2 over RuO 2 -loaded sol-gel (SG)derived mesoporous-assembled TiO 2 nanocrystals was also examined.

122 

It was found that the 1 mol% RuO 2 /TiO 2 synthesized by single-step sol-gel method showed a higher catalytic activity with satisfactorily high cyclohexene conversion and cyclohexene oxide selectivity.

A cypermethrin (BEC) under UV light or visible light. The photocatalytic degradation of BEC was experimentally demonstrated to follow the Langmuir-Hinshelwood kinetic model.

  TiO 2 ).Gan et al. 187 found that both TiO 2 surface structure and Pt nanoclusters size have deep effects on CO surface chemistry and that the CO adsorption energy is enhanced on smaller Pt nanoparticles.Einaga et al. 188 observed that Pt/TiO 2 was active for the oxidation of CO to CO 2 in the dark after UV illumination was turned off and concluded that photogenerated oxidant species O -and O 3 -remain stabilized on the Pt surface to initiate CO oxidation. On the other hand, since the enhanced photocatalytic oxidation of CO on Pt/TiO 2 was not observed at low temperature (105 K), Linsebigler et al. 189 concluded that the Pt enhancement effect in CO oxidation is ascribed not to the Schottky-barrier electron trapping in metal deposits, but to the thermal catalytic effects. Pt photodeposited on TiO 2 demonstrated higher photooxidation rate of CO compared to naked TiO 2 samples. 172d The photoconversion of CO to CO 2 was quantitative in presence of O 2 and strongly inhibited in its absence or in the presence of alternative oxidants such as N 2 O. The addition of water vapor in the present of O 2 slightly affected the CO oxidation kinetics indicating that hydroxyl radical did not play a significant role in CO photooxidation and the main oxidant was O 2 . The active oxygen species generated on illuminated Pt/TiO 2 surface were stable enough to survive for several minutes even in a dark period taking part in a successive photooxidation reaction. Pt nanoparticles deposited on TiO 2 enhanced the photooxidation by providing surface sites on which active oxygen species photogenerated from adsorbed O 2 were stabilized. Platinum has also been widely used as the co-catalyst in photocatalytic hydrogen production over TiO 2 . 190 It has been shown to greatly enhance the photocatalytic activity for hydrogen evolution. The Pt nanoparticles function as co-catalyst by providing active centres for the activation and reduction of H 2 O to H 2 or the activation and reduction of CO 2 to CO and organic compounds such as CH 4 , CH 3 OH in the presence of H 2 O, while the oxidation of H 2 O or a sacrificial reagent occurs at different sites on the semiconductor or another cocatalyst for oxidation reaction. Mogyorosi et al. 191 compared the photocatalytic activities for the production of H 2 of noble metal (Pt, Au, Ag) loaded TiO 2 using different sacrificial agents. The metal was deposited on the TiO 2 (P25) by photoreduction method. In the presence of methanol, the order of the catalytic efficiency for H 2 production was found to be Pt/TiO 2 >>Au/TiO 2 >Ag/TiO 2 >>P25. The Pt/TiO 2 demonstrated highest hydrogen production rate also in the presence of oxalic acid and formic acid as compared to other two noble metals. The higher H 2 production rate from aqueous solution of ethanol was also found with Pt/TiO 2 when compared with other metal (Rh, Pd, Ni) loaded TiO 2 showing quantum yield (38% at 380 nm) 40 times higher than that for TiO 2 alone (0.9%). 192 When noble metals contact with n-type semiconductor TiO 2 , the excited electrons of TiO 2 move into noble metals. These systems cause Schottky-diode behaviors in noble metal contacts on TiO 2 .

	Under these conditions, Pt nanoparticles shows more effective electron-acceptor properties
	because of the larger work function of Pt (Pt; 5.65 eV, Au; 5.1, Ag; 4.26, Pd; 5.12 eV, Rh;
	4.98 eV). 193 As a result, Pt nanoparticles can effectively restrict the recombination of
	electrons and holes and Pt/TiO 2 photocatalysts show a highest activity.

2 . As for the photocatalytic activity,

Vorontsov et al. 186 

have reported that the quantum yield of CO oxidation on photoplatinized TiO 2 (1.2%) is higher than that of naked TiO 2 (0.6%) and that the photocatalytic oxidation (PCO) activity increases with lowering of Pt oxidation state (highest with Pt(0)/Bamwenda et al.

15a 

investigated the effect of deposition method for Pt/TiO 2 and Au/TiO 2 photocatalysts on the H 2 production from water/methanol solution. The co-catalysts were loaded by four preparation methods, i.e., deposition-precipitation (DP), impregnation (IMP), photodeposition (FD) and, in the case of Au, by physical mixing with colloidal gold suspension (MIX

-1 ) Sacrificial reagent Figure II-28:

  showed that hydrogen formed on Pt/TiO 2 for all the organics with H bonded to the carbon in a -C-Ogroup. When only alkyl group were bonded to the carbon in a -C-O-group, alkanes are formed but not H 2 . Abstraction of a hydrogen atom appeared to be the first step in PCD of alcohols, acids, and esters. Alcohols react to form the corresponding aldehyde and either H 2 or alkanes. Acids and esters react similarly through two parallel pathways, and one pathway extracted lattice oxygen. Effect of sacrificial reagent type on photocatalytic H 2 evolution activity of Pt/TiO 2 (reaction condition: photocatalyst amount, 0.2 g; distilled water amount, 200 mL, sacrificial reagent amount, 20 mL, irradiation time, 5 h).200 The use of organic wastes and pollutants in water as electron donors produce H 2 , with simultaneous removal of environmental pollutants. In order to evaluate photocatalytic H 2 production performance using organic pollutants as sacrificial agents,Yu et al. 202 examined the photocatalytic activity of Pt/TiO 2 nanosheets with exposed (001) facets using glycerol, triethanolamine, and glucose as model electron donors or scavengers; the photocatalytic H 2 production rates of these systems were 169.1, 140.2, and 133.6 µmol h -1 , respectively, 
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  NO 3 ) 2 . 6H 2 O and NaOH dissolved in distilled water in an oil bath at 50 °C for 90 min. Centrifugation, washing and drying at 60 °C in vacuum then produced the expected nanoparticles. The SnO 2 /ZnO photocatalyst was prepared by hydrothermally treating a suspension of cetyltrimethylammonium bromide (CTAB), SnCl 4 •5H 2 O, and ZnO rods in 30 mL of NaOH

	aqueous solution in a Teflon-lined stainless-steel autoclave at a temperature between 100 and
	200 °C for different times. Hydrothermal treatment at 160 °C for 30 min gave cubes, spheres
	and other irregular shapes with a wide size distribution, whereas increasing hydrothermal
	treatment time to 12 h led to the formation of SnO 2 /ZnO hollow spheres with diameter
	ranging from 400 to 600 nm and a shell thickness of about 200 nm. On the other hand,
	hydrothermal treatment at 200 °C gave hierarchical nanosheets of SnO 2 /ZnO.
	In another experiment, mesoporous SnO 2 doped with a low concentration of ZnO
	(SnO 2 /ZnO) was prepared through a hydrothermal method by using CTAB as a structure-
	directing agent.

Wang et al. 2c 

reported a hydrothermal method for the preparation of SnO 2 /ZnO hollow structures and hierarchical nanosheets by using ZnO rods as a starting material. ZnO rods were prepared by heating a solution of Zn(2b In a typical synthesis procedure, tin chloride pentahydrate (SnCl 4 . 5H 2 O)

  Davis et al.3 prepared aerogel nanocomposites containing ZnO and SnO 2 through solgel method without the use of a template or supporting matrix. In a typical procedure, a colorless solution was prepared by dissolving Zn(NO 3 ) 2 .6H 2 O and SnCl 4 . 5H 2 O with a molar ration 1:1 in 3 mL 2-propanol with stirring. Subsequently, 10 equivalents of propylene oxide

80 °C for 10 h. The BET surface area of the obtained SnO 2 /ZnO sample was 168 m 2 /g, which was much higher than those of pure SnO 2 (94 m 2 /g) and ZnO (23 m 2 /g).

  7 synthesized one-dimensional SnO 2 /ZnO nanofibers by a simple combination method of sol-gel process and electrospinning technique using a precursor solution obtained by dissolving ZnCl 2 and SnCl 2 .2H 2 O with molar ratio of Zn 2+ to Sn the hydrolysis of Zn(OAc) 2 /SnO 2 /CA composite nanofibers in a base solution.Without hydrolysis, the calcination of Zn(OAc) 2 /SnO 2 /CA composite nanofibers at 500 •C in air generated sheet-particle instead of nanofibers. The CA component in the Zn(OAc) 2 /SnO 2 /CA composite nanofibers melts upon heating due to its thermoplasticity, resulting in transformation from fiber to molten CA which is decomposed on increasing heat leaving behind ZnO/SnO 2 sheet-like particles. On the other hand, hydrolysis converted CA into thermoplastic cellulose which acted as fiber template. The average crystallite size of SnO 2 and ZnO in the SnO 2 /ZnO composite nanofibers was slightly smaller than that of pure SnO 2 and pure ZnO nanofibers.Cun et al.1a, b prepared nanosized coupled ZnO/SnO 2 photocatalysts by using coprecipitation method. In a typical procedure, the pH of solution of SnCl 4 •5H 2 O and ZnSO 4 •7H 2 O dissolved in a minimum amount of deionized water was adjusted by adding 4 NO 3 ) 2 .6H 2 O and SnCl 4 .5H 2 O as starting materials and NaOH as precipitating agent. 1f

	coupled nanofibers by electrospinning technique using a solution prepared by dissolving
	SnCl 2 . 2H 2 O and pluronic P-123 in a mixed solvent of N, N-dimethylformamide/ethanol in a
	glove box under vigorous stirring for 6 h and subsequently adding ZnCl 2 and of PVP into the
	above solution. The diameter of M-Z-S coupled nanofibers after calcinations at 600 °C for 4 prepared by adding dropwise 10 mol/L aqueous solution of NaOH into 100 mL of 0.5 mol/L
	h in air was 80-150 nm. BET analysis showed higher surface area (156 m 2 /g) of M-Z-S Zn(NO 3 ) 2 under vigorous stirring followed by addition of 100 mL of 0.5 mol/L Na 2 SnO 3 and
	coupled nanofiber with narrow pore size distribution than that (57 m 2 /g) of Z-S coupled certain volume of water. Subsequently, 200 ml of H 2 O, CH 3 COCH 3 and CH 3 COOC 2 H 5
	nanofibers. mixture solution with 3:3:2 volume ratio was added into the above mixture solution at room
	Similarly, Liu et al. 9 also prepared mesoporous ZnO/SnO 2 composite nanofibers by temperature under vigorous stirring, and the resulting solution was subjected to precipitation
	electrospinning method using Zn(OAc) 2 and SnCl 4. 5H 2 O as precursors and cellulose acetate by the hydrolysis of ethyl acetate until the reaction mixture attained a pH value between 9
	and 10. The precipitant obtained was then washed, dried and calcined in the air at different

4+ 

equal to 1 in dimethylformamide and subsequently adding polyvinylpyrrolidone

(PVP) 

to the above solution. The composite nanofibers were then calcined at 550 °C for 2h. The diameter of the resulted nanofibers was ranging from 100 to 150 nm and the length was several micrometers. The average grain size of ZnO nanoparticles

(42 nm) 

in SnO 2 /ZnO nanofibers was a bit larger than that of ZnO nanoparticles

(30 nm) 

in ZnO nanofibers.

However, the grain size of SnO 2 nanoparticles (13 nm) in SnO 2 /ZnO nanofibers was much smaller than that of SnO 2 nanoparticles

(31 nm) 

in SnO 2 nanofibers. The BET surface area of the SnO 2 /ZnO nanofibers was 45.5 m 2 /g, which was much larger than that of pure ZnO (17.3 m 2 /g) and SnO 2 (27.6 m 2 /g).

Wang et al. 8 

also fabricated mesoporous ZnO-SnO 2 (M-Z-S) (CA) as the fiber template in the mixed solvent of N, N-dimethyformamide/acetone

(1:1, v:v) 

followed by calcination at 500 °C. Then the mesoporous ZnO/SnO 2 composite nanofibers were prepared by calcinations of Zn(OH) 2 /SnO 2 /cellulose composite nanofibers, which was obtained from mol/L of NaOH solution. The precipitate obtained was filtered and washed with deionized water followed by drying at 100 °C in air. The dried powder was then annealed at different temperature to obtaine the nanosized coupled ZnO/SnO 2 photocatalysts. The mean grain sizes of the SnO 2 and the ZnO increased with increasing calcination temperature and an inverse spinel-type Zn 2 SnO 4 phase was formed at 700 °C and continued at 900 °C. Similarly, coupled ZnO/SnO 2 photocatalyst was prepared employing NH 3 . H 2 O as the precipitant.

1c 

Lin and Chiang 4 prepared Zn(OH) 2 /Sn(OH) 4 photocatalysts by pumping two aqueous solution of ZnSO 2 /SnCl 4 and NaOH into a rotary packed bed, where co-precipitation occurred to form Zn(OH) 2 /Sn(OH) 4 . The coupled ZnO/SnO 2 photocatalysts was then obtained by annealing these precursors at 600 °C for

10 h. Zhang et al. 1d 

also prepared ZnO/SnO 2 photocatalysts by homogeneous co-precipitation method using Zn(NO 3 ) 2 and Na 2 SnO 3 as the starting materials and ethyl acetate as the precipitating agent. In a typical procedure, a transparent solution was temperature. In another study, SnO 2 /ZnO composite oxides with various molar ratios of Sn:Zn have been synthesized at different calcination temperatures via a facile cetyltrimethylammonium bromide (CTAB)-assisted co-precipitation method with Zn(

  better crystallized sample, with an average crystallite size of about 18 ± 1 nm. ZnO seemed to calcine more easily and, thus, tends to have larger grain size than SnO 2 .Furthermore, Figure III-2Ab shows two sets of diffraction peaks for the SnO 2 /ZnO sample ascribed to hexagonal wurtzite ZnO and cassiterite SnO 2. No additional peaks related to ZnSnO 4 were observed in this sample that confirmed that the sample only contained nanocrystalline ZnO and SnO 2 particles. The full-width half-maximum (FWHM) for SnO 2 in SnO 2 /ZnO photocatalyst is slightly larger than that found for pure SnO 2 showing that the size of the SnO 2 crystallite, i.e. 4.5 ± 0.5 nm, in the SnO 2 /ZnO photocatalyst was smaller than that in pure SnO 2 . On the other hand, the crystallite size of ZnO, i.e. 27 ± 1 nm, in SnO 2 /ZnO was larger than that of pure ZnO. As previously reported for similar heterostructures, 1a the presence of SnO 2 causes an increase in the crystallite size of ZnO whereas that of ZnO restrains the growth of SnO 2 nanocrystals. In order to see the effect of calcination temperature on the crystallite size, the heterostructure SnO 2 /ZnO was calcined at different temperatures.

(Figure III-2Ac) were rather sharp indicating a

Table III - 1 :

 III1 Nitrogen sorption porosimetry studies a of the as-synthesized SnO 2 , ZnO and SnO 2 /ZnO nanomaterials.

	Sample	S BET (m 2 g -1 )	Pore volume (cm 3 g -1 )	Pore size (nm)
	SnO 2	90 ± 2.5	0.22 ± 0.02	9.8 ± 0.5
	ZnO	45 ± 1.5	0.29 ± 0.02	26.5 ± 1
	SnO 2 /ZnO	77 ± 2.0	0.26 ± 0.02	14 ± 0.5

a Surface areas were determined by BET, mean pore diameters by BJH theory (applied to the adsorption branch), and pore volumes by single-point analysis.

  The energy difference of the Sn 3d 5/2 CL peak to VBM, The energy difference of Sn 3d 5/2 and Zn 2p 3/2 CLs, ∆E CL in the SnO 2 /ZnO heterostructure was evaluated to be 535.0 ± 0.05 eV. All the parameters obtained from the XPS spectrum are summarized in TableIII-2.According to equation (1), the resulting valence band offset (VBO), ∆E V , was calculated to be 0.7 eV.

					( 3 Sn E	d	-	V E	⋅	SnO	2 )	SnO bulk	2	, was determined to be
	483.4 ± 0.05 eV while that of Zn 2p 3/2 to ZnO VBM,	(	E	Zn	⋅	p 2 -	V E	.	ZnO	)	ZnO bulk	, was 1019.05 ± 0.05
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		Binding Energy (eV)								
													Zn E 2 ⋅	p	and	Sn E 3 ⋅	d	are
	the binding energies in the bulk of ZnO and SnO 2 , respectively;	V E .	ZnO	and	V E ⋅	2 SnO	are the
	valence band maxima in the bulk of ZnO and SnO 2 , respectively. In order to determine the
	band alignment of the SnO 2 /ZnO nanocatalyst, the core level positions and the valence band
	maximum (VBM) positions of bulk SnO 2 and bulk ZnO were also determined. Figure III-9A

and C show the experiment results of bulk SnO 2 and bulk ZnO, respectively. The VBM positions in the VB spectra were determined by linear extrapolation of the leading edges of the VB spectra of the bulk SnO 2 and ZnO samples to the base lines (Figure III-9B, D).

Table III - 2 :

 III2 XPS binding energies of the core levels and VBM of SnO 2 , ZnO and SnO 2 /ZnO photocatalysts.

	Sample	State	Binding energy (eV)
	SnO 2	Sn 3d 5/2	486.70 ± 0.05
		VBM	3.30 ± 0.05
	ZnO	Zn 2p 3/2	1021.70 ± 0.05
		VBM	2.60 ± 0.05
	SnO 2 /ZnO	Sn 3d 5/2	486.80 ± 0.05
		Zn 2p 3/2	1021.80 ± 0.05

Table III - 3 :

 III3 Apparent (k app ) and normalized (k norm ) rate constants for the degradation of MB with the as-synthesized materials a .

	Photocatalysts	app k (	1 min -)	k	norm	g	/( 2 m	.	min)	R 2
	SnO 2 /ZnO	0.093		12.1 ×10 -4	0.98
	SnO 2	0.063			7.1×10 -4	0.99
	ZnO	0.040			8.9 ×10 -4	0.98

a k norm calculated from k app and the BET surface area given in

Table 1

Scheme 1 :

 1 Proposed mechanism for the degradation of MB under UV-irradiation in the presence of the SnO 2 /ZnO photocatalyst.
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2. Nanostructured RuO 2 /TiO 2 heterojunction photocatalysts IV.2.1. Preparation method review

  2 /TiO 2 and RuO 2 /ZnO systems was carefully determined by X-ray Photoelectron spectroscopies (XPS), Ultraviolet Photoelectron spectroscopies (UPS) and UV-Visible diffuse reflectance spectroscopy. The enhanced photocatalytic properties were rationalized in terms of a better charge separation related due to band bending at the RuO 2 /TiO 2 or RuO 2 /ZnO interface.Very few studies have been performed on the preparation and investigation of photocatalytic performances of the RuO 2 /TiO 2 photocatalysts. The RuO 2 /TiO 2 photocatalysts reported so far were mainly synthesized by sol-gel,22 hydrolysis,23 and impregnation24 techniques. Recently, Ismail et al.21 prepared hexagonal RuO 2 /TiO 2 mesoporous nanocomposites through simple one-step sol-gel reactions of tetrabutyl orthotitanate (TBOT) with ruthenium(III) acetylacetonate in the presence of a F127 triblock copolymer as a structure-directing agent. Results showed that the composite contained rutile phase TiO 2 that increased with increasing the RuO 2 content for the samples containing more than 1 wt% RuO 2 . The specific surface area of undoped TiO 2 of 180 m 2 /g decreased slightly after adding 10 %wt RuO 2 to 156 m 2 /g, which suggested that high RuO 2 content blocked the TiO 2 mesopore structures. In another study,Woragamon et al. 

	Subsequently, RuO 2 /TiO 2 sol was prepared by slowly adding (NH 4 ) 2 [Ru(H 2 O)Cl 6 ] solution

IV.

25 

has synthesized mesoporous RuO 2 /TiO 2 by a single-step sol-gel method. In a typical synthesis procedure, a 0.1 M solution of laurylamine hydrochloride (LAHC) was added to a mixture of acetylacetone (ACA) and tetraisopropyl orthotitanate (TIPT) in a 1:1 molar ration to obtain a molar ratio of TIPT:LAHC = 4:1. Subsequently, ruthenium chloride hydrate (RuCl 3 .xH 2 O) was added to the resulting yellow sol and aged for 2 days at 80 °C followed by calcination at different temperature to get the final RuO 2 /TiO 2 nanocomposites. The resulting catalysts calcined at 400 °C for 4 h was anatase with crystallite size of 8.7 nm and specific surface area of 126 m 2 /g. Furthermore, Yae et al.

22b 

prepared TiO 2 sol by adding glacial acetic acid and ethanol in water into a mixture of tetra-n-butyl titanate and ethanol with a molar ration of 0.185:1.2 followed by the addition of polyethylene glycol and acetylacetone in the above sol solution.

  5, 1, 2.5, 5, 10 and 20 wt% RuO 2 and hereafter named as 0.5 wt% RuO 2 /TiO 2 , 1 wt% RuO 2 /TiO 2 , 2.5 wt% RuO 2 /TiO 2 , 5 wt% RuO 2 /TiO 2 , 10 wt% RuO 2 /TiO 2 and 20 wt% RuO 2 /TiO 2 .

	4000 3500 3000 2500 2000 1500 1000 500

  ). RuO 2 has a rutile structure, which is tetragonal with two RuO 2 molecules per primitive unit cell. According to the factor group analysis, there are 15 optical modes of RuO 2, among which four modes are Raman active with symmetries A 1g , B 1g , B 2g and E g .29 The three major Raman features of a rutile single crystal RuO 2 , namely the E g , A 1g , and B 2g are located at 528, 646 and 716 cm -1 , respectively.

30 Figure IV-1B displays the Raman spectra of as-synthesized TiO 2 and heterostructure RuO 2 /TiO 2 nanoparticles containing differenct percentages of RuO 2 calcined at 400 ºC with excitation lines at 514.5 nm. All the spectra show the characteristic peaks of anatase TiO 2 . The Raman peaks observed at 143, 195, 397, 515 and 637 cm -1 in Figure IV-1Ba are assigned as the E g , E g , B 1g , A 1g + B 1g , and

E

g modes of anatase TiO 2 , respectively. These results are in good agreement with those reported in literature.

31 

Table IV - 1 .

 IV1 The crystallite size of the pure TiO 2 was about 18 nm and that of the RuO 2 in RuO 2 /TiO 2 samples were 10 ± 1 nm. In the case of RuO 2 loaded TiO 2 , the crystallite sizes of TiO 2 remained almost unchanged, and were also of about 18 nm.

Table IV - 1 :

 IV1 Crystallite size and textural properties of TiO 2 and RuO 2 /TiO 2 catalysts.

	Samples	Crystallite size	BET Surface	Mean pore	Total pore
		(nm)	area (m 2 /g)	diameter (nm)	volume (cm 3 /g)
	TiO 2	18.0 ± 0.5	68 ± 2	17.5 ± 0.5	0.31 ± 0.02
	1% RuO 2 -TiO 2	17.5 ± 0.5	67 ± 2	17.0 ± 0.5	0.30 ± 0.02
	2.5% RuO 2 -TiO 2 18.0 ± 0.5	69 ± 2	16.0 ± 0.5	0.28 ± 0.02
	5% RuO 2 -TiO 2	18. 0 ± 0.5	63 ± 2	16.0 ± 0.5	0.26 ± 0.02
	P25	-	47 ± 1	11.5 ± 0.5	0.13 ± 0.02

The textural properties, namely BET surface area, mean pore diameter, and total pore volume, of the as-synthesized mesoporous TiO 2 , RuO 2 loaded TiO 2 and Degussa P-25 catalysts are given for comparison in Table IV-1. The mesoporous TiO 2 catalyst possesses

  Table IV-2. As shown in Table IV-2, the RuO 2 /TiO 2 nanocomposite had a higher photocatalytic activity than the pure TiO 2 nanoparticles, as evidenced by the larger value of k app . The RuO 2 /TiO 2 nanocomposite with 1 wt% RuO 2 showed the highest photocatalytic activity with an apparent degradation rate constant reaching 0.239 and 0.062 min -1 for the degradation of MB and MO, respectively, values 2.4 and 2 times higher than those measured with commercial TiO 2 P25, respectively.

Table IV - 2 :

 IV2 Apparent reaction rate constant for the degradation of MB with as-synthesized nanoparticles.

	Photocatalysts	Dye	k app , min -1	S BET , m 2 /g	k norm , g/(m 2 .min)	R 2
	TiO 2	MB	0.101	67.5	1.49 x 10 -3	0.997
	1 wt% RuO 2 -TiO 2	MB	0.239	67.2	3.56 x 10 -3	0.99
	2.5 wt %RuO 2 -TiO 2	MB	0.192	69.6	2.75 x 10 -3	0.97
	5 wt% RuO 2 -TiO 2	MB	0.165	62.8	2.63 x 10 -3	0.989
	P25	MB	0.101	47	2.14 x 10 -3	0.998
	TiO 2	MO	0.03	67.5	0.44 x 10 -3	0.999
	1 wt% RuO 2 -TiO 2	MO	0.062	67.2	0.92 x 10 -3	0.999
	P25	MO	0.033	47	0.7 x 10 -3	0.999

Table IV - 3 :

 IV3 Crystallite size and textural properties of ZnO and RuO 2 /ZnO photocatalysts.

	Samples	Crystallite size	BET Surface	Mean pore	Total pore
		(nm)	area (m 2 /g)	diameter a (nm)	volume (cm 3 /g)
	ZnO	25 ± 1	31 ± 1	23 ± 0.5	0.18 ± 0.02
	2% RuO 2 -ZnO	25 ± 1	29 ± 1	19 ± 0.5	0.14 ± 0.02
	4% RuO 2 -ZnO	26 ± 1	25 ± 1	14 ± 0.5	0.09 ± 0.02
	6% RuO 2 -ZnO	25 ± 1	22 ± 1	15 ± 0.5	0.08 ± 0.02

a : Adsorption average pore diameter (4V/A by BET)

  concentration of MB, respectively. As it can be seen, without any catalyst, no significant decrease in the concentration of MB was observed under UV irradiation. The addition of catalysts resulted in obvious degradation of MB, and all the RuO 2 /ZnO heterostructures actually exhibited an enhanced photocatalytic activity in contrast with pure ZnO. In addition, the RuO 2 content clearly defined the photocatalytic performance of RuO 2 /ZnO heterostructure nanocomposites. Thus, the photocatalytic activities of RuO 2 /ZnO samples first increased with increasing RuO 2 content up to 4 wt% RuO 2 and then decreased with further increasing of RuO 2 to 6 wt% (FigureIV-36A). The photodegradation efficiency of MB was about 65%, 73%, 88%, 71% and 87% for ZnO, 2 wt% RuO 2 /ZnO, 4 wt% RuO 2 /ZnO, 6 wt% RuO 2 /ZnO and P25, respectively, when the reaction was performed under

Table IV - 4 :

 IV4 Apparent reaction rate constant for the degradation of MB with as-synthesized nanoparticles. For a better and quantitative understanding of the photocatalytic efficiency of the as-synthesized samples, the kinetic analysis of MB and MO degradation was discussed. As shown in Figure IV-36C and D, the photodegradation of MB and MO by RuO 2 /ZnO nanocomposites followed a first-order rate law, ln(C/C 0 ) = -k app t, where k app is apparent rate constant of the degradation. The apparent reaction rate constants, BET surface area (S BET ) of catalysts and the normalized rate constant k norm defined as k norm = k app /S BET for the degradation of MB and MO using different as-synthesized photocatalysts are summarized in TableIV-4. It is obvious from the table that the reaction rates of RuO 2 /ZnO nanocomposite samples were much higher than that of as-synthesized ZnO. Especially, 4% RuO 2 /ZnO sample showed the highest catalytic activity with a rate constant k app = 0.106 min -1 for MB degradation that was about 2 times higher than that of pure ZnO (0.0054 min -1 ) and was comparable with that of commercial TiO 2 (Degussa P25) (0.101 min -1 ).It is known that the activity of photocatalyst is related to many factors, such as the size and the BET surface areas of materials. The BET surface areas for 2 wt% RuO 2 /ZnO, 4 wt% RuO 2 /ZnO and 6 wt% RuO 2 /ZnO were 29, 25, and 22 m 2 /g, respectively. For pure ZnO

	Photocatalysts	Dye	k app , min -1	S BET , m 2 /g K norm , g/(m 2 .min)	R 2
	ZnO	MB	0.054	31	1.74 x 10 -3	0.995
	2%RuO 2 -ZnO	MB	0.071	29	2.44 x 10 -3	0.992
	4% RuO 2 -ZnO	MB	0.106	25	4.24 x 10 -3	0.998
	6% RuO 2 -ZnO	MB	0.066	22	3.03 x 10 -3	0.981
	TiO 2 (Degussa P25)	MB	0.101	47	2.14 x 10 -3	0.998
	ZnO	MO	0.024	31	0.77 x 10 -3	0.998
	4 wt% RuO 2 /ZnO	MO	0.035	25	1.4 x 10 -3	0.999
	P25	MO	0.033	47	0.7 x 10 -3	0.997
	Similarly, 4 wt% RuO 2 /ZnO nanocomposties also showed higher photocatalytic degradation
	efficiency for the degradation of MO when compared with that of pure TiO 2 and commercial
	P25 (Figure IV-36B).					

  2 /ZnO systems were prepared by impregnating the ZnO in ruthenium (III) chloride hydrate (RuCl 3 .xH 2 O) solution followed by calcination in air. UV-Vis diffuse reflectance studies showed enhanced light absorption in the visible region due to surface plasmon resonance. An energy band diagram of RuO 2 /ZnO nanocomposites was also determined by XPS and UPS from the shift of Zn 2p 3/2 and O 1s core level spectra. A shift of Zn 2p 3/2 and O 1s core level spectra were determined to be at least 0.40 ± 0.05 and 0.45 ± 0.05 eV, respectively, which was ascribed to the band bending at interface of heterojunction RuO 2 /ZnO nanoparticles. The investigation of photocatalytic ability indicated that the RuO 2 /ZnO nanocomposites possessed a higher photocatalytic activity than the pure ZnO for the degradation of MB and MO dyes under UV light irradiation. Furthermore, like RuO 2 /TiO 2 heterojunction photocatalyst, the RuO 2 /ZnO nanocomposites could also be easily recycled without decrease of photocatalytic activity confirming the stability of the as-synthesized RuO 2 /ZnO photocatalysts. This higher photocatalytic activity for degrading organic dyes and producing H 2 was related to the higher charge probability resulting from the internal electric field developed at the interface of RuO 2 /TiO 2 or RuO 2 /ZnO heterojunctions. Therefore, the semiconducting heterojunction photocatalysts might be promising alternatives in the future for environmental remediation and for production of clean and renewable energy source as H 2 .As pointed out in chapters I and IV, although TiO 2 has been widely used as a photocatalyst due to its biological and chemical stability, low cost and non-toxic nature, the fast recombination of photogenerated electron-hole pairs is still an obstacle for practical applications. Therefore, improving photocatalytic activity by modification has become a hot topic among researchers in the last decade. Many studies, especially noble metal deposition and forming composite photocatalysts from different semiconductors, have been devoted to the improvement of the TiO 2 photocatalytic activity by retarding the recombination of photogenerated electron-hole pairs. It is known that the n-n type composite photocatalysts, such as ZnO/TiO 2 , 1 SnO 2 /ZnO, 2 SnO 2 /TiO 2 , 3 or WO 3 /TiO 2 , 4 have been investigated extensively. The results

	V.1. Introduction

  2 nanocomposites containing 5 mol% NiO was 138 m 2 /g. Sreethawong et al. 8a also prepared NiO/TiO 2 photocatalyst via a combined sol-gel route involving a surfactant-assisted templating mechanism, where a 0.1 M solution of laurylamine hydrochloride (LAHC) of pH 4 was added to an equimolar solution of acetylacetone and tetraisopropyl orthotitanate (TIPT) to obtain a molar ratio of TIPT to LAHC 4. After stirring at 40 °C for 10 h, nickel methoxypropylate was added to the resulting yellow sol and aged for 5 days at 40 °C followed by drying at 80 °C and calcination at 500 °C to obtain the desired photocatalyst. The crystallite size of the resulting 1.5 wt% NiO/TiO 2 photocatalyst was 10.5 nm and the specific surface area was about 80 m 2 /g. In another study, a colloidal solution of NiO/TiO 2 with different Ni/Ti molar ratio was prepared by adding dropwise a solution of nickel nitrate hydrate (Ni(NO 3 ) 2 .6H 2 O) in ethanol and dilute nitric acid to a solution of tetrabutyl titanate dissolved in n-butanol. 5b The NiO/TiO 2 powder was obtained by drying the colloid followed by calcination in air at different temperatures between 400 and 700 °C. The average diameter of anatase particle in the 0.5 mol% NiO/TiO 2 catalyst was 14 nm and the NiO loading inhibited the crystal growth of TiO 2 . TNTs was around 34 nm. Similarly, Chen et al. 7b have prepared NiO/TiO 2 photocatalyst by adding dropwise the desired amount of nickel nitrate dissolved in a minimum amount of deionized water into the desired amount of TiO 2 powder prepared by sol-gel route followed by calcination at 350 °C. The as-synthesized titania mainly contained anatase phase with traces of rutile phase. Guo et al. 10 synthesized NiO/TiO 2 junction electrode by electroless plating. At first, self-organized TiO 2 nanotube arrays were prepared by anodizing, in which a pure Ti sheet served as the anodic electrode and graphite plate as the cathode and an aqueous solution of 1 M NaH 2 PO 4 and 0.5 wt% HF as electrolyte. Subsequently, the NiO/TiO 2 junction electrode was prepared by putting the TiO 2 nanotube arrays into a solution of NaC 6 H 5 O 7 .2H 2 O, NH 4 Cl, NiSO 4 .6H 2 O and NaH 2 PO 2 at a pH of 9 adjusting by NH 4 OH followed by annealing at 600 °C. The inner pore diameter of the resulting TiO 2 nanotube arrays was 60-90 nm with a wall thickness approximately of 15 nm and a length of 600 nm while the particle size of NiO on TiO 2 was 20-40 nm.

	Sim et al. 7a prepared p-n junction NiO/TiO 2 nanotubes by the incipient wetness
	impregnation method. In a typical procedure, titanium nanotubes (TNTs) synthesized by an
	anodization method were immersed overnight in nickel nitrate solution with various molar
	concentrations followed by calcination at 450 °C. The crystallite size of the resulting
	NiO/

Table V - 1 :

 V1 Mean particle size (in nm) of anatase TiO 2 determined by XRD and Raman shift.

Table V - 2 :

 V2 Nitrogen Sorption Porosimetry Studies of the as-synthesized TiO 2 and NiO/TiO 2 nanoparticles.

  TiO 2 is in good agreement with the reported values.28 On the other hand, the reported optical

	Sample	Crystallite size (nm)	S BET (m 2 g -1 )	Pore volume (cm 3 g -1 )	Pore size (nm)
	TiO 2 (dry)	7.5 ± 0.5	250 ± 2	0.27 ± 0.02	4.3 ± 0.5
	1 wt% NiO/TiO 2 (dry)	7.3 ± 0.5	251 ± 2	0.27 ± 0.02	4.3 ± 0.5
	TiO 2	16.0 ± 0.5	72 ± 2	0.16 ± 0.02	9.0 ± 0.5
	0.1 wt% NiO/TiO 2	15.5 ± 0.5	70 ± 2	0.13 ± 0.02	7.5 ± 0.5
	0.5 wt% NiO/TiO 2	14.2 ± 0.5	67 ± 2	0.14 ± 0.02	9.0 ± 0.5
	1 wt% NiO/TiO 2	14.0 ± 0.5	65 ± 2	0.13 ± 0.02	7.5 ± 0.5
	4 wt% NiO/TiO 2	13.0 ± 0.5	43 ± 2	0.09 ± 0.	

  3 eV, thus the O 1s peak related to NiO overlaps with O 1s of TiO 2 .

				Ti 2p		O 1s	Ni 2p 3/2
	Intensity (a. u.)			(f)		
	468	464	460	456	536	532 Binding energy (eV) 528

  the pollutant is low. C 0 and C are the concentrations of dye in the solution at time 0 and t, respectively, and k app is the pseudo-first order apparent rate constant. Plotting ln(C/C 0 ) versus t gives the apparent rate constant (k app ) for the degradation of dyes, from the slope of the curve fitting line and the intercept is equal to zero. Figure V-19C and D show that the photodegradation of MB and MO by the heterostructure NiO/TiO 2 nanocomposites obeyed the pseudo-first order reaction kinetics. The apparent rate constants obtained from the slope of the plot of ln(C/C 0 ) vs t and the normalized rate constant (k norm ) defined as k norm = k app /S BET for the degradation of MB and MO are shown in TableV-3.A good correlation with pseudo-first order reaction kinetics (R 2 > 0.99) was found. The reaction rate constant, k app was found to be 0.117, 0.149, 0.129, 0.022, 0.007 and 0.101 min -1 for TiO 2 , 0.1 wt% NiO/TiO 2 , 0.25 wt% NiO/TiO 2 , 0.5 wt% NiO/TiO 2 , 1 wt% NiO/TiO 2 and P25, respectively, for the degradation of MB. It is clear that the reaction rate of 0.1 wt% NiO/TiO 2 nanocomposite samples was higher than that of as-synthesized TiO 2 . Especially, the nanocomposite photocatalytic activity of the heterostructure 0.1 wt% NiO/TiO 2

To quantitatively understand the reaction kinetics of the MB and the MO degradation in our experiments, a pseudo-first order model expressed by the equation ln(C/C 0 ) = -k app t was used, which can be generally admitted for photocatalytic degradation if the initial concentration of

Table V - 3 :

 V3 Apparent rate constant for the degradation of MB and MO with the as-synthesized photocatalysts.One of today's main industrial wastewater treatment strategies is focused on the development of green technologies and management practices for environmental benefit.Then, the recycling of used photocatalysts can be foreseen as a good practice for sustainable wastewater treatment. Consequently, it is necessary to demonstrate whether, after a photocatalytic treatment, the catalyst can be reused. The NiO/TiO 2 catalyst with 0.1 wt% NiO content was used and recycled for consecutive reuse on MB degradation; the process was repeated up to four times. The recyclability of the NiO/TiO 2 nanocomposites with 0.1 wt% NiO content was investigated by performing recycling experiments and the efficiency of the photodegradation process was evaluated and compared between the reuse cycles.

	Photocatalysts	Dye	k app , min -1 S BET , m 2 /g	K norm , g/(m 2 .min)	R 2
	TiO 2	MB	0.117	72	1.63 x 10 -3	0.999
	0.1 wt% NiO/TiO 2	MB	0.149	70	2.14 x 10 -3	0.999
	0.25 wt% NiO/TiO 2	MB	0.129	69	1.87 x 10 -3	0.992
	0.5 wt% NiO/TiO 2	MB	0.022	67	0.32 x 10 -3	0.995
	1 wt% NiO/TiO 2	MB	0.007	65	0.11 x 10 -3	995
	TiO 2 (Degussa P25)	MB	0.101	47	2.12 x 10 -3	0.999
	TiO 2	MO	0.021	72	0.29 x 10 -3	0.998
	0.1 wt% NiO/TiO 2	MO	0.048	70	0.65 x 10 -3	0.993
	TiO 2 (Degussa P25)	MO	0.033	47	0.70 x 10 -3	0.995

  2 /TiO 2 and RuO 2 /ZnO Under UV light irradiation, the photogenerated electrons moved to the TiO 2 side; meanwhile, the photogenerated holes moved to the NiO side. Subsequently, the electrons in the conduction band of TiO 2 react with molecular oxygen adsorbed on the surface of TiO 2 to

	NiO/TiO 2 + hv → e -(TiO 2 ) + h + (NiO)
	e -+ O 2 → O 2	•-
	O 2	•-+ H 2 O → HO 2	•-+ OH -
	HO 2	•-+ OH -→ H 2 O 2 + OH •
	H 2 O 2 → 2OH •
	OH • + dyes → intermediates → degradation products
	h + + dyes → intermediates → degradation products
	generate superoxide radials anion (O 2	•-
	systems.		
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Chapter V : p-n NiO/TiO 2 heterojunction photocatalysts of the sample from the X-rays of the microscope. The X-ray emissions from this ionization event are then analyzed with a solid-state energy dispersive detector. Each element gives out a unique pattern of X-ray lines from the K, L, and M shells which allows for straightforward analysis. This technique is also useful for constructing elemental maps to characterize the microstructural composition and elemental distribution of multicomponent catalysts on the nanometer scale.

In this study, TEM was performed using a Jeol JEM 2100F (Jeol, Tokyo, Japan) operating at an acceleration voltage of 200 kV (wavelength λ = 2.51 pm) equipped with a Schottky-type FEG and an EDX system (Oxford, Wiesbaden, Germany). For transmission electron microscopy (TEM) sample preparation, the photocatalysts were dispersed in ethanol using an ultrasonic bath (high purity methanol 99.8%, Sigma-Aldrich Co.) and a small droplet of the suspension was placed on holey carbon (Cu) grid. Upon drying, the samples were lightly coated with carbon to avoid charging under the electron beam.

VI.3.5. Thermogravimetric analysis (TGA)

TGA is an important thermal technique and is widely used for the characterization of solid materials including polymer, organic, inorganic and composite materials. TGA can determine: (1) moisture/liquid content and the presence of volatile species, (2) decomposition temperatures, and (3) the rate of degradation. In this dissertation, TGA-MS studies were performed on a Netzsch STA409 simultaneous analyzer coupled with a Thermostar GSD 300T3 Balzers Instruments mass spectrometer. Thermogravimetry (TG) curves were recorded in the 30-1000 °C temperature range with a heating rate of 5 °C min -1 under an air flow.

VI.3.6. Nitrogen sorption measurement

The textural characterization, such as surface area, pore volume and the pore size distribution of the as-synthesized photocatalysts were obtained by N2 sorption isotherm measurement using an ASAP2010 micrometric equipment. Samples were outgassed at 150 °C in vacuum for a time interval long enough to reach a constant pressure (<10 µm Hg). The nitrogen adsorption-desorption isotherms were measured at liquid nitrogen temperature (77 K) taken P/P 0 from 0 to 0.99. The specific surface areas were calculated by the BET method (S BET ) between 0.1 and 0.3 relative pressure. Pore size distributions were evaluated by the Barrett-Joyner-Halenda (BJH) method for mesopores. 7 

Appendix

Determination of crystallite size by Raman shift
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Résumé

Les processus photocatalytiques à la surface d'oxydes métalliques semi-conducteurs font l'objet d'intenses recherches au niveau mondial car ils constituent des alternatives efficaces, respectueuses de l'environnement et peu coûteuses aux méthodes conventionnelles dans les domaines de la purification de l'eau et de l'air, et de la production « verte » d'hydrogène. Cependant, certaines limitations pour atteindre des efficacités photocatalytiques élevées ont été mises en évidence avec les matériaux semiconducteurs classiques du fait de la recombinaison rapide des porteurs de charge générés par illumination. Le développement de photocatalyseurs à base d'héterostuctures obtenues par dépôt de métaux à la surface de matériaux semiconducteurs ou par association de deux semiconducteurs possédant des bandes d'énergie bien positionnées devrait permettre de limiter ces phénomènes de recombinaison via un transfert de charge vectoriel. Dans ce contexte, trois types d'hétérostructures telles que des nanomatériaux à base d'hétérojonction semiconducteur n/semiconducteur n (SnO 2 /ZnO), metal/semiconducteur n (RuO 2 /TiO 2 and RuO 2 /ZnO) et semiconducteur p/semiconducteur n (NiO/TiO 2 ) ont été synthétisées avec succès par différentes voies liquides. Leur composition, leur texture, leur structure et leur morphologie ont été caractérisées par spectroscopies FTIR et Raman, par diffraction des rayons X, microscopie électronique en transmission (MET) et porosimétrie de sorption d'azote. Par ailleurs, une combinaison judicieuse des données issues de mesures effectuées par spectroscopie UV-visible en réflexion diffuse (DRS) et par spectroscopies de photoélectrons X (XPS) et UV (UPS) a permis de déterminer le diagramme d'énergie des bandes pour chaque système étudié. Les catalyseurs ainsi obtenus ont conduit à des efficacités photocatalytiques plus élevées qu'avec le dioxyde de titane P25 pour la dégradation de colorants organiques (bleu de méthylène, l'orangé de méthyle) et la production d'hydrogène. En particulier, les nanocomposites RuO 2 /TiO 2 et NiO/TiO 2 contenant une quantité optimale de RuO 2 (5 % en masse) et de NiO (1% en masse), respectivement, ont conduit aux efficacités photocatalytiques les plus importantes pour la production d'hydrogène. Ces excellentes performances photocatalytiques ont été interprétées en termes d'alignement adéquat des bandes d'énergies des matériaux associé à des propriétés texturales et structurales favorables. Ce concept de photocatalyseurs à base d'hétérojonctions semiconductrices d'activité élevée devrait à l'avenir trouver des débouchés industriels dans les domaines de l'élimination de l'environnement de composés organiques indésirables et de la production « verte » d'hydrogène.
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Abstract

Photocatalytic processes over semiconducting oxide surfaces have attracted worldwide attention as potentially efficient, environmentally friendly and low cost methods for water/air purification as well as for renewable hydrogen production. However, some limitations to achieve high photocatalytic efficiencies have been found due to the fast recombination of the charge carriers. Development of heterostucture photocatalysts by depositing metals on the surface of semiconductors or by coupling two semiconductors with suitable band edge position can reduce recombination phenomena by vectorial transfer of charge carriers. To draw new prospects in this domain, three different kinds of heterostructures such as n-type/n-type semiconductor (SnO 2 /ZnO), metal/n-type semiconductor (RuO 2 /TiO 2 and RuO 2 /ZnO) and p-type/n-type semiconductor (NiO/TiO 2 ) heterojunction nanomaterials were successfully prepared by solution process. Their composition, texture, structure and morphology were thoroughly characterized by FTIR, X-ray diffraction (XRD), Raman spectroscopy, transmission electron microscopy (TEM) and N 2 sorption measurements. On the other hand, a suitable combination of UV-visible diffuse reflectance spectroscopy (DRS), X-ray photoelectron spectroscopy (XPS) and ultraviolet photoemission spectroscopy (UPS) data provided the energy band diagram for each system. The as-prepared heterojunction photocatalysts showed higher photocatalytic efficiency than P25 TiO 2 for the degradation of organic dyes (i.e. methylene blue and methyl orange) and the production of hydrogen. Particularly, heterostructure RuO 2 /TiO 2 and NiO/TiO 2 nanocomposites with optimum loading of RuO 2 (5 wt %) and NiO (1 wt %), respectively, yielded the highest photocatalytic activities for the production of hydrogen. These enhanced performances were rationalized in terms of suitable band alignment as evidenced by XPS/UPS measurements along with their good textural and structural properties. This concept of semiconducting heterojunction nanocatalysts with high photocatlytic activity should find industrial application in the future to remove undesirable organics from the environment and to produce renewable hydrogen.
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