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INTRODUCTION 

- Energy in Europe: The 20-20-20 goal 

Air pollution and the increase of energy demand are among the most serious problems of the 

present days. As a central objective of the Europe 2020 strategy, the European Union (EU) has 

set the goal to cut greenhouse gas (GHG) emissions by 20%, improve energy efficiency by 20% 

and increase the use of renewable energy to 20% by the year 2020. This is known as the 20-20-

20 goal. 

The EU framework on climate and energy for 2030 proposed by the European Commission in 

January 2014 presents targets that are more ambitious and aims at reducing greenhouse gas 

emissions by 40% and increasing the use of 

renewable to at least 27% by 2030 [1]. 

The European Commission and EU governments 

agreed on the target of cutting greenhouse gases 

(GHG) by at least 20% by 2020, compared with 

1990 levels (Fig.1). 

In market based economies like the Europeans it is 

a general problem to get the cost of externalities 

like GHG and climate change imbedded into the 

market so that these cost will influence decisions 

about production, consumption and investment. As 

highlighted in various climate change assessment 

studies the future society costs of climate change 

and global warming are quite high although not evenly 

geographical and sector distributed. To better reflect these costs for producers, consumers and 

investors and make up for part of the market imperfection a European Union Emission Trading 

System (EU ETS) was designed back in 2003. By putting a price on carbon and thereby giving a 

financial value to each tone of emissions saved, the EU ETS has placed climate change on the 

agenda of company boards across Europe. A sufficiently high carbon price also promotes 

investment in clean, low-carbon and energy efficient technologies. The EU ETS scheme covers 

the most GHG intensive sector in Europe including the power sector and a number of industrial 

sectors like cement and steel production, etc. [2]. These sectors accounts for more than 40% of 

the total GHG emission in Europe. The 2020 climate and energy package includes a 

Fig.1 EU greenhouse gas emission in 2014. 

(Source: EU Parliament, 2014) 
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comprehensive revision and strengthening of the legislation which underpins the EU ETS, the 

Emissions Trading Directive. Energy efficiency is the second important point of the 20-20-20 

goal. Substantial steps have been taken towards the objective of increasing energy efficiency, 

notably in the appliances and buildings markets. The new Energy Efficiency Plan [3] aims at 

responding to the call of the European Council of 4 February 2011 to take determined action to 

tap the considerable potential for higher energy savings of buildings, transport, products and 

processes [4]. The energy efficiency measures will be implemented as part of the EU’s wider 

resource efficiency goal, encompassing 

efficient use of all natural resources and 

ensuring high standards of 

environmental protection. The greatest 

energy saving potential lies in buildings 

whilst transport has the second largest 

potential. Energy efficiency in industry 

will be tackled through energy efficiency 

requirements for industrial equipment 

and measures to introduce energy audits 

and energy management systems. 

Improvements to the efficiency of power 

and heat generation are also proposed, 

ensuring that the plan includes energy 

efficiency measures across the 

whole energy supply chain. A 

wide range of technologies and methods exist to improve energy efficiency, turn renewables into 

viable energy sources and reduce emissions. 

The EU's Renewable energy directive sets a binding target of 20% final energy consumption 

from renewable sources by 2020. To achieve this, EU countries have committed to reaching their 

own national renewables targets ranging from 10% in Malta to 49% in Sweden (Fig.2).  

They are also each required to have at least 10% of their transport fuels come from renewable 

sources by 2020. 

All EU countries have adopted national renewable energy action plans showing what actions 

they intend to take to meet their renewables targets. These plans include: sectorial targets for 

electricity, heating, cooling and transport; planned policy measures and the different mix of 

renewables technologies that they expect to employ. 

Fig.2: Renewable energy in the European Union 

(Source: Eurostat, 2012) 
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- New technologies for the environmental protection and the energy production 

Gases that trap heat in the atmosphere are called greenhouse gases and the main are: CO2, CH4, 

N2O and the fluorinated gases.The greenhouse effect increases the temperature of the earth by 

trapping heat in our atmosphere. This keeps the temperature of the earth higher than it would be 

if direct heating by the sun was the only source of warming. When sunlight reaches the surface 

of the earth, some of it is absorbed which warms the ground and some bounces back to space as 

heat. Greenhouse gases that are in the atmosphere absorb and then redirect some of this heat 

back towards the earth.The earth’s atmosphere consists mainly of oxygen and nitrogen, neither 

plays a significant role in enhancing the greenhouse effect because both are essentially 

transparent to terrestrial radiation. The greenhouse effect is primarily a function of the 

concentration of water vapor, carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and 

other trace gases in the atmosphere that absorb the terrestrial radiation leaving the surface of the 

earth. Changes in the atmospheric concentrations of these greenhouse gases can alter the balance 

of energy transfers between the atmosphere, space, land, and the oceans. Human activities are 

continuing to affect the earth’s energy budget by changing the emissions and resulting 

atmospheric concentrations of radiatively important gases and aerosols and by changing land 

surface properties. There are also several gases that, although they do not have a commonly 

agreed upon direct radiative forcing effect, do influence the global radiation budget. These 

tropospheric gases include carbon monoxide (CO), nitrogen dioxide (NO2), sulfur dioxide (SO2), 

and tropospheric (ground level) ozone (O3). Tropospheric ozone is formed by two precursor 

pollutants, volatile organic compounds (VOCs) and nitrogen oxides (NOx) in the presence of 

ultraviolet light (sunlight). 

The term VOCs encompasses many compounds including non-methane hydrocarbons, alcohols, 

aldehydes and organic acids. Exposure to VOCs may trigger many serious health problems, such 

as eye, nose, skin, and throat irritation, coughing, headaches, and cancer, even at very low 

concentrations [5, 6].Therefore; it is highly desirable to efficiently and cost-effectively abate 

VOCs. Many practical methods, such as adsorption, thermal combustion, catalytic oxidation, and 

biofiltration, have been adopted to remove hazardous VOCs [7]. Amongst these technologies, 

catalytic oxidation is believed to be very promising as it is a highly efficient and relatively 

inexpensive route to reducing VOCs at low concentrations. More importantly, it decomposes 

VOCs to non-toxic final products, i.e., CO2 and H2O, with high performance and good durability 

at lower temperatures (< 600 °C) [8]. 

Recently, especially applied for the wastewater treatment, the Advanced Oxidation Processes 

(AOPs) constitute a family of similar but not identical technologies that are based predominantly 
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(but not exclusively) on the production of very reactive hydroxyl radicals [9]. AOPs include 

heterogeneous and homogeneous photocatalysis, Fenton and Fenton-like processes, ozonation, 

the use of ultrasound, microwaves and γ-irradiation, electrochemical processes and wet oxidation 

processes. One of their main advantages compared to conventional technologies is that they 

effectively degrade recalcitrant components without generating a secondary waste stream as is 

the case for example of the membrane processes. Moreover, in most cases the formation of 

hazardous species in the effluent is limited. This is a specifically important benefit over 

competing technologies such as for instance chlorine oxidation of organics, during which a 

considerable amount of organo-chlorinated species is formed [10]. From the turn of the century 

till now, the number of processes has increased drastically with the development of hybrid 

synergistic technologies based on the combination of various AOPs. 

These combinations have helped to overcome the occurrence of refractory species and also to 

improve significantly the performance of AOPs, to meet the practical requests in accordance 

with the green policy of European Union. 

Among these new processes, photocatalysis is one of the most attractive advanced oxidation 

technologies for the decompositions of organic pollutions in water or air [11]. Furthermore in the 

contest of the other tasks of Europe 20-20-20 (improvement of the energy efficiency by 20% and 

increasing of the use of renewable energy to 20% by the year 2020) the photocatalytic process 

can be applied to produce hydrogen or for the CO2 reduction [12]. 

Hydrogen would play an important role because it is an ultimate clean energy and it can be used 

in fuel cells. Moreover, hydrogen is used in chemical industries. For example, a large amount of 

hydrogen is consumed in industrial ammonia synthesis. At present, hydrogen is mainly produced 

from fossil fuels such as natural gas by steam reforming. In this process, fossil fuels are 

consumed and CO2 is emitted. Hydrogen has to be produced from water using natural energies 

such as sunlight if one thinks of energy and environmental issues. Therefore, the solar hydrogen 

production from water is one of the most important topics of current research. 

On these bases, this work has the aim to investigate the photocatalytic performance of modified 

TiO2-based materials in some important reactions applied to environment protection and energy 

production. In particular much effort has been focused in the photo-oxidation of VOCs in gas 

phase, in the photodegradation of harmful compounds in water and in the hydrogen evolution by 

photocatalytic water splitting. 
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Chapter 1: Heterogeneous Photocatalysis 

1.1 Principles of photocatalysis 

Heterogeneous photocatalysis is a discipline which includes a large variety of reactions: mild or 

total oxidations, dehydrogenation, hydrogen transfer, metal deposition, water detoxification, 

gaseous pollutant removal, bactericidal action, hydrogen production, etc. Heterogeneous 

photocatalysis can be carried out in various media: gas phase, pure organic liquid phases or 

aqueous solutions. As for classical heterogeneous catalysis, the overall process can be 

decomposed into five independent steps [1-3]: 

a) Transfer of the reactants in the fluid phase to the surface.  

b) Adsorption of at least one of the reactants. 

c) Reaction in the adsorbed phase.  

d) Desorption of the product(s).  

e) Removal of the products from the interface region.  

The only difference with conventional catalysis is the mode of activation of the catalyst in which 

the thermal activation is replaced by a photonic activation (Fig. 1.1). 

 

Fig. 1.1 Scheme of photocatalytic processes over semiconductor particles. 

 

When a semiconductor (SC) as TiO2, ZnO, ZrO2, CeO2 is illuminated with photons whose 

energy is equal or greater than their band-gap energy Eg (hν ≥ Eg), there is absorption of these 
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photons and creation of electron(e
-
)/hole(h

+
) pairs (reaction I), which dissociate into free 

photoelectrons in the conduction band and photoholes in the valence band. Simultaneously, in 

the presence of a fluid phase (gas or liquid), a spontaneous adsorption occurs and according to 

the redox potential (or energy level) of each adsorbate, an electron transfer proceeds towards 

acceptor (A) molecules (reaction II), whereas a positive photohole is transferred to a donor (D) 

molecule (reaction III, actually the hole transfer corresponds to the cession of an electron by the 

donor to the solid). 

I. hν + SC e
-
+ h

+
 

II. A(ads)+ e
-
A

-
(ads) 

III. D(ads) + h
+
D

+
(ads) 

Each ion formed subsequently reacts to form the intermediates and the final products.  

The photocatalytic activity can be reduced by the electron-hole recombination, described in 

Fig.1.2, which corresponds to the conversion of the photoelectronic energy into heat. 

 

Fig. 1.2 Processes of photoelectron-hole recombination in the semiconductor particles.  

 

A schematic view of the time scale of the different charge carrier-related phenomena just 

discussed is included in Fig. 1.3. 
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Fig. 1.3 Time scales of “elemental steps” occurring in a typical photocatalytic process. 

 

Both the above surface photoreactions can be exploited for some important environment 

applications as the degradation of dangerous organic compounds both in air or in water (photo-

oxidation reactions) or as the hydrogen production by water splitting (photoreduction reaction). 

For these reasons, photocatalysis can be regarded as a new and interesting hot subject of the 

modern research. The increasing interest for this topic is expressed by the continuous increase of 

number of papers (Fig.1.4) in the last decade. 
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Fig. 1.4 Number of publications concerning photocatalysis over the years 2003- 2017( September) based on 

database Scopus with keyword “photocatalysis”. 

 

Many semiconductors have been used as photocatalysts: TiO2, ZnO, WO3, CdS and NiO can be 

found among the best performing ones. Each photocatalyst is characterized by a different band 

gap energy and oxidizing power. The thermodynamic driving forces in photocatalytic processes 

are strongly dependent on the relative relationships between the conduction band (CB) and 

valence bande (VB) potentials of the semiconductor photocatalysts used and to the redox 

potentials of reversible target reactions [4, 5]. Thus, the more negative CB positions of 

semiconductors are beneficial for reduction reactions, while the more positive VB positions of 

semiconductors are favorable for oxidation reactions. The band positions (at pH=7 in aqueous 

solution) for some important semiconductor photocatalysts and their potential applications are 

listed in Fig. 1.5. 
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Fig. 1.5 Band positions and potential applications of some typical photocatalysts [4]. 

 

Titanium dioxide (TiO2) has emerged as a leading photocatalyst for environment purifications 

due to its strong oxidizing power under ultraviolet irradiation, high chemical stability, low cost, 

and environment friendly [6-10]. However, the photo-catalytic efficiency of TiO2 nanomaterials 

is still not up to the mark to meet out the practical needs under direct sunlight irradiation because 

the large intrinsic band gap (3.2eV) of TiO2 severely restricts its utilization of the visible light 

and the fast electron-hole recombination in TiO2 often results in a low quantum yield and poor 

photocatalytic activity [11-13]. To efficiently utilize abundant and green sunlight, therefore, a 

series of strategies, such as metal/non-metal elements doping and coupling with other functional 

materials have been adopted to increase the TiO2-based photocatalysts activity, by introducing an 

extrinsic band gap with lower energy, suppressing electron-hole recombination rate, and 

increasing the surface charge carrier transfer rate of TiO2 [14-16]. A detail description of the 

strategies to improve the TiO2 performances and the methodologies used in this work, will be 

discussed in next chapters. 

1.2 Photo-oxidation of organic contaminants in air 

The photocatalytic mechanism can be successful applied in the air purification and in particular 

one of the most important reactions investigated is the photo-oxidation of VOCs [17-19]. 

Nowadays people spend most of their time (more than 90% [20]) in an indoor environment; 

consequently the indoor air quality (IAQ) has a significant impact on human health, comfort and 

productivity [21]. A long-term exposure to indoor air pollutants can be detrimental to human 

health and lead to sick building syndrome, building related illnesses and in extreme cases cancer 

[22].VOCs, nitrogen oxides (NOx), carbon monoxide (CO), and particulate matter are among the 
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main indoor air pollutants. Levels of pollutants in indoor environment can be higher than those 

of outdoor air due to the contribution of indoor sources such as combustion by-products, building 

materials, office equipment (e.g. printers and computers), and consumer products [22, 23]. 

Recently, photocatalyis technology has attracted great attention for removal of gaseous 

pollutants at low concentrations (i.e. part per billion (ppb) level), owed to its superior features 

compared to other methods (i.e. adsorption or ozonation) such as room temperature operation, 

activity towards various contaminants, and benign final products (CO2 and H2O) [21, 22, 24]. 

After the activation of the semiconductor particles by an opportune light radiation, the 

photogenerated charge carriers participate in a series of reactions with other molecules such as 

oxygen and water and produce highly reactive radicals (such as hydroxyl or superoxide radicals). 

In gas phase, mass transfer of the VOC compounds from the gas phase (i.e. air stream) to the 

solid phase plays an important role and greatly affects the reaction rate and removal efficiency. 

After the external (from bulk to exterior surface) and internal diffusions (from exterior surface to 

internal catalytic surface) and adsorption onto the surface, pollutant molecules come into contact 

with the produced reactive species and break down to lower molecular weight products and 

eventually to CO2, water and other by products [21,25].  

The basic reaction mechanism using a photocatalyst as TiO2 can be depicted as follows [17, 18, 

26]: 

a) TiO2 activation ( λ ≤ 388 nm): TiO2 + hv → TiO2(e
-
CB

-
 + h

+
VB) 

b) Photo-oxidation by holes  TiO2(h
+

VB) + H2O → TiO2 + H
+
OH


 

c) Formation of superoxide radical TiO2(e
-
CB) + O2 → TiO2 + O2

-
 

d) Formation of hydrogen peroxide  O2
-

+ H
+
→HO2


 

HO2

 + HO2


→H2O2+ O2 

e) Formation of hydroxyl radical TiO2(e
-
CB) + H2O2→TiO2 + OH

 + OH
-
 

f) Photo-oxidation of VOCS  VOC + O2+ OH

→ H2O + CO2 + other products 

 

Apart from their beneficial participation in oxidation and reduction reactions, electrons and holes 

also go, as described before, through recombination process where they neutralize one another. 

Moreover many parameters can influence the photoactivity as the adsorption properties of the 

photocatalyst, the type and the concentration of VOCs and the type and the intensity of the light 

source used for the irradiation. 

Adsorption of pollutant onto the surface of photocatalyst is a crucial step that greatly affects the 

reaction rate and removal efficiency. Adsorption of challenge compounds on photocatalyst 
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brings about better contact between photocatalyst and reactant molecules, which in turn leads to 

higher oxidation rate. The role of adsorption step is more critical when dealing with gas streams 

with high humidity level (typical condition in the mechanical ventilation system of buildings) 

due to the competition between VOCs and water molecules for adsorption sites. Depending on 

the type of active site available on the surface of photocatalyst and target VOCs, different 

adsorption mechanisms may exist. Nimlos et al. [27] suggested that alcohols and organic acids 

can be adsorbed over the surface of TiO2 via both dissociative adsorption at oxygen bridging 

sites and hydrogen bond to the OH groups while aldehydes can only be adsorbed via hydrogen 

bond to the surface OH groups. Alberici and Jardim [28] reported that the adsorption of VOCs 

on TiO2P25 (80% anatase, 20% rutile) follows the order: methanol > isopropanol > MEK > 

acetone > toluene > i-octane, indicating higher adsorption of alcohols than aromatics over TiO2. 

Consequently the type and the concentration of VOCs is a key aspect. For various classes of 

VOCs and broad ranges of concentration, there is general agreement that higher concentration of 

VOCs results in an improved reaction kinetics (until rate reaches its plateau), lower removal 

efficiency, and poorer mineralization of pollutants to CO2 [29-32]. The impact of higher VOCs 

concentration on photo-oxidation reactions can be analyzed from different aspects: (i) the 

number of VOCs molecules that can be adsorbed and oxidized on photocatalyst surface increases 

which boosts the reaction kinetics [33]; (ii) the ratio of reactive species plus active sites to 

pollutant molecules decreases and consequently, more VOCs can leave the reactor without 

undergoing degradation [30]; (iii) high amount of by-products/intermediates generated during 

the reactions can reduce the mineralization and/or occupy part of the active sites, impeding the 

oxidation progress. The effect of pollutant concentration and type on photocatalytic degradation 

kinetics has been investigated by many researchers [34-37]. Jafarikojour et al. [38] observed that 

by increasing the inlet concentration of toluene from 20 to 100 ppm at 30% Relative Humidity 

(RH), the conversion decreased from 37% to ca. 27%. Similarly, Mo et al. [24] found that 

decomposition efficiency of toluene dropped ca. 30% by increasing toluene concentration from 1 

to 4 ppm.  

Palmisano et al. found that the presence of oxygen was essential for the occurrence of the photo-

oxidation of toluene while water played an important role in order to maintain the catalyst 

activity [36, 39]. In another study, Vildozo et al. [40] showed that increasing the inlet 

concentration of 2-propanol from 100 to 700 ppb significantly lowered the mineralization rate 

from ca. 90% to 63%. Interestingly, it was found a positive linear relationship between KOH and 

photo-oxidation reaction rate constant [41, 42] that is however different towards the various 

organic compounds. Jeong et al. [43] obtained higher removal efficiency for toluene (82.6-
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99.9%) compared to benzene (67.1-94.2%), and ascribed this behavior to the higher reaction rate 

of toluene with hydroxyl radicals in the gas phase and on TiO2P25. Considering the principles of 

catalytic reactions, at low pollutant concentration (number of VOCs molecules ~ number of 

photocatalyst active sites), the reaction rate increases with pollutant concentration until it reaches 

a region (i.e. intermediate VOCs concentration) where the reaction rate becomes independent of 

concentration [44]. Most of the researchers believe that any further increment in the 

concentration of pollutant neither improves or deteriorates the reaction rate since photocatalyst is 

working at its maximum capacity [44-47]. On the contrary, investigations on the photo-oxidation 

of benzene [48] and toluene [49] showed that at higher concentration due to the deposition of 

refractory reaction intermediates on photocatalyst surface and loss of active sites the reaction rate 

dramatically drops. Similarly, Monteiro et al. [33] observed that under low light intensity, 

conversion and reaction rate of Perchloroethylene (PCE) firstly increases with concentration and 

then decreases. The noted downward trend for reaction rate was attributed to the lack of 

photogenerated e
−
-h

+
 and surface flooding due to an excessive PCE load. 

Light is one of the main pillars of photocatalysis; therefore, light source wavelength (WL) and 

light intensity (I) can affect the reaction rate and removal efficiency. Theoretically, UV light 

with wavelength less than 380 nm can excite the electrons in the valence band of TiO2 (the most 

used photocatalyst). Germicidal lamp (UVC, 254 nm) and fluorescent black-light lamp (300-400 

nm) are the most utilized light sources in the photocatalytic oxidation (PCO) of indoor air 

pollutants. Some studies employed UV light emitting diode (wavelength usually centered at 365 

nm) due to long lifetime and high efficiency. For the same photon energy distribution, i.e. light 

wavelength, increasing the light intensity leads to generation of a larger number of photons and 

consequently e
−
-h

+ 
pairs. It is proposed that the impact of UV intensity on the reaction rate can 

be divided into two regimes: (i) a first-order regime at lowlight intensity and high VOCs 

concentration where e
−
-h

+
 pairs are consumed faster by chemical reactions than by 

recombination and (ii) a half-order regime at high light intensity and low VOCs concentration in 

which the rate of recombination exceeds the rate of oxidation reactions [50, 51]. 

In this thesis work the photo-oxidation of 2-propanol and ethanol was investigated over different 

TiO2-based materials under UV irradiation (UV mercury lamp, 100 W, 365 nm), the state of art 

and the reaction mechanism for the degradation of these alcohols will be discussed in detail in 

the next chapters. 
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1.3 Photo-oxidation of organic contaminants in water 

The discharge of refractory organic contaminants through wastewaters into the environment 

causes all over the world dangerous environmental pollution. Furthermore the gap between the 

clean water and its availability is expected to continue to increase with respect to growing 

contamination, owing to the overwhelming discharge of contaminants and pollutants into the 

natural water cycle. As far as the environment is concerned, the reuse and recycling of 

wastewater effluents is thus necessary to augment the limited fresh water supply and to offset 

more possible water resources in the long run [52]. During the past few decades, a variety of 

practical strategies have been implemented to develop viable wastewater treatment technologies 

[53-55]. For instance, conventionally, biological treatments were designed to effectively 

eliminate assorted types of contaminants from wastewater in the short term; however, these 

techniques also normally lead to the production of secondary pollution [56] some of which even 

involves the presence of health-threatening bacteria and soluble refractory organic compounds 

that are hard to remove [57]. 

Photocatalysis has been considered as one of the most appealing options for wastewater 

treatment, due to its great potential and high efficiency by using sunlight to remove organic 

pollutants and harmful bacteria with the aid of a solid photocatalyst [58, 59]. 

The general mechanism of photo-oxidation in water is the same described above for the 

photodegradation of VOCs (pag. 13, reactions a-f). The photogenerated h
+
 is widely considered 

as an oxidant for directly degrading organic contaminates, the capacity of which depends on the 

catalyst type and oxidation conditions [60]. To design a photocatalyst capable of utilizing safe 

and sustainable solar energy effectively, several critical requirements need to be satisfied. First, 

the semiconductor material should have a smaller band-gap to allow it to absorb solar energy 

across a broad range of spectrum. Simultaneously, the semiconductor should have a relatively 

positive enough valence band for the ample production of h
+
 and 


OH radicals [61]. Second, the 

catalyst should possess a particular platform/system for the efficient charge separation and 

transportation [62, 63]. Moreover, the semiconductor materials should have good 

photoelectrochemical stability in the electrochemical reactions [64].  

In most cases, different types of dyes are studied as model compounds for the photocatalytic 

degradation of large organic molecules in water treatment. Organic dyes are often used in textile, 

printing, and photographic industries, but a sizable fraction of dyes is wasted in the dying 

process and is released into effluent water streams. In general, the presence of even low 

concentrations of dyes in effluent streams seriously affects the nature of water, and is difficult to 

be biodegraded or oxidized with the aid of chemicals. 
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Pharmaceutical and personal care products (PPCPs) have recently been considered as emerging 

contaminants, and are an extraordinarily diverse group of chemicals used in prescription and 

non-prescription drugs, human health and cosmetic care, veterinary medicine, and agricultural 

practice [65, 66]. Specific PPCPs may cause ecological harm, such as endocrine disruption and 

antimicrobial resistance, thus some of PPCPs have been classified as “priority pollutants” by 

both the US Environmental Protection Agency and the European Union Water Framework 

Directive. PPCPs have frequently been studied with respect to environmental protection because 

of their toxicity and non-biodegradability. 

Phenolic compounds can cause various diseases, including cancer, angiocardiopathy, 

gastroenterology etc., even at very low concentrations, and represent a typical family of organic 

pollutants widely present in wastewater from petrol, coal, and other chemical industries [67-70]. 

Most phenolic compounds are usually difficult to be mineralized by a biodegradation method, 

due to the stable benzene ring and its recalcitrant nature. However, such compounds have been 

reported to be effectively degraded by TiO2 and other visible light-responsive photocatalysts [71-

74]. 

Other organic pollutants, such as benzylalcohol, methanol, benzyl amine, hydroxytyrosol, and 

benzene, in aqueous solutions have also been reported to be efficiently degraded by visible light 

induced photocatalytic processes [75-77]. 

The presence of inorganic impurities, such as residual ions and acids, in the water matrix has 

distinctive effects toward a water system’s ecological environment. Some of them are highly 

toxic to most of living organisms when their concentration levels are higher than a certain value. 

For instance, hexavalent chromium (Cr(VI)) is a carcinogenic and mutagenic pollutant, which is 

frequently found in wastewater, possibly stemming from pigment production, metal plating, 

leather tanning, etc. The visible light induced photocatalytic reduction of aqueous Cr(VI) has 

received much attention recently, due to its low cost and high efficiency without secondary 

pollution [78, 79]. 

The different types of microbes (bacteria, viruses, fungi, algae, plankton, etc.) present in 

wastewater are harmful to health and can cause various diseases [80]. Also for this type of 

pollutants over the past few decades, the visible light activated photocatalytic disinfection of 

water was intensively studied, with research focus moving from laboratory analysis to potential 

applications [81, 82]. For example, a dye-sensitized TiO2 thin film was used in the photocatalytic 

disinfection of phytopathogenic bacteria under visible light irradiation. The inhibition rates of 

Erwiniacarotovora subsp. carotovora 3, Enterobacter cloacae SM1, and E. carotovora 

subsp.carotovora 7 that could induce severe soft/basal rot disease in vegetable crops were higher 
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than 90%. These results indicated that the visible light-responsive dye-sensitized TiO2 thin film 

had the potential for direct application to plant protection in water systems [81]. A visible light-

activated palladium-modified nitrogen-doped titanium oxide (TiON/PdO) photocatalyst has been 

demonstrated with good visible light adsorption and a superior efficient photocatalytic 

disinfection effect on Fungi Fusarium graminearum macroconidia.  

 

 

Fig.1.6 Photocatalytic disinfection mechanism of TiON/PdO photocatalyst on Fusarium graminearum macroconidia 

under visible light irradiation [82]. 

 

The disinfection effect benefitted from the strong adsorption of the TiON/PdO photocatalyst 

onto the Fusarium graminearum macroconidia surface due to their opposite surface charges. The 

photocatalytic disinfection mechanism of the TiON/PdO photocatalyst on the Fusarium 

graminearum macroconidia is displayed in Fig. 1.6, and it is attributed to their cell 

wall/membrane damage caused by the attack from the reactive oxygen species (ROSs), while a 

breakage of their cell structure was not necessary for their loss of viability [82]. 

In this thesis the degradation in water of some dyes, as the Methylene Blue and the Rhodamine B 

under visible light irradiation was investigated over TiO2-based photocatalysts, the results and 

the mechanisms of these reaction will be discussed in the following chapters. 
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1.4 Photocatalytic water splitting 

Hydrogen is considered as an ideal fuel for the future. It can be produced from clean and 

renewable energy sources and, thus, its life cycle is clean and renewable. Solar and wind are the 

two major sources of renewable energy and they are also the promising sources for renewable 

hydrogen production. However, presently, renewable energy contributes only about 5% of the 

commercial hydrogen production primarily via water electrolysis, while other 95% hydrogen is 

mainly derived from fossil fuels [83]. Renewable hydrogen production is not popular yet because 

the cost is still high. Photovoltaic water electrolysis may become more competitive as the cost 

continues to decrease with the technology advancement; however, the considerable use of small 

band-gap semiconducting materials may cause serious life cycle environmental impacts. 

Alternatively, photocatalytic water splitting using TiO2 for hydrogen production offers promising 

way for clean, low-cost and environmental friendly production of hydrogen by solar energy. 

Concerning the thermodynamics of the reaction: 2H2O ↔ 2H2+ O2 is an extremely difficult 

reaction since it is endergonic by ~ 240 kJ mol
-1

 [84, 85] and the dissociation of water can be 

obtained with reasonable equilibrium yields but with very high thermal input at high 

temperature. The alternative is to provide the thermodynamic energy with light, in which case 

we need light of ~ 500 nm wavelength. Such light is abundant on earth, but the kinetic barrier to 

split off the first hydrogen atom from water is much more energy demanding, needing ~ 500 kJ 

mol
-1

, or light at maximum wavelength of 250 nm. Hence water is stable at the earth’s surface 

such wavelengths are cut out in the stratosphere before reaching ground level. Hence it is 

necessary a strategy to get round the kinetic problem, thus involves the use of photocatalysis to 

lower that barrier [86]. In a typical process the photon energy is converted to chemical energy 

accompanied with a largely positive change in the Gibbs free energy through water splitting as 

shown in Fig. 1.7. This reaction is similar to photosynthesis by green plants because these are 

uphill reactions.  
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Fig. 1.7 Photosynthesis by green plants and photocatalytic water splitting as an artificial photosynthesis [88]. 

 

Therefore, photocatalytic water splitting is regarded as an artificial photosynthesis and is an 

attractive and challenging theme in chemistry. From the viewpoint of the Gibbs free energy 

change, photocatalytic water splitting is distinguished from photocatalytic degradation reactions 

such as photo-oxidation of organic compounds using oxygen molecules that are generally 

downhill reactions. The Honda-Fujishima effect of water splitting using a TiO2 electrode is 

illustrated in Fig. 1.8: 

 

Fig. 1.8 Honda-Fujishima effect-water splitting using a TiO2 photoelectrode [88]. 

 

When TiO2 is irradiated with UV light electrons and holes are generated and the photogenerated 

electrons reduce water to form H2 on a Pt counter electrode while holes oxidize water to form O2 

on the TiO2 electrode with some external bias by power supply or pH difference between a 

catholyte and an anolyte.  

The characteristic feature of water splitting using a powdered photocatalyst is the simplicity; the 

opportune light radiation shines the photocatalyst powders dispersed in water, and then hydrogen 
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is readily obtained. Moreover, powdered photocatalyst systems will be advantageous for large-

scale application of solar water splitting because of the simplicity. 

The Photocatalytic reactions proceed on semiconductor materials as schematically shown in Fig. 

1.9. 

 

 

Fig. 1.9 Principle of water splitting using semiconductor photocatalysts. 

 

i). H2O + h
+

vb 2H
+
 + ½ O2 

ii). 2H
+
 + 2 e

-
 H2 

Water molecules are reduced by the electrons to form H2 and are oxidized by the holes to form 

O2 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. The bottom level of 

the conduction band has to be more negative than the redox potential of H
+
/H2 (0 V vs. Normal 

Hydrogen Electrode NHE), while the top level of the valence band be more positive than the 

redox potential of O2/H2O (1.23 V) [87, 88]. Therefore, the theoretical minimum band gap for 

water splitting is 1.23 eV that corresponds to light of about 1100 nm. 

Presently, the energy conversion efficiency from solar to hydrogen by TiO2 (the main 

semiconductor used) is still low. The main reasons are: (1) Recombination of photo-generated 

electron/hole pairs: CB electrons can recombine with VB holes very quickly and release energy 

in the form of unproductive heat or photons; (2) Fast backward reaction: Decomposition of water 

into hydrogen and oxygen is an energy increasing process, thus backward reaction 

(recombination of hydrogen and oxygen into water) easily proceeds; 

(3) Inability to utilize visible light: The band gap of TiO2 is about 3.2 eV and only UV light can 

be utilized for hydrogen production. Since the UV light only accounts for about 5% of the solar 

radiation energy while the visible light contributes about 50%, the inability to utilize visible light 

limits the efficiency of solar photocatalytic hydrogen production. 
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In order to resolve the above listed problems and make solar photocatalytic hydrogen production 

feasible, continuous efforts have been made to promote the photocatalytic activity and enhance 

the visible light response. 

Co-catalysts such as Pt, NiO and RuO2 are usually loaded to introduce active sites for H2 

evolution because the conduction band levels of many oxide photocatalysts are not high enough 

to reduce water to produce H2 without co-catalytic assistance. Active sites for electron oxidation 

of water are required for O2 evolution. Co-catalysts are usually unnecessary for oxide 

photocatalysts because the valence band is deep enough to oxidize water to form O2. This is the 

characteristic point of heterogeneous photocatalysts being different from homogeneous 

photocatalysts for which O2 evolution with electron oxidation of H2O is a challenging reaction. 

Another approach is to apply a two-step excitation mechanism using two different photocatalysts 

[89] (Fig. 1.10).  

 

Fig. 1.10 Z-Scheme for the photocatalytic water splitting [89]. 

 

This was inspired by natural photosynthesis in green plants and is called the Z-scheme. The 

advantages of a Z-scheme water splitting system are that a wider range of visible light is 

available because a change in Gibbs free energy required to drive each photocatalyst can be 

reduced as compared to the one-step water splitting system and that the separation of evolved H2 

and O2 is possible. It is also possible to use a semiconductor that has either a water reduction or 

oxidation potential for one side of the system. For example, some metal oxides (e.g., WO3 and 

BiVO4) function as a good O2 evolution photocatalyst in a two-step water splitting system using 

a proper redox mediator, although they are unable to reduce water [90, 91]. 

Sacrificial reagents are often employed to evaluate the photocatalytic activity for water splitting 

because overall water splitting is a tough reaction. When the photocatalytic reaction is carried 

out in an aqueous solution including a reducing reagent, in other words, electron donors or hole 

scavengers, such as alcohol and a sulfide ion, photogenerated holes irreversibly oxidize the 
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reducing reagent instead of water. It enriches electrons in a photocatalyst and an H2 evolution 

reaction is enhanced. This reaction will be meaningful for realistic hydrogen production if 

biomass and abundant compounds in nature and industries are used as the reducing reagents [92, 

93]. 

Organic compounds (hydrocarbons) are widely used as electron donors for photocatalytic 

hydrogen production as they can be oxidized by VB holes. EDTA, methanol, ethanol, lactic acid 

and formaldehyde have been tested and proved to be effective to enhance hydrogen production 

[94-96]. Nada et al. [94] carried out a qualitative investigation to study the effects of different 

electron donors on hydrogen production. The rankings in terms of the degree of hydrogen 

production enhancement capability were found to be: EDTA > methanol > ethanol > lactic acid. 

It should be noted that the decomposition of these hydrocarbons could also contribute to a higher 

hydrogen yield since hydrogen is one of their decomposed products. 

In accordance, Puangpetch et al. [97] found that over mesoporous-assembled SrTiO3 

photocatalyst the enhancement of the activity by adding different hole scavengers was found in 

the following order: MeOH > EtOH > d-glucose > 2-PrOH > Na2SO3. The use of MeOH 

provided the highest photocatalytic enhancement ability (the ability to increase the photocatalytic 

hydrogen production activity), as compared to the other studied hole scavengers, possibly 

because it has the highest ability to donate electrons, to scavenge the valence band holes to 

preventing photo-generated charge recombination [98, 99]. In a comparison among alcohols, the 

photocatalytic activity tended to increase with increasing alcohol concentration. For MeOH as 

the hole scavenger, the hydrogen production rate significantly increased in the MeOH 

concentration range of 0-20 vol.%; beyond this range, it only slightly increased. 

Other inorganic ions, such as S2
-
/SO2

3-
, Ce

4+
/Ce

3+
 and IO

-
3/I

-
 were used as sacrificial reagents 

for hydrogen production [100-102]. 

Sayama et al. [103] reported that addition of carbonate salts could significantly enhance 

hydrogen and oxygen production stoichiometrically. Addition of Na2CO3 was found to be 

effective for enhancement of hydrogen and oxygen production using Pt loaded TiO2 (Pt-TiO2). 

Later, various semiconductor photocatalysts including TiO2, Ta2O5 and ZrO2 were tested and it 

was found that the presence of Na2CO3 was very beneficial for hydrogen and oxygen production 

for all the photocatalysts tested [104]. The Infrared (IR) study revealed that the surface of Pt-

TiO2 catalyst was covered by many types of carbonates species, such as HCO3
-
, CO3

•-
 HCO3

•
 

and C2O6
2-

.Therefore, photo-generated holes were consumed by reacting with carbonate species 

to form carbonate radicals, which is beneficial for photo-excited electron/hole separation. 
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In this work thesis the H2 production by photocatalytic water splitting was tested over modified 

TiO2-based materials both under UV and solar light irradiation. The effect of a sacrificial agent 

as ethanol was furthermore investigated.  
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Chapter 2: TiO2-based materials 

2.1 Titanium dioxide 

Titanium dioxide (TiO2) has attracted considerable attention for various applications such as 

pigments, photocatalysis, dye-sensitized solar cells, sensor devices, cosmetics and protective 

coatings. In particular, TiO2 is the most studied photocatalyst because of its high efficiency, non-

toxicity, chemical and biological stability, and low cost. 

There are four common crystalline phases of TiO2: anatase, rutile, brookite, and TiO2(B) [1].  

 

Fig. 2.1 Crystalline structures of TiO2 in different phases: (a) anatase, (b) rutile, (c) brookite, and (d) TiO2(B) [1].  

 

As shown in Fig. 2.1, all of these phases consist of TiO6 octahedra, but differ in both the 

distortion of their octahedra units and the manner in which they share edges and corners [2]. For 

anatase, four of the eight neighbors of each octahedral share edges; the subsequent others share 

corners. The corner-sharing octahedron forms the (0 0 1) planes and their edges connect with the 

plane of the octahedron below [3]. In rutile, the octahedral structure shares two edges and eight 

corners. The corner-sharing is along the [1 1 0] direction and stacks with their long axis 

alternation by 90° [3].The Ti–O bond lengths are 1.937 and 1.966 Ǻ for anatase and 1.946 and 
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1.983 Ǻ for rutile in the equatorial and axial directions, respectively [3]. The different structural 

arrangements result in different space groups. For brookite, both corners and edges are connected 

[4, 5]. TiO2(B) is mainly derived from the layered titanates. The structure of TiO2(B) is 

composed of corrugated sheets consisting of both edges and corners shared by the TiO6 

octahedra [6]. 

Rutile is the stable phase at high temperatures, but anatase and brookite are common in fine 

grained (nanoscale) natural and synthetic samples. On heating concomitant with coarsening, the 

following transformations are all seen: anatase to brookite to rutile, brookite to anatase to rutile, 

anatase to rutile, and brookite to rutile. These transformation sequences are very closely balanced 

in energetic as a function of particle size. The surface enthalpies of the three polymorphs are 

sufficiently different that crossover in thermodynamic stability can occur under conditions that 

preclude coarsening, with anatase and/or brookite stable at small particle size [7]. The electronic 

structure of TiO2 has been extensively studied using ab initio methodology [8]. Considering 

rutile and anatase phases, their differences in lattice structures cause different densities and 

electronic band structures, leading to different band gaps. For bulk materials, the band gap for 

anatase TiO2 is approximately 3.20 eV (corresponding to 384 nm) and the band gap of rutile is 

3.02 eV (corresponding to 410 nm). The electronic structure of both phases of TiO2 can be 

understood with molecular band theory [8]. At the top of the valence band maximum (VBM) is 

the nonbonding O p orbital (out of the Ti3O cluster plane), where at the bottom of the conduction 

band maximum (CBM) are the nonbonding Ti dxy states. For rutile, the Ti dxy orbitals at CBM 

are relatively isolated, while the t2g orbitals of the CBM provide the metal-metal interaction with 

a smaller distance of 2.96 Å. The conductive band width of anatase is thus smaller than that of 

rutile, resulting in a slightly wider band gap of 3.2 eV as compared to 3.0 eV for rutile [9, 10]. 

Theoretical and experimental works report band gap values for brookite both smaller and larger 

than that of anatase. Experimental band gap energies ranging from 3.1 to 3.4 eV have been 

reported for brookite, but there is disagreement on whether the optical response is attributable to 

direct or indirect transitions [4]. The band gap was usually determined by diffuse reflectance 

measurements, from the tangent lines to the plots of the modified Kubelka-Munk function, 

[F(R’∞)hν]
1/2

, versus the energy of the exciting light [11] considering brookite as an indirect 

semiconductor. Direct band gap values have been also obtained [12-14]. 

The precise value of Eg is currently unknown since the experimental results often refer to 

samples not well crystallized. 

The flat band potential, (EFB), of a semiconductor is a fundamental property for the 

thermodynamics of the interfacial electron transfer steps. For an n-type semiconductor as TiO2 it 
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can be assumed that the positions of the flat band potential and the quasi-Fermi level (*Ef) are 

the same and very close to the lower edge of the conduction band [15]. Di Paola et al. [16] 

determined the flat band potentials of anatase, brookite, and rutile by a slurry method [17], 

measuring the photovoltage of the corresponding suspensions in the presence of methyl viologen 

dichloride as a function of pH. As shown in Fig. 2.2, the values obtained at pH 7 were -0.45 V 

for anatase, -0.46 V for brookite, and -0.37 V for rutile.  

 

Fig. 2.2 Electrochemical potentials of the band edges of anatase, brookite, and rutile at pH = 7 [16].  

 

The few experimental values of flat band potential of brookite reported in literature and the 

uncertainty on its band gap do not allow to exactly locate the position of the conduction and 

valence band edges of the three oxides of titanium. Anyway, the most probable hypothesis is that 

the flat band of brookite is shifted negatively with respect to that of anatase. 

The electronic band structure influences the photon absorption process and redox reaction ability 

for photocatalysis. As explained in the chapter one, only photons with energy pertaining to that 

of the TiO2 band gap can be absorbed. Upon exposure to the required photon energy, electrons in 

the valence band will be excited to the conduction band while leaving positively charged holes in 

the valence band. An electron-hole pair will therefore be generated, as expressed in followed 

equation typical for the TiO2-based materials: 

TiO2 + hν → e
−
+ h

+                                   
(1) 

h
+
 +Ti

III
 O−H → Ti

IV
 O−H

+                 
(2) 

e
−
+ Ti

IV
O−H → Ti

IV
 O−H

−                   
(3) 

O2
−
 + Ti

IV
 O−H

+
→ Ti

IV
 O−H + O2  (4) 

 

These charge carriers have three possible fates: (i) be captured and trapped by defect sites within 

or on the surface of the material, (ii) recombine and release energy in the form of heat or light, or 

(iii) migrate to the surface and generate radical species in equations (2)-(4) [18]. Electron 

paramagnetic resonance studies have found that electrons are trapped by Ti atoms, forming two 
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Ti
III

 centers, while holes are trapped as O centered radicals covalently linked to surface Ti atoms 

and localized differently at defect sites in TiO2 nanoparticles [19]. Consequently, the reactions 

(1) and (2) are known as ‘deactivation processes’ since these electron-hole pairs do not play any 

part in photocatalysis. Therefore, the photocatalytic efficiency is determined by inhibiting 

process (1) and (2), while enhancing process (3) at optimized conditions. 

As described before, the photocatalytic efficiency of TiO2 photocatalystis is still low [20]. 

A variety of effective strategies have been adopted to enhance the photocatalytic efficiency of 

TiO2 materials. In general, they can be summarized as either morphological change, such as 

tailoring the surface complexity, crystalline phase, pore and size of these materials, or as 

chemical modification by incorporation of additional components in the TiO2 structure.  

2.2 Strategy to enhance the TiO2 photoefficiency: Chemical modifications 

It is possible increase the photocatalytic activity of TiO2 photocatalyst towards the develop of 

supported TiO2 materials to decrease their aggregation, designing the TiO2 photocatalytic 

performance in the visible light range by doping with metallic or non-metallic elements or 

synthesizing TiO2-based composites. 

Because of relatively small size (5-50 nm), TiO2 is subjected to rapidly aggregation in a 

suspension, considerably decreasing its effective surface area and catalytic efficiency. Another 

main limitation of pure TiO2 is very poor adsorptive power, especially for non-polar dyes and 

organic pollutants due to its intrinsic surface characteristics, which restrict the photocatalytic 

oxidation reaction [21]. Therefore, photocatalysts in the form of nanoparticles, single atoms, 

molecules, and clusters should be anchored on various bulky support materials such as activated 

carbon [22], clay [23] and silica [24, 25] due to the small size of powder, leaking problems in 

aqueous media, and difficult handling in practical engineering applications [26]. Clearly, the 

support materials affect not only the adsorption of organic substrates, due to their nature, but also 

the crystallinity of TiO2 photocatalyst [26]. 

In order to fully utilize the solar energy, considerable endeavor has been devoted to enhancing 

the TiO2 photocatalytic performance in the visible light range [27, 28]. Doping with metallic or 

non-metallic elements has been widely used to improve photoactivity under visible light 

irradiation, in which non-metal or metal ions are either incorporated into the bulk of TiO2 (Figs 

2.3, 2.4) [29, 30]. 
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Fig. 2.3 Scheme of modified TiO2:(A) with transition metal oxide clusters, (B) with surface non-metal dopants and 

(C) bulk metal/non-metal dopants [30]. 

 

 

 

Fig. 2.4 Schematic representation of the possible point defects present at the TiO2 lattice [31] 

 

Non-metal doping is far more successful than metal decorating because it can create a mid-gap 

state acting as an electron donoror acceptor in the band gap of TiO2, which introduces lower 

band gap and shifts the optical absorption of TiO2 into the visible-light region [31, 32]. In 

particular, carbon doping exhibits greatly potential advantages over other types of non-metal 

doping because of the several outstanding properties [33, 34]. For instance, carbon presents 
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metallic conductivity as one of the many possible electronic materials [35]. It has a large 

electron-storage capacity and can accept the photon-excited electrons to improve the separation 

of photo-generated carries [36]. Moreover, carbon absorbs a wide range of visible light 

absorption and show a high adsorption of organic pollutants, facilitating the interface reaction of 

photocatalysis [33, 34]. In the process of carbon doping, the C elements implied permeating to 

the lattice of TiO2 substituting a lattice O atom and form O-Ti-C bond, which produces a hybrid 

orbital just above the valence band of TiO2 resulting in an enhanced visible light absorbance 

[37]. 

N-doped TiO2 seems to be promising dopant because of its comparable atomic size with oxygen, 

small ionization energy and high stability [38-40]. In the process of nitrogen doping, the N 

element is suggested permeating to the lattice of TiO2 substituting a lattice oxygen atom and 

form nitride (Ti-N) or oxynitride (O-Ti-N) arrangements, introducing energy states above the 

valence band of titania due to N 2p, mixing of the N 2p with O 2p states, or introducing a new 

mid-gap state created by N incorporation [38-40]. 

Electron-hole charge separation is a key factor in achieving high quantum photocatalytic 

efficiency [41]. Noble metal particles such as Ag, Au, Pd and Pt have been introduced in TiO2 

materials to increase the lifetime of e
−
/h

+
 pairs due to their plasmon resonance produced by the 

collective oscillations of surface electrons (Fig. 2.5) [42].  

 

Fig. 2.5 Surface Plasmon Resonance effect on noble metal particles/TiO2 system. 

 

Here, the metal nanoparticle acts as a mediator in storing and shuttling photo-generated electrons 

from TiO2 surface to an acceptor [43]. Decorating noble metal on TiO2 photocatalyst has some 

advantages including: 
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(1) Delay of the electron-hole pair separation due to the Schottky barrier formed at the metal-

semiconductor interface.  

The formation of the Schottky barrier at noble metal-TiO2 (semiconductor) interface is highly 

dependent on the work function of the noble metal (ϕM) and the electron affinity of the TiO2 

(XSM). Normally, the value of ϕM is larger than that of XSM, where XSM is the energy difference 

between the minimum conduction band (CB) and the vacuum (EVac) energy. Also the Fermi level 

(EF) of noble metal is typically lower than that of a semiconductor as shown in Fig. 2.6. When 

the noble metal and the semiconductor come into contact, the electrons in the semiconductor are 

transferred to the noble metal until they reach equilibrium. This results in the bending of the CB 

(i.e. Schottky barrier ϕB). More importantly, this charge redistribution leads to a built in electric 

field at the interface, which inhibits the recombination of photogenerated charges and improves 

the performance of devices for solar energy related applications [44, 45]. 

 

Fig. 2.6 Formation of the Schottky barrier between a metal and a semiconductor before contact (a) and (b) after 

contact [44]. 
 

(2) Shift of the absorption of semiconductor from UV to visible-light region of the solar 

spectrum due to the unique surface plasmon resonance absorbance feature;  

(3) Modification of the surface properties of the photocatalysts with a higher production of 

hydroxyl radicals through the reaction with hydrogen peroxide produced by oxygen 

photoreduction.  

However, some disadvantages also exist [46, 47]. For instance, high concentration decorating 

could lead to formation of metal clusters, blocking the surface of semiconductor, and 

subsequently reducing light absorption and photocatalytic efficiency. Moreover, negatively 

charged metal particles can act as recombination centers trapping holes. Therefore, the suitable 
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amount of metal is vital for noble metal/TiO2photocatalysts with enhanced photocatalytic 

efficiency. 

TiO2 composite structures can create and tune similar properties such as mid-band gap electronic 

states which can alter charge migration or can produce a red shift in the absorption spectrum. 

Further, the formation of heterojunctions between TiO2 and other materials can enhance visible 

light absorption by facilitating the charge separation of TiO2. When the TiO2-host oxide species 

is exclusively at the surface of the material, the result is the formation of composite systems. The 

TiO2-containing host phase may be present as patches of reduced dimensionality or completely 

encompassing the surface.  

These systems consist of various useful systems as for example: host oxide-TiO2, phosphate-

TiO2, and chalcogenide-TiO2 materials. Archetypical examples are the rutile-anatase (TiO2-

TiO2), TiO2-(SnO2; ZnO; ZrO2; Bi2O3; Fe2O; Fe3O4; WO3; CeO2; Cu2O), Bi2S3-, PbS-, CdS-; 

and CdSe-TiO2 materials [31]. However, the list is shortened when limited to active and 

reasonably stable systems in connection with sunlight-excitation: WO3-; Cu2O-; BiOxCly- as well 

as specific geometrical configurations of CdS-; and CdSe-TiO2 systems. Other useful candidates 

could be γ/α-Fe2O3-TiO2 and CeO2-TiO2, but these are somewhat limited since apparently there 

are only a few reports with sunlight although there are several with UV or visible light sources. 

Recently, some complex oxides such as FeTiO3 [48] NiTiO3 [49], LaVO4 [50] and Bi-based 

oxides, or oxohalides [51, 52] have been also tested in contact with TiO2. Other less explored but 

yet important systems are the polyoxometalates and heteropolyacid-TiO2,[53-55] phosphate-

TiO2 [56], multiwall carbon-nanotube-TiO2[57] or polymer-TiO2 systems [58, 59]. In these latter 

cases, the non-oxidic component but also the interface plays a capital role in the absorption of 

visible light photons. 

Rutile-anatase (TiO2-TiO2) is interesting because the ion-doping of any of these phases leads to 

visible-light active materials and it is subjected to the most intense structural research. In the 

case of the P25 system (80% anatase, 20% rutile), it is well-known that nanometric (smaller than 

20 nm) anatase patches are supported on larger rutile particles (ca. 25-30 nm). The Ti and O 

surface sites appear to complete their coordination at the interfaces, reaching, respectively, 6- 

and 3-fold coordinations characteristic of the bulk. This occurs at a narrow interface layer (less 

than 0.5 nm) with some general disorder with respect to the bulk oxides [60, 61]. In addition, 

novel punctual defects seem to appear.  

Fig. 2.7 illustrates the solubility of various elements on the TiO2 anatase. Typically it has been 

observed a tendency for the surface segregation on TiO2 for V, Ca, Sr, Ba, Mn, Zn, Sb, Fe, La 

and In and occasionally detected for Cr, Co, Ni, Mo, Zr, Sn, Ce or Nd, while other cations such 
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as Ta, Nb or W do not show any appreciable tendency to accumulate at the surface layer 

[31].This is a direct consequence of the corresponding Metal (M) solubility limit into the anatase 

structure. This is relatively low (below 5 atom % in Ti1-xMxO2±δ) for V, Fe, Mn, La and In; 

intermediate (ca. 5-12 atom %) for Mo, Cr, Co, Ni, Sn, Zr, Ce or Nd; very high (near or above 20 

atom %) for there main cations mentioned. Ca, Sr and Ba may display high solubility limit(s) but 

concomitant amorphization of the titania structure occurs above ca. 5 atom % [62]. 

 

 

 

Fig. 2.7 Periodic table highlighting doping elements with small (orange), intermediate (blue) and high (yellow) 

solubility limit at the anatase structure [31]. 

 

M cations can additionally show differences in terms of their location into the anatase lattice as 

most of the cations tend to occupy substitutional positions. Only a few such as Nd, V and Fe 

(and the noble metals) can favor partial (as they are additionally present at substitutional 

positions in most cases) occupation of interstitial positions [63-65]. There is some uncertainty 

with respect to Ce as well as Ni, Mn, Cr and/or Co on the doping level. These are typically either 

below or above 5 atom % which is attributable to the range of conditions driven by the multitude 

of experimental preparation methods. In the case of Ce, this can be related to the presence of 

additional phases such as CeTiO4 or the pyrochlore-type Ce2Ti2O4 which because they display 

limited crystallinity escape detection by conventional techniques. In addition, the presence of 

such phases would result in photoactivity and hence render the study of these Ce-Ti binary 

systems much more difficult [66, 67]. 
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2.3 Strategy to enhance the TiO2 photoefficiency: Structural modification of TiO2 

2.3.1 Reduced TiO2 

Recently, reduced TiO2 (TiO2-x) materials have received much attentions, owing to the high 

photocatalytic and photoelectro-chemical (PEC) performance [68, 69]. The material was 

reported to show unique properties such as extended absorption edge of solar light and colorful 

appearance (ranging from yellow, red, blue, grey to black [70-73] color), along with structural 

changes on the surface and/or in the bulk: generation of Ti
3+

species and oxygen vacancies, 

formation of disordered layers on the surface, improvement of Ti-H species or Ti-OH bonds, 

narrowed band gap of the catalyst and modified electron density. 

Regarding the properties of the (TiO2-x) materials some authors reported that the disorder lattice 

generates by the reduction process introduced mid-gap states inside the band gap of bare TiO2 

causing a blue shift of valence band, which was stabilized via the hydrogen incorporation by 

passivating dangling bonds [74]. The authors demonstrated that the enhanced solar light 

absorption over black TiO2 was caused by the disordered surface layers, rather than traditional 

Ti
3+

doping [75]. Interestingly, other authors reported that the hydrogenated TiO2 presented the 

generation of oxygen vacancies and hydroxyl group [76], and no shift of valence band was 

observed. That is, the hydrogen corporation results into the generation of Ti
3+

species and oxygen 

vacancies, rather than the formation of disordered layers on the surface of TiO2. The interaction 

between H atoms and oxygen vacancies was confirmed by Mo et al. via DFT (Density Function 

Theory) calculations [77]. Except oxygen vacancies, Saputera et al. and Wang et al. observed 

Ti
3+

 species in electron paramagnetic resonance (EPR) [78, 79]. Furthermore, Hu et al. 

confirmed both the presence of Ti
3+

in the bulk of TiO2 and disorders on the surface [80]. 

In general, reduced TiO2 catalysts could be considered as the removal of a neutral oxygen atom 

on the surface or/and in the bulk of TiO2, and/or the incorporation of H atoms into the TiO2 

catalysts. The generation of oxygen vacancies induced by the removal of oxygen atoms will 

cause charge imbalance, promoting the formation of neighboring Ti
3+

species. The subsequent 

introduction of Ti
3+

 will induce localized electronic states below the conduction band minimum 

(CBM) [81, 82]. The obtained localized states may act as the recombination centers of 

photogenerated electron-hole pairs and hinder the photocatalytic performance of TiO2-x samples. 

However, with continuous formation of oxygen vacancies, the localized states will enrich and 

mix with the CBM, narrowing the band gap of TiO2 [75]. Meanwhile, the up-shifting of valence 

band maximum (VBM) with a band tail was also observed in the so-called “black” TiO2 catalysts 

which were obtained by H2 thermal treatment or plasma process which provided the active H 

species [83]. DFT calculation shows that while H atoms are incorporated into TiO2 materials via 
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thermal treatment, the H atoms will occupy the location of oxygen vacancies, and attract 

electrons from the neighboring Ti and O atoms, resulting into high electron density of the H 

atoms. As a result, a shallow donor state will be introduced into TiO2. Besides, the blue-shift of 

band tail for hydrogenated P25 catalyst was confirmed by Naldoni et al. from ∼1.2 eV below the 

Fermi level to about -0.3 eV, as shown in Fig. 2.8 [73]. 

 

 

Fig. 2.8 Schematic illustration of the structure of pure P25 (a) and black hydrogenated P25 (b) samples, 

respectively. The hydrogenated P25 catalyst showed a band tail above the VBM with a shift from 1.20 eV to −0.3 eV. 

[73]. 

 

To probe the Ti
3+

 and oxygen vacancies in reduced TiO2 samples, XPS, EPR, STM, extended X-

ray absorption fine structure (EXAFS) and other characterization techniques are employed. XPS 

is a common technique to analyze the surface chemical composition and the oxidation states of 

the elements. However, XPS can only reach few layers of the surface of TiO2 samples, which 

limits the detect depth to ∼10 nm. To probe Ti
3+

in the bulk or subsurface of TiO2, XPS analysis 

combined with an argon sputtering treatment could be used to remove the top layers of TiO2 

under ultra-vacuum [84]. The locations of Ti 2p3/2 and Ti 2p1/2 usually show a blue shift because 
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of the introduction of Ti
3+

species, and oxygen vacancies can also be evidenced in the O1s XPS 

spectra. 

Based on the special physical and chemical properties of TiO2-x photocatalyst, TiO2-x presents 

superior photocatalytic and photoelectrochemical performance, including photocatalytic 

degradation of organic compounds, photocatalytic hydrogen generation from water splitting, and 

CO2 photoreduction [73]. TiO2-x was reported to show enhanced photocatalytic degradation of 

methylene blue , rhodamine B, methyl orange, 4-chlorophenol, reactive black 5 and phenol, 

because of its enhanced solar light absorption, narrowed band gap and improved separation of 

electron and hole pairs [73]. The photocatalytic H2 production performance from water splitting 

is also improved after hydrogenation of TiO2 catalyst [85, 86] and Ti
3+

doping [87, 88]. Besides, 

Fang et al. reported the CO2 photoreduction for selective CH4 evolution of TiO2-x materials 

under solar light irradiation [89]. Except for facilitating the separation of photogenerated 

electrons and holes, the oxygen vacancies enhance the trapping of CO2 molecules and promote 

the formation of CO2
-
 species through a charge-transfer process. 

2.3.2 Morphological change of TiO2 

The most used TiO2 morphology is that of nanoparticles/nanopowders with well-defined size and 

high crystallinity. It has been documented that TiO2 nanocatalyst with lower particle size and 

higher surface area was more efficient at photodegrading substrates through photogenerated 

holes (h
+
) [90]. In the case of non-adsorbed substrates, however, the most efficient TiO2 photo-

catalyst is that with large particle size, high crystallinity and high anatase phase content. 

However, the lifetime of reactive oxygen species, such as HO
•
, HOO

•
 and H2O2, is insufficient 

long, particularly under ultraviolet (UV) irradiation, leading to incomplete mineralization of 

organic pollutants [91]. In addition, due to its low affinity to organic pollutants and the low 

surface area, the adsorbed amount of organic pollutants on TiO2 surface is relatively low, 

yielding slow photocatalytic degradation rates [91]. The introduction of porosity in TiO2 has 

been proved to be a promising mean for improving the photocatalytic activity, which his 

responsible for an enhanced mass transfer due to large pores in comparison to a solid TiO2 

material [92, 93]. Whilst the enhanced surface accessibility and photocatalytic reaction centers 

within the porous materials result in a higher amount of mass transfer of adsorbed reactants [94, 

95]. Until now, the most popular method to develop porous TiO2 materials has involved the use 

of various removable or sacrificial templates, including soft templating and hard templating 

approaches. The former mainly involves the use of low molecular-weight materials, such as 
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surfactant micelles, vesicles, bi- or tri-block copolymers, ionic liquids, and biomacro-molecules 

[96, 97], as templates to prepare porous TiO2 materials. 

The use of polymer or copolymer, such as silica, colloidal crystals, and polymeric beads [98, 99] 

is a simpler and facile approach in tailoring the morphology, structure, and pore size of TiO2. 

The typical fabrication method is shown in Fig. 2.9. 

 

Fig. 2.9 Template strategy for the synthesis of hollow TiO2. 

 

Another strategy to obtain a various hierarchically hollow microspheres, including CaCO3, TiO2, 

SnO2, Al2O3 and WO3, is the chemically induced self-transformation method. The mechanism of 

chemically induced self-transformation (CIST) differs from the in situ template-free assembly, 

which refers to the spontaneous self-assembly of nanosized building blocks around the primary 

nuclei, while in CIST the hierarchical nanostructures such as hollow interiors are created via 

chemical etching of the primary particles. In general, the etching agents such as HF or OH
-
 are in 

situ produced during the synthesis process [100]. The formation mechanism of the self-templated 

hollow spheres has been proposed based on a stepwise chemically induced self-transformation 

(CIST) process, as shown in Fig. 2.10 [101]. 

 

Fig. 2.10 Schematic illustration of the fluoride-induced self-transformation synthesis of hollow TiO2 anatase 

microspheres [101]. 

 

Clearly, in the fluoride mediated self-transformation process, HF plays an important role in the 

dissolution of interior of particles and the fabrication of hollow structures. To avoid the strong 
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etching effect of HF, the well-defined anatase hollow microspheres can be fabricated in the 

presence of urea [102]. Later, it was suggested that a combined mechanism should be considered 

to better understand the complex formation process of hierarchical structures. 

Photocatalysts with hierarchical structures can be formed through the selective oxidative etching 

and chemical etching [103, 104].The surface-protected etching strategy can be further applied for 

producing hierarchical high-quality semiconductors for photocatalytic applications [105, 106]. 

Anatase TiO2 hollow spheres can be easily prepared by self-transformation of amorphous TiO2 

solid spheres in an NH4F aqueous solution at 180°C for 12 h (Fig. 2.11) [107]. 

 

Fig. 2.11 Formation mechanism of anatase TiO2 hollow spheres prepared by hydrothermal treatment of amorphous 

TiO2 solid spheres in NH4F aqueous solution. The left and right panels respectively show the TEM images and the 

corresponding XRD patterns of the intermediate products obtained at 180°C for different time periods (scale bar: 

100 nm) [107]. 

 

It was shown that F
-
 plays an important role in the formation of TiO2 hollow spheres. The F

-
 

induced hollowing of TiO2 solid spheres promoted the transformation of amorphous TiO2 phase 

to anatase nanocrystals. The formation of TiO2 hollow spheres is due to localized Ostwald 

ripening and chemically induced self-transformation. 

On the basis of the above considerations, in this thesis three different approaches are used to 

increase the activity of TiO2-based materials:  
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a) Chemical modifications; in particular the addition of CeO2 and noble metals as Au, Ag 

and Pt at the commercial TiO2 P25 was studied, investigating specifically the catalytic 

performance in the photo-oxidation of VOCs in the gas-phase, in the degradation of dyes 

in water and in the H2 production by water splitting. 

b) Structural modifications: The influence of laser irradiation on various TiO2 phases 

(anatase, rutile, P25) was examined, the changes in the chemico-physical properties were 

evaluated and correlated to the catalytic activity in the water splitting reaction. 

c) Structural and chemical modifications: The combination of structural (synthesis of 

Inverse Opal TiO2) and chemical (addition of other oxides (CeO2, CuO), BiVO4, and 

metals and non-metal (W, Hf, N) on the Inverse Opal TiO2 ) modifications was studied, 

the photocatalytic performance in the degradation of dyes in water, in the photo-oxidation 

of VOCs and in the H2 production by water splitting was examined. 
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Chapter 3: Chemical modifications of TiO2 

3.1 TiO2-CeO2 based composites 

Cerium dioxide (ceria, CeO2) has been extensively utilized in many practical applications [1] 

such as polishing materials [2], solar cells [3], ultra-violet light-blocking materials [4] and 

catalytic and photocatalytic material [5-7]. Ceria has attracted much attention due to its well-

controlled morphology, fluorite-type structure [8], remarkable redox properties and prominent 

oxygen storage [9, 10] and release capacity (OSC) via facile conversion between Ce
4+

 and Ce
3+

 

oxidation states [11, 12]. Recently, the nanocomposites of TiO2 with CeO2 have received a great 

deal of interest because of special f and d electron orbital structures, the unique UV absorbing 

ability, the high thermal stability, the high electrical conductivity and the large oxygen storage 

capacity of CeO2 which significantly improves the photocatalytic efficiency of TiO2 [13, 14]. 

The different electronic structures of Ce
3+

(4f
1
5d

0
) and Ce

4+
(4f

0
5d

0
) could result in different 

optical and catalytic properties [15, 16]. Li et al. [15] proposed that the presence of Ce
4+

on the 

surface of TiO2 promotes the production of hydroxyl radicals from dissolved oxygen increasing 

the capture efficiency of photogenerated electrons. Apart from its redox properties, Li et al. [16] 

also proposed that Ce doping would increase on the surface of TiO2 the proportion of surface 

oxygen vacancies able to capture photogenerated electrons and limiting therefore the bulk 

recombination process. Moreover, Xu et al. [17] confirmed that rare earth doping of TiO2 could 

be efficient for further extension of the light absorption of TiO2 to the visible region. Moreover, 

photocatalytic properties of cerium-doped TiO2 strongly depend on the way with this rare earth 

element is implemented onto the semiconductor.  

Different methods have indeed been applied to introduce cerium element in the structure of TiO2, 

as sol-gel, solvothermal processes or electrospinning techniques [18-20]. In all the above cases, 

cerium was found to be located at the TiO2 surface. By contrast with these previous examples, 

Gu et al. [21] synthesized Ce intercalated layered titanates through an ion-exchange process 

followed by thermal treatment. This process however leads to lattice dislocation strongly 

affecting negatively the ability for photocatalysis. Only a suitable thermal treatment at T≥ 400°C 

led to lattice re-arrangement and improved photocatalytic properties through enhanced electron-

hole separation induced by the intercalated cerium ion. Additionally, the impregnation method 

was also considered [22, 23] due to its easiness of preparation and its ability to better preserve 

the total amount of introduced dopant in the final material. Using this approach, Xue et al. [22] 

found Ce-doped TiO2 nanotubes active in the photodegradation of the glyphosate herbicide. 
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Main results revealed that crystal growth and electron-hole life time are the most important 

factors to be controlled in order to reach high photocatalytic efficiency. CeO2-TiO2 mixed oxide 

powders have been prepared with different Ce/Ti ratios, ranging from 0.1 to 0.9. An intermixed 

solid solution can form when ceria is the predominant component, while separate phases of ceria 

and titania coexist when CeOx is a minor component [24]. Barrio et al. [25] prepared CeOx-TiO2 

catalysts by wet impregnation methods with 6 and 15 wt % ceria loadings. Depending on the 

ceria loading, the interaction between the two metal oxides could lead to unusual coordination 

modes; nanoparticles with a fluorite structure were observed only at the high ceria loadings. 

Better reducibility was observed for lower ceria loading, indicating stronger interaction of the 

CeOx nanoparticles with the TiO2 support. Kundu et al. [26] investigated the electronic 

properties and structure of Pt dispersed on ceria-modified TiO2. Interestingly, Ce
3+

 was identified 

on the surface and at the CeOx-TiO2 interface drastically enhancing the formation of electron-

hole pairs under visible light irradiation. In this system, the Pt not only played the role of an 

electron-trapping center, prolonging the charge carrier lifetime, but also increased the Ce
3+

 

concentration, whereby improving performance for photocatalytic water splitting. 

3.2 Au/TiO2 catalysts 

The excellent catalytic performance of gold nanoparticles in environmental processes such as 

low temperature CO oxidation, removal of VOCs and Water Gas-Shift (WGS) reactions has 

been in the last decade largely demonstrated [27-29]. All these processes benefit from the unique 

catalytic properties of gold nanoparticles finely dispersed on metal oxides supports [27]. 

Modified Incipient Wetness Impregnation or Deposition-Precipitation are the methods more 

widely used for the preparation of these catalysts [27, 30]. Apart from the particle size, the 

morphology of gold aggregates is also considered as a key factor for this singular catalytic 

behavior [31, 32]. The effect of the support and/or the presence of different kinds of promoters 

on the catalytic performance of gold have also been investigated, and a general agreement about 

the advantages of using reducible oxides and, in particular, ceria-based mixed oxides is deduced 

from a revision of the most recent literature [27, 33]. It is thus recognized that the interaction 

between gold particles and ceria leads to highly dispersed metal systems with improved 

properties in terms of both activity and stability under reaction conditions. Changes in the 

electronic and structural properties of the gold particles as a consequence of the metal-support 

interactions have also been argued to explain the catalytic response of CeO2 and ceria based 

mixed oxides [34, 35]. 

Gold nanoparticles (NPs) were also used as an efficient doping system of TiO2 [36, 37]. Au-TiO2 

NPs showed, in fact, a strong absorption of the visible light due to the surface resonance plasmon 
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(SPR) of gold free electrons [37, 38]. Therefore, the Au-TiO2 plasmonic photocatalyst exhibited 

high efficiency in UV or visible light photo-activated reactions such as 2-propanol degradation 

chemo-selective oxidation of alcohols, CO2 reduction and water splitting for H2 and O2 

generation [39-40]. 

The enhancement of the performance under UV irradiation was ascribed to the more efficient 

interfacial charge transfer in the presence of metallic NPs whereas the emergence of high activity 

under visible irradiation was attributed to the occurrence of the SPR effect, which allows the 

absorption of visible light. To explain the above effects, two different roles of Au nanoparticles 

have been claimed in the literature: on the one hand, the photo-excited electrons of the gold 

surface plasmon can be injected into the TiO2 conduction band, thus creating separated electron-

holes and then increasing their lifetime by hindering the recombination process [41]; on the other 

hand, Au NPs can favor electron transfer from the TiO2 surface to the adsorbed molecular 

oxygen. The SPR phenomenon has been reported to be affected by the size, the shape, the 

content and the neighboring environment of gold NPs (Fig. 3.1)[37, 42,]. 

 

Fig. 3.1 Mechanism of the SPR effect on the photocatalytic activity of Au/TiO2 [42]. 

 

The above features of gold are particularly useful for photocatalytic water splitting, in fact, using 

excitation wavelengths matching the gold plasmon band, Au NPs absorb photons and inject 

electrons into the conduction band of the TiO2. This latter effect is not common for a metal, but 

the nanometer size of Au particles and the occurrence of quantum size effects could be 

responsible for this mechanism and can explain the good activity of the Au/TiO2 system for this 

reaction [39, 40]. 
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On the basis of the above considerations, this thesis work investigates the photocatalytic 

performance of Au/TiO2-CeO2 systems in both photo-oxidation
1
 (VOCs photo-oxidation (2-

propanol chosen as VOC model), and photoreduction
2
 (photocatalytic water splitting) reactions. 

3.3 Au/TiO2-CeO2 catalysts: Samples preparation and experimental setup 

Mixed TiO2 (Degussa P25)-CeO2 composites with different weight percentages of CeO2 (1, 5, 

10, 15) were prepared. Different aliquots of TiO2 were impregnated with a proper amount of 

Ce(NO3)3·6H2O solution, and the slurries were stirred for 4 h, dried at 120°C and finally calcined 

in air at 350°C for 4 h. Calcination at 350°C for 4 h was also carried out on the bare TiO2.  

CeO2 was prepared by precipitation with KOH (0.1 M) from water solution of Ce(NO3)3·6H2O, 

and subsequent filtration and calcination in air at 450°C for 4 h of the obtained solid. 

Gold (1wt%) was deposited on the bare or mixed TiO2-CeO2 oxides by deposition-precipitation. 

After the pH of the aqueous solutions of the gold precursor (HAuCl4) was adjusted to the value 

of 8 by using an aqueous solution of KOH (0.1 M), the support was added under vigorous 

stirring (500 rpm), keeping the slurry at 70°C for 3 h. The obtained slurry was kept digesting for 

24 h, filtered and washed several times (until disappearance of chlorides), dried at 110°C and 

finally ground before use. 

The samples were coded as TiCeXX% and Au/TiCeXX%, where XX indicates the wt% of CeO2. 

The photocatalytic oxidation tests were carried out by using a cylindrical continuous Pyrex 

photoreactor, operating in gas-solid regime. A porous glass septum in the inlet of the flow 

allowed to distribute homogeneously the gaseous mixture. The reactivity runs were carried out 

with 300 mg of solid powder by simply dispersing it as a thin layer inside the photoreactor (the 

fixed bed height was ca. 0.3 mm).The gas feeding the photoreactor consisted of 2-propanol 

(0.1mM) and air, the first one fed by means of a B.Braun Perfusor VI infusion pump, the second 

one by a mass gas-flow controller. The flow rate of the gaseous stream for the photo-assisted 

runs was 20 cm
3
 min

-1
. All runs were carried out at atmospheric pressure. The reactor and the 

pipes of the set-up to and from the reactor were heated by an electric resistance and K-type 

thermocouples allowed to monitor the temperature in the whole system. The reactions were 

carried out at 25°C and 50°C and the temperature inside the photoreactor was maintained 

constant by means of a refrigeration water jacket surrounding the lamp and filtering the infrared 

radiations. The set-up was illuminated from the top with a Helios-Italquartz 125 W medium 

pressure Hg lamp and the irradiance reaching the photoreactor, measured in the range 300-400 

nm with a UVX Digital radiometer, was equal to 1.5 mW cm
-2

. The runs lasted 80 minutes and 

                                                           
1
R.Fiorenza, M. Bellardita, L. Palmisano, S. Scirè, J. Mol. Catal. A: Chem. 415 (2016) 56-64. 

2
R. Fiorenza, M. Bellardita , L. D’Urso , G. Compagnini, L.Palmisano, S. Scirè, Catalysts 6 (2016) 121. 



Chapter 3: Chemical modifications of TiO2 

 

- 50 - 
 

samples of the reacting fluid were analyzed by a Shimadzu GC 2010 equipped with a 

Phenomenex Zebron Wax-Plus (30 μm  0.32 μm 0.53 μm) columnand a FID detector using 

He as carrier gas. CO2 determination was performed by a HP 6890 Series GC System equipped 

with a packed GC 60/80 Carboxen
TM

-1000 columnand a thermal conductivity detector (TCD). 

The scheme of the experimental setup used is displayed in Fig. 3.2. 

 

 

Fig. 3.2 Experimental setup used for the photo-oxidation of 2-propanol. 

 

Hydrogen generation by photocatalytic water splitting was performed in a home-made Pyrex 

jacketed reactor thermostated at 30°C. The reactor headspace was linked to an inverted buret, 

filled with water at atmospheric pressure. This allows the quantification of the evolved gas. The 

evolution of H2 was confirmed by analyzing the effluent gases with an online gas chromatograph 

(HP 6890 Series GC System, Agilent Technologies, Santa Clara, CA, US) equipped with a 

packed column (Carboxen 1000) and thermal conductivity detector. Specifically, the catalyst (50 

mg) was placed inside the photo-reactor, with 100 mL of deionized water under stirring. The 

suspension was purged with a nitrogen flow for at least 30 min before irradiation in order to 

remove dissolved air. The suspension was then irradiated for 80 minutes using a 100 W UV 

mercury lamp. 

3.3.1 Results and discussion 

Photocatalytic oxidation data of 2-propanol (time on stream: 80 min) in term of alcohol 

conversion and selectivity to acetone and CO2 under UV irradiation at 25°C are depicted in Fig. 

3.3A. As far as 2-propanol conversion is concerned, the best results were obtained by using the 
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Au/TiO2 catalyst (96%), followed by TiO2 (70%), TiCe1% (68%) and Au/TiCe10% samples 

(64%). The enhancement of photocatalytic activity of TiO2, due to the presence of gold particles, 

is attributed to the different Fermi levels of the two species resulting in an increase of the charge 

separation between the excited electron (e
-
) and hole (h

+
) [43, 44]. The high activity of Degussa 

P25 could be due to the existence of an interaction between the two phases of TiO2 (80% 

anatase, 20% rutile), that enhances the electron-hole separation and increases the total 

photoeffiency [45, 46]. 
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Fig. 3.3 Results of 2-propanol photocatalytic oxidation under UV irradiation, in terms of conversion, selectivity to 

acetone and selectivity to CO2 :(A) 25°C, (B) 50°C. 

 

The bare CeO2 showed a low activity for the conversion of 2-propanol (31%), while on the TiO2-

CeO2 system the values of alcohol conversion decreased by increasing the wt% of CeO2, being 

68% (similar to bare TiO2) for TiCe1%, 56% for TiCe5%, 45% for TiCe10% and 27% for 

TiCe15% samples.  

As regards the selectivity to acetone, the TiO2 P25 had the highest value (97%) in agreement 

with the data reported in the literature for this reaction [47-49]. Also in this case the increase of 

the amount of CeO2 had a negative effect which caused a decrease of selectivity down to 92%, 
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74%, 48% and 46% for TiCe1%, TiCe5%, TiCe10% and TiCe15% systems, respectively. The 

Au/TiO2 sample was more selective to acetone (64%) compared to the Au/TiCe10% catalyst 

(37%). 

The selectivity to CO2 had an opposite trend. The Au/TiCe10% system showed the highest 

selectivity (60%) while for the TiO2-CeO2 mixed oxides it increased with the wt% of CeO2, 

being higher for the TiCe10% and TiCe15% samples (49% and 51% respectively). By 

considering that the bare CeO2 showed a considerable value of CO2 selectivity (33%), these 

results suggest that the presence of CeO2 greater affects the total oxidation of 2-propanol to CO2 

rather than the partial oxidation to acetone. In all of the photocatalytic tests with the TiO2-based 

samples, the formation of propene was detected, with very low selectivity (1-3%). As reported in 

the literature [50, 51] the selective oxidation of 2-propanol can proceed with two reaction routes: 

the dehydration to propene and water or the oxidative dehydrogenation to acetone and water. In 

this case the formation of propene (not detected for Au/CeO2 and CeO2 catalysts) is due to the 

more acidic nature of TiO2 with respect to CeO2 [50, 51]. 

The photoactivity at 50°C is reported in Fig. 3.3B. Concerning the 2-propanol conversion, the 

increase of temperature caused a slight enhancement of alcohol conversion values. Similarly to 

the results obtained at 25°C the best activity was displayed by Au/TiO2 (98%), followed by TiO2 

(76%), TiCe1% (73%) and Au/TiCe10% (68%). The TiCe10% and TiCe15% samples, 

notwithstanding a greater enhancement of the values of 2-propanol conversion with temperature 

(10% and 20%), still remain the least active. Moreover it is possible to notice an increase of CO2 

selectivity for all of the TiO2-CeO2 samples, the Au/TiCe10% sample being also in this case the 

most selective catalyst. 

The photo-activity of all investigated catalysts in the water splitting reaction H2O → H2+ 1/2 O2, 

evaluated in terms of hydrogen evolution versus reaction time, is compared in Fig. 3.4. For all 

samples, we observed the formation of O2 in an almost stoichiometric amount (half moles than 

H2), with only a slight defect of oxygen. By taking into account that the experiments were 

carried out in pure water without sacrificial agents, this confirms the occurrence of the water 

splitting reaction. 
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Fig. 3.4 Photocatalytic H2 production at 30°C under UV irradiation over: TiO2 (), CeO2 (), TiO2-10%CeO2 

(), Au/TiO2 (), Au/CeO2 () and Au/TiO2-10%CeO2 (). 

 

For all samples it is possible to note that, after a short induction period (around 10 min), due to 

the stabilization of lamp irradiation and/or water saturation with evolved gases [52], hydrogen 

production firstly undergoes an almost linear increment for up to 40 min, followed by a moderate 

decrease of the production rate. According to the literature [53, 54] this can be the result of two 

fundamental effects:  

(1) a recombination of charge carriers, namely the photo‐generated electron‐hole pairs, as 

electrons of the conduction band can quickly recombine with holes of the valence band, thus 

releasing energy as unproductive heat or photons;  

(2) A fast backward reaction, namely the recombination of hydrogen and oxygen into water. It is 

noteworthy that repetitive photocatalytic tests, using the same sample three times in succession, 

gave the same catalytic profile, with good data reproducibility, thus ruling out that hydrogen 

might partially arise from the presence of organic residues due to the synthesis, acting as 

sacrificial agents. 

Interestingly, both bare TiO2 (black line) and CeO2 (brown line) samples showed some activity 

in the production of hydrogen which was found to increase in the presence of gold. The coupling 

of CeO2 with TiO2 positively affected the photocatalytic activity with a further increase obtained 

by the deposition of gold particles in the binary system of TiO2‐CeO2. In fact, both 

TiO2‐10%CeO2 (green line) and Au/TiO2‐10%CeO2 (blue line) catalysts showed better 

performance than bare TiO2 (H2 evolution around two times higher) and Au/TiO2 (H2 evolution 

around 25% higher). As reported in the literature, despite the bulk ceria and titania not having a 

similar crystal structure, cerium ions (Ce
3+

 and Ce
4+)

 can replace the Ti
4+

 ions, modifying the 

physicochemical properties of TiO2. Such an interaction between the CeO2 and TiO2 frameworks 

could be the key factor explaining the enhancement of the photocatalytic activity of this mixed 
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oxide system towards water splitting [55,56].The metal atoms, instead, pile up the electrons from 

the TiO2 conduction band and transfer them to hydrogen protons, acting as H2 evolution centers. 

The catalytic activity data reported, clearly pointed out that gold and/or CeO2 affected in a 

different way the photocatalytic performance of TiO2, depending on the reaction taken into 

consideration. In particular in the photocatalytic water splitting the presence of gold produced an 

increase of the hydrogen production both on TiO2 and on CeO2. The rate of H2 production was 

further enhanced by using ternary Au/TiO2-CeO2 systems, the co-presence of gold and ceria 

leading to the highest hydrogen evolution.  

Also in the photocatalytic oxidation of 2-propanol the presence of gold was necessary to have 

good performance, being Au/TiO2 the most active sample for the alcohol conversion and 

Au/TiO2-10%CeO2 the catalyst showing the best mineralization yield. The effect of CeO2 

addition to TiO2 was instead negative in terms of 2-propanol conversion, resulting however in a 

sensible increase in the CO2 yield (Fig. 3.5). 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5 Dependence of selectivity to acetone (A) and to CO2 (B) on 2-propanol photocatalytic conversion at 25°C 

(red triangle) and at 50°C (blue triangle) for the TiO2-CeO2 based catalysts. 

 

Interestingly in this case a direct correlation between catalysts performance and percentage of 

CeO2 was found. It must be underlined that in the photocatalytic oxidation Au acts essentially 

favouring the total oxidation of the alcohol, increasing the selectivity towards CO2. 

The chemico-physical characterization of the investigated Au/TiO2-CeO2 catalysts helped to 

rationalize the above results. The main properties of the catalysts are displayed in Table 3.1. As 

revealed by XRD measurements (Fig. 3.6), TiO2 anatase was the main crystal phase for all 

samples, and the presence of CeO2 and/or Au induced a slight decrease in the crystallites size.  
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Table 3.1.Chemico-physical properties of Au/TiO2-CeO2 catalysts 

 

 

 

 

 

 

 

* estimated by XRD measurements. 

 

 

 

Fig. 3.6 XRD patterns of investigated catalysts. 

 

The Raman spectra (Fig. 3.7A), exhibiting bands at around 150 cm
-1

, 403 cm
-1

, 524 cm
-1

 and 647 

cm
-1

, confirmed that anatase was the main TiO2 polymorphic phase in these samples [57, 58]. 

The Au/TiO2 sample (red line) showed the same bands of bare TiO2 (black line). In the TiO2-

10%CeO2 sample (green line) the signal at 466 cm
-1

 was associated to the cubic phase of the 

CeO2 fluorite [59] and the small component at 600 cm
-1

 assignable to intrinsic O vacancies in 

ceria due to its non-stoichiometric composition (presence of Ce
3+

 in the lattice) [59, 60]. 

Interestingly over the Au/TiO2-10%CeO2 sample the peak associated to cubic CeO2 was less 

intense, broader and shifted to lower frequencies compared to TiO2-10%CeO2 (Fig.3.7B, orange 

and green line respectively).  

Catalysts SBET (m
2
 g

-1
) Eg(eV) Crystallite size  

(nm)
*
 

Crystal phase 

CeO2 111.2 2.90 10 CeO2 fluorite 

Au/CeO2 113.8 2.95 11 CeO2 fluorite 

TiO2 44.7 2.98 24 TiO2 Anatase-Rutile 

Au/TiO2 46.3 2.97 21 TiO2 Anatase-Rutile 

TiCe10% 47.2 2.93 22 TiO2 Anatase-Rutile 

Au/TiCe10% 50.4 2.96 19 TiO2 Anatase-Rutile 

CeO2 fluorite 
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Fig. 3.7 (A) Vibrational modes of Raman spectra of TiO2 (─), Au/TiO2 (─), TiO2-10%CeO2 (─), and Au/TiO2-

10%CeO2 (─) samples; (B) Raman shift of the signal of cubic CeO2 on TiO2-10%CeO2 (─), and Au/TiO2-10%CeO2 

(─) samples; (C) Raman shift of the main Eg vibrational mode of TiO2 anatase. 

 

This could be due to a less crystalline and more defective structure of ceria in the presence of 

gold. In fact, Raman has been reported to be sensitive to the degree of crystallinity of samples, 

with broader less intense Raman peaks in the case of less crystalline materials [61]. 

To analyze the distribution of cerium oxide on TiO2 a Raman mapping analysis was performed. 

This technique allows non-destructive and non-invasive analysis of features such as separation of 

chemical species in multicomponent samples. Chemical maps of TiO2 and CeO2 nanostructures 

performed on the TiO2-10%CeO2 sample, based on the detailed Raman image (over a 15 µm x 

15 µm image scan, with 150 points per line and 150 lines per image) are presented in Fig. 3.8 

Representative spectra of two different regions are reported in red and violet color scale. The 

spectra show almost identical features but with very different intensities. CeO2 characteristic 

band (466 cm
-1

) of higher intensity was recorded in the red region while in the violet one TiO2 

peaks (150 cm
-1

, 403 cm
-1

, 524 cm
-1

 and 647 cm
-1

) are well visible with ceria band of decreased 

intensity (according to the 10%), pointing out as ceria was not homogenously dispersed on TiO2 

bulk. 

 

A B C 
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Fig. 3.8 Confocal Raman mapping image of TiO2-10%CeO2 sample. 

 

The band-gap energy values (Table 3.1) estimated by plotting the modified Kubelka-Munk 

function, [F(R∞
′
)hν]

1/2
, versus the energy of the exciting light [62] showed that the TiO2-

10%CeO2 sample has a lower Eg (2.93 eV) compared to the bare TiO2 (2.98 eV). This can be 

related to the substitution of Ti
4+

 cations by Ce
4+

 or Ce
3+

 cations in the TiO2 network [63, 64]. It 

must be underlined that no significant variation in the BET surface area of investigated samples 

was observed by the presence of gold and/or CeO2. It must be also noted that the bare TiO2 

showed a surface area of 44.8 m
2
g

-1
, lower than the values reported in the literature for the 

Degussa P25 (50-54 m
2
g

-1
), reasonably due to pre-treatment conditions of TiO2 (calcination at 

350°C) [65]. 

EDX analysis of TiCe10% and Au/TiCe10% samples was carried out in order to highlight 

differences in the surface composition of these mixed oxides. The elemental composition of 

these catalysts is reported in Table 3.2. For the Au/TiCe10% sample the atomic surface 

percentage of Ce is about 4 times higher than that of TiCe10% (5.07 and 1.21 respectively), 

pointing out that the presence of gold on mixed oxides leads to a considerable cerium surface 

enrichment. 

 

Table 3.2 EDX elemental composition of investigated catalysts. 

 

 

 

 

 

TiCe10%  Au/TiCe10% 

Element Weight (%) Atomic (%) Weight (%) Atomic (%) 
C 3.58 7.37 4.19 11.40 

O 43.93 67.87 26.65 54.49 

K - - 0.64 0.54 

Ti 45.61 23.54 40.10 27.39 

Ce 6.88 1.21 21.70 5.07 

Au - - 6.72 1.12 
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The different role of gold and CeO2 in affecting the properties and the catalytic behaviour of 

TiO2 in the photo-oxidation and the photoreduction reactions here investigated could be 

rationalized by considering the surface active species involved in these reactions. As for the 

photocatalytic water/air oxidative purification, the photocatalytic hydrogen production requires 

essentially photogeneration of hole/electron pairs. However, the role of holes/electrons as well as 

the surface reactions involved is different. In the photocatalytic oxidations, valence band (VB) 

holes are the key elements that induce decomposition of contaminants. On the other hand, when 

photocatalysis is applied to perform water splitting the reducing CB electrons become important 

as their role is essentially that of reducing protons to hydrogen molecules. The addition of gold 

to TiO2 causes an enhancement in the photocatalytic oxidation activity of 2-propanol, due to an 

increase of the charge separation between the excited electron and the hole of TiO2 [43, 66].  

The proposed scheme of the electron transfer phenomena taking place in the Au/TiO2-CeO2 

system is illustrated in Fig. 3.9. We must underline that under the irradiation conditions used in 

this work (medium pressure Hg lamp, providing UV and to a less extent visible photons) the 

SPR effect of Au nanoparticles, before discussed and involving an inverse transfer of electron 

from Au to CB of TiO2, should play a minor role, becoming important only when visible light is 

used as the irradiation source.  

 

Fig. 3.9 Scheme of the electron transfer phenomena taking place in the Au/TiO2-CeO2 system by irradiation with UV 

light. 

 

Interestingly when also the cerium oxide was present, photo-generated active species 

(superoxide oxygen and hydroxyl radicals) could allow an easier re-oxidation of ceria thus 

speeding up its redox process [14]. These processes were beneficial for the complete oxidation to 

CO2. Furthermore the basic and redox character of CeO2 sites with respect to the more acid TiO2 
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ones could facilitate the direct combustion of 2-propanol to CO2 [67, 68], resulting in the highest 

CO2 yield over the Au/TiO2-10%CeO2 system. 

The surface mechanisms induced by gold were less efficient for the photocatalytic water 

splitting. In fact, even if the photogenerated electrons and holes possess thermodynamically 

adequate potentials for water splitting, they tend to recombine with each other if the number of 

active sites for the redox reaction is not sufficient. In this case the substitution of cerium ions 

(Ce
3+

 and Ce
4+

) in the TiO2 framework, as suggested by DRS measurements, was the key factor 

to have good performance. The cerium defects act, in fact, as holes traps [55, 56, 69], avoiding 

the recombination of active electrons and holes thus favouring the reduction of water. In this 

case gold positively affects the photocatalytic performance both increasing the defective 

structure of ceria, as shown by Raman, and favouring the enrichment of ceria on the surface of 

TiO2, as shown by EDX, thus explaining the highest H2 production rate of the Au/TiO2-

10%CeO2 system.  

 

3.3.2 Conclusions and future perspectives 

The photocatalytic performance of the Au/TiO2-CeO2 system was studied both in the oxidation 

of 2-propanol and in the water splitting reaction. Characterization experiments (XRD, EDX, 

Surface area measurements, DRS and Raman spectroscopy) allowed to suggest that the 

interaction of gold with TiO2 causes an increase in the photocatalytic oxidation activity, due to a 

charge separation enhancement between the excited electron and the hole of TiO2. The co-

existence of Au and both TiO2 and CeO2 oxides favours the mineralization of the alcohol. In the 

water splitting reaction, the presence of ceria, acting as a hole trap, is essential to have a high 

hydrogen production rate, while Au conveys the electron transfer from TiO2 to the H
+
 ions. 

 For the same reactions, the presence of silver added to TiO2 with the same experimental 

procedures (deposition-precipitation using AgNO3 as salt precursor) affected in minor extent the 

photocatalytic performance of TiO2 P25 (Fig. 3.10). In particular in the photo-oxidation of 2-

propanol (Fig. 3.10A), the Ag/TiO2 exhibited similar activity of bare TiO2, whereas the Ag/TiO2-

10% CeO2 sample showed a higher selectivity to acetone compared to the Au/TiO2-10% CeO2. 
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Fig. 3.10 (A )Results of 2-propanol photocatalytic oxidation at 25°C, in terms of conversion, selectivity to acetone 

and selectivity to CO2; (B)Photocatalytic H2 production at 30°C under UV irradiation over: TiO2 (), CeO2 (), 

TiO2-10%CeO2(), Au/TiO2 (), Au/CeO2 (), Au/TiO2-10%CeO2 (), Ag/CeO2 (), Ag/TiO2 () and Ag/TiO2-

10%CeO2 (). 

 

In the photocatalytic water splitting reaction the silver-based catalysts (Fig. 3.10B) showed a 

similar activity to gold-based catalyst. 

To investigate the photoactivity of these samples under solar irradiation, the degradation of a dye 

(solution of Methylene Blue (MB) in water, 10
-5

 M) under simulated solar light irradiation was 

evaluated (Fig. 3.11). 

The Au/TiO2-10%CeO2 catalyst confirmed the good photoactivity also under solar irradiation, 

whereas the addition of platinum (wetness impregnation, H2PtCl6 used as salt precursor) and 

silver had a less positive effect.  

These results suggest that the strong interaction between gold and titania boosted by the presence 

of cerium oxide lead to have good results both for photocatalytic oxidation and photocatalytic 

reduction reactions under UV and solar light irradiation. The Surface Plasmon Resonance effect 

and the charge separations are more efficient when gold was added to TiO2 respect to silver or 
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platinum. Due to the promising photocatalityc performance of the Au/TiO2-CeO2 system this 

catalyst could be tested for other important reactions as the photoreduction of CO2. 

 

 

Fig. 3.11 The variation of MB concentrations (C/C0) with irradiation time over TiO2-CeO2 samples. 

 

 

. 
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Chapter 4: Structural modifications of TiO2: Reduced TiO2 

4.1 Laser irradiated TiO2 

Recent investigations have demonstrated that the reduced TiO2, i.e. presence of a high defective 

TiO2 structure, significantly improves the photocatalytic activity in the overall solar spectrum, 

including visible and UV [1, 2]. In this sample surface defect states are composed by under-

coordinated Ti
4+

 sites and oxygen vacancies which act [3] as anchoring and charge 

injection/recombination sites, playing a crucial role in the electron injection and recombination 

dynamics [4]. 

Literature presents several methods to reduce TiO2. Among them treatment under vacuum [5] or 

under reducing conditions [6] and treatments by using hydrogen plasmas [7, 8]. These methods 

inevitably involve high processing temperatures (400-700°C), vacuum systems, long processing 

times and multistep operations. For these reasons it is exceptionally desirable to explore simple 

and economic strategies to synthesize stable active Ti
3+

 doped TiO2-x photocatalysts.Very 

recently the ‘in liquid’ laser irradiation technique has been demonstrated to be an interesting 

method to easily increase the photocatalytic activity of TiO2 [9] and other nanomaterials[10, 11] 

towards the degradation of organic pollutants. In particular Chen et al. [9], reporting the activity 

of laser treated TiO2for the enhanced degradation of rhodamine B. 

In the present work, a series of photocatalytic water splitting experiments on several laser 

modified TiO2 colloids were performed. A consistent increase of the H2 production, related to a 

deep structural modification was verified. In the case of water splitting, this method can be ‘built 

in’, since laser irradiation and hydrogen production can be performed in the same system at the 

same site. Indeed in our measurements, laser irradiation is performed on aqueous titania 

dispersions which can be directly used for the subsequent water splitting process. 

 

4.2 Samples preparation and experimental setup 

TiO2 Anatase, Rutile and P25 nanopowders were modified by laser irradiation. Anatase and 

Rutile nanoparticles have been purchased by Sigma Aldrich, while P25 Areoxide by Acros. All 

products have nominal particle size well below 100 nm. In a typical experiment
1
 25 mg of titania 

were added to 40 mL of distilled water and sonicated. The obtained titania dispersion was 

                                                           
1
S. Filice, G. Compagnini, R. Fiorenza, S. Scirè, L. D’Urso, M. E. Fragalà, P. Russo, E. Fazio, S. Scalese. J. Colloid 

Interf. Sci. 489 (2017) 131-137. 
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irradiated under continuous stirring. For such a process, we used the second harmonic (532 nm) 

radiation of a Nd:YAG pulsed laser system (Continuum, Surelite II model) operating with a 

pulse duration of 5 ns and a repetition rate of 10 Hz. The laser beam size was around 28 mm
2
, 

and it was directed toward the titania solution without any focusing lens. The titania suspension 

was irradiated homogeneously at a constant laser power up to 1.45W (0.5 J/cm
2
) for 30 min. The 

highest considered fluences are far below the ablation threshold (around 0.8 J/cm
2
). No plasma 

emission has-been detected during the irradiation. Immediately after the irradiation, the initially 

white suspension turns towards deep blue. 

For a complete characterization of as received and irradiated samples, a drop of titania water 

suspension was placed into copper grids, on glass and silicon slides. Each deposit was placed in 

a drier overnight. 

Photocatalytic water splitting experiments were performed in a Pyrex jacketed reactor at 30°C 

(thermostated) under the irradiation of a 100 W mercury lamp (Black-Ray B-100A, 365 nm) or 

under the irradiation of a Osram Ultra Vitalux 300W E27 lamp, specially designed for sunlight 

simulation. The headspace of the reactor was connected to an inverted buret, filled with water at 

atmospheric pressure. This allows the measurement of the evolved gases. The evolution of H2 

was also confirmed by analyzing the effluent gases with an online gas chromatograph equipped 

with a packed column (Carboxen 1000) and thermal conductivity detector. Generally 25 mg of 

catalyst were suspended in deionized water under stirring. The suspension was then purged with 

a nitrogen flow for at least 30 min in order to remove dissolved air and then irradiated. 

 

4.3 Results and discussion 

The effect of laser irradiation on the three investigated powders has some similarities as well as 

some differences. Initially, anatase, rutile and P25 exhibit sizes below 50 nm and a random 

polyhedral shape, as shown in Fig. 4.1A. After the irradiation all the investigated samples show 

the formation of submicrometric, perfectly spherical particles whose concentration increases by 

increasing the irradiation fluence or the irradiation time, basically in agreement with the works 

by the Koshizaki group [12]. These authors have reported that such a phenomenon is governed 

by melting. This initially generates the particle’s fusion and it is followed by a rapid cooling 

step, responsible for the growth of the spheres (Fig. 4.1B). Negligible differences have been 

observed for the three investigated samples that exhibited a typical sphere size distribution (Fig. 

4.1C). The remaining nanoparticles have been found in a mixed rutile/anatase phase, depending 

on the initial composition.  
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Fig. 4.1 Typical SEM images for some titania nanoparticles before (A) and after (B) the irradiation (here at 0.4 

J/cm
2
) showing the changes in size and shape. The variation is similar independently from the initial unirradiated 

phase; (C) the typical sphere size distribution (as example of the P25 sample) after the irradiation process. 

 

Indeed in Fig. 4.2a a set of well-defined diffraction rings are observed as electron diffraction 

pattern of the P25 nanomaterial. Characteristic TiO2 nanocrystal lattice spacing of 0.351 nm, 

0.233 nm and 0.189 nm can be assigned to the inter-planar distances of anatase (1 0 1), (1 0 3) 

and (2 0 0), respectively [13], while the lattice spacing of 0.218 nm corresponds to the 

interplanar distances of rutile (1 1 1) [14]. After the laser process the nanocrystals are 

morphologically less regular with respect to the initial well-defined shape, as evidenced by the 

high resolution image shown in Fig. 4.2b. The morphological change suggests a moderate 

increase of porosity which can be ascribed to the high pressure conditions during laser irradiation 

[15, 16] and confirmed by the increase of BET surface area analysis (Fig. 4.3). 
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Fig. 4.2 Detailed TEM images and selected area diffraction analysis of the irradiated samples (a), showing bigger 

spherical particles within well-defined crystalline materials. Similar analysis has been reported with high resolution 

images (b). 

 

 

Fig. 4.3 BET surface area and pore size distribution of P25 sample before (a) and after (b) the irradiation process. 
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Changes in the crystalline structure and composition have been observed performing Raman 

analysis. Despite the similarities observed in the morphology between the three sets of samples, 

laser irradiation partially converts the anatase phase, leaving the rutile and P25 crystalline 

structure essentially unaltered. Fig. 4.4 reports Raman spectra for rutile, anatase and P25, before 

and after irradiation at the maximum fluence (0.5 J/cm
2
). 

 

Fig. 4.4 Typical Raman spectra of as received and irradiated TiO2 nanoparticles showing a definite change of the 

crystalline phase for the anatase particles. The inset shows a detailed Raman feature for P25. 

 

The anatase structure is characterized by the tetragonal space group of I4(1)/amd and six Raman 

transitions (1A1g, 2B1g and 3Eg) are allowed according to the factor group analysis. The rutile 

structure is characterized by the tetragonal space group of P4(2)/mnm and five Raman transitions 

(B1g, multi-proton process, Eg, A1g and B2g) are allowed [17]. In the present study, four Raman 

active modes of Eg (140 cm
-1

), B1g (395 cm
-1

), A1g (515 cm
-1

) and Eg (635 cm
-1

) are observed for 

anatase TiO2. Rutile also gives three signals: multi-photon (230 cm
-1

), Eg (445 cm
-1

) and A1g(610 

cm
-1

). Eg, B1g and A1g are caused by symmetric stretching, bending and antisymmetric O-Ti-O 

motion respectively [17]. Since the signal at 140 cm
-1

 dominates the anatase Raman pattern and 

the band at 445 cm
-1

 is characteristic for rutile, in the case of a two phase mixture it is thus 

possible to measure the relative intensity of the lines and estimate the rutile/anatase relative 

content, once the relative cross section has been calibrated with a mixture with a known 

composition. In this respect the spectral changes observed after the laser irradiation reveal that a 

partial phase transformation of anatase into rutile has occurred up to 73%. In Fig. 4.5 is reported 
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a Raman a map of anatase after irradiation. The map has been obtained by using the peaks at 140 

cm
-1

 and at 445 cm
-1

 corresponding respectively to anatase (blue) and rutile (red) phases. 

 

 

Fig. 4.5 Raman map of the anatase sample after the irradiation process reporting the signal at 140 cm
-1

 for anatase 

phase (blue) and the signal at 445 cm
-1

 for rutile phase (red). The Raman spectra are acquired in correspondence of 

the maximum signal for both the phase. 

 

Besides, no phase change has been obtained irradiating rutile suspensions, consistently with the 

fact that rutile is the most thermodynamically stable phase. Raman analysis also reveals that P25 

is not modified after irradiation (even at the highest fluence), although it has 80% anatase initial 

composition. We believe that this observation is consistent with previous studies [18]. In this 

case, it has been observed that the transformation of P25 into pure rutile under thermal 

treatments occurs at higher temperatures with respect to anatase. The authors have motivated this 

anomaly by observing that the phase transformation of titania starts from the interface among the 

agglomerated anatase particles. If the direct contact between anatase particles is avoided, the 

phase transformation could be retarded or prohibited. In P25 the presence of rutile zones 

interacting with the anatase surface could be the reason of a delayed phase transformation [19, 

20]. 

Irradiation also broadens the Raman features and shifts the signals (Table 4.1 and inset in Fig. 

4.5). This is generally considered a fingerprint of lattice distortions. According to Ref. [21], there 

is a correlation between the Raman frequency (ν) and the bond length(r) in such a way that: 

ν = 722 e
-1.55( r – 1.81)

 

The reported bond lengths for the initial samples are consistent with the known values for 

anatase and rutile phases [22, 23]. Shifts of the Raman peaks could also be correlated to a 

nanoparticle size change. In particular, the anatase peak at 140 cm
-1

 shows a strong dependence 

on the sample nanostructure and this has been attributed to quantum confinement effects [24].  
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Tab. 4.1 Raman shift, FWHM (Full Width at Half Maximum) values of the characteristic peaks and calculated bond 

length for the titanium samples after and before the irradiation process. 

 

  COMMERCIAL SAMPLE LASER IRRADIATED SAMPLES 

  Raman Shift 

(cm
-1

) 

FWHM 

(cm
-1

) 

Bond length 

(Ǻ) 

Raman Shift  

(cm
-1

) 

FWHM  

(cm
-1

) 

Bond length  

(Ǻ) 

RUTILE 435 

603 

56 

37.4 

2.136 

1.925 

423 

611 

60 

71 

2.154 

1.917 

ANATASE 136.35 

390 

510.55 

634 

24.2 2.885 

2.206 

2.033 

1.893 

142 

422 

624 

24.6 2.858 

2.162 

1.903 

P25 139.5 

391.7 

511 

633 

25 

30 

30 

38 

2.870 

2.204 

3.460 

1.899 

142 

391.7 

511 

633 

28 

39 

33 

42 

2.859 

2.204 

3.460 

1.899 

 

All these results are in agreement with the morphological characterization and reinforce a view 

in which the formation of highly defective surface states is induced by laser irradiation, with 

significant changes in the electronic structure of the irradiated materials. As it has been 

previously mentioned, a first qualitative evidence of the changes induced by laser irradiation is 

the coloration of the processed nano-powder, consistent with the formation of Ti
3+

vacancies. 

Quantitatively, an UV-vis reflectance analysis and the calculation of the Tauc plot confirm this 

hypothesis: the calculated band gap decreases of about 0.2 eV after irradiation (Fig. 4.6). 

 

Fig. 4.6 Tauc plot for commercial and laser irradiated P25 samples. 

 

The surface and sub-surface states (at a depth up to few nm) of titania was investigated by means 

of XPS. The results are shown in Fig. 4.7. In the Ti 2p region binding energy values at 458.4 and 

464.1 eV are assignable to 2p3/2 and 2p1/2 of Ti
4+

 in TiO2 samples [9]. After irradiation, a broader 
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intensity profile was observed for the blue titania samples. These variations suggest the partial 

reduction of TiO2 with the formation of Ti
3+

 on the surface of the as-prepared samples.  

 

Fig. 4.7 Typical XPS signals for as received and irradiated samples, showing a moderate variation of the Ti2p 

signal (a) with the formation of  Ti
3+

 defects and a consistent increase of the O1s signal (b) at 532 eV, evidencing 

the formation of strongly bonded hydroxyl groups. 

 

In Table 4.2 the different oxidation states of Ti obtained after the deconvolution of the Ti 2p3/2 

are reported for all the samples before and after the irradiation process. The ratio of Ti
3+

/Ti
4+

 is 

the same for the commercial products and it slightly increases after the irradiation process. In 

general, the existence of Ti
3+

 in TiO2 indicates that the oxygen vacancies will be generated to 

maintain electrostatic balance. Fig.4.7b exhibits the O1s photoelectron signals. O1s electrons, 

coming from the Ti-O bond, are generally located at 529.5 eV present a more or less pronounced 

tail at higher binding energies for the nanophase, since surface hydroxyl group are created. 

Definitely, the irradiation increases the high binding energy tail, leading to the formation of a 

prominent structure centered at 531.9 eV. Then, while binding energies around 529.6 eV are 

attributed to crystal lattice oxygen in O-Ti
4+

, the signal at 531.9 eV is consistent with the 

formation of Ti-OH bonds [9]. It is important to highlight that, since physically absorbed 

hydroxyl groups on TiO2 can be easily removed under the ultrahigh vacuum condition of the 

XPS system, Ti-OH are strongly bound to surface and are characteristically produced by the 

laser irradiation process. 
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Tab. 4.2 The percentages and binding energy of different oxidation states of titanium. 

  RUTILE IRRADIATED 

RUTILE 

ANATASE IRRADIATED 

ANATASE 

P25 IRRADIATED 

P25 

  

% Ti 

 

Peak BE 

(eV) 

 

% Ti 

 

Peak BE 

(eV) 

 

% Ti 

 

Peak BE 

(eV) 

 

% Ti 

 

Peak BE 

(eV) 

 

% Ti 

 

Peak BE 

(eV) 

 

% Ti 

 

Peak BE 

(eV) 

Ti 2+ 0,88 455,7 0,9 455,7 0,85 455,7 0,54 455,7 0,99 455,7 1,3 455,7 

Ti 3+ 6,5 457,19 8,78 457,3 6,32 457,3 6,38 457,16 6,34 457,2 8,62 457,08 

Ti 4+ 92,61 458,37 90,32 458,44 92,83 458,55 93,08 458,6 92,66 458,47 90,08 458,28 

 

The most impressive results obtained after laser irradiation is the increased photocatalytic 

efficiency during water splitting experiments using UV light at 365 nm. Fig. 4.8 shows the 

hydrogen evolution as a function of time, comparing as received and irradiated samples. All the 

curves are composed by: 

(1) An initial induction period lasting less than 10 min. 

(2) A linear increment in which there is a maximum in the hydrogen production rate. 

(3) A moderate decrease of the production rate after about one hour irradiation. 

The induction is certainly due to the stabilization of lamp radiation and the saturation of water 

with evolved gases [25], while the decrease of the production rate after one hour is consistent 

with two fundamental effects [26]. The first is related to a recombination of photo-generated 

electron/hole pairs: conduction band electrons can recombine with valence band holes very 

quickly and release energy in the form of unproductive heat or photons. The second can be 

ascribed to a fast backward reaction: decomposition of water into hydrogen and oxygen is an 

energy increasing process, thus backward reaction (recombination of hydrogen and oxygen into 

water) easily proceeds. 
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Fig. 4.8 Evolution of hydrogen measured as a function of time in a photocatalytic water splitting experiment for 

irradiated and as received samples. 
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The laser irradiation strongly enhances the production rate of hydrogen. It is possible to exclude 

a correlation between the increased activity and the phase change of titania from anatase to 

rutile. Indeed P25, which is the sample with the largest difference in the activity, does not exhibit 

any relevant change in the crystalline phase due to irradiation. In agreement with the theoretical 

studies reported by Zhao and Liu [27] data reported in Fig. 4.8 evidences also a higher rutile 

activity with respect to anatase. 

The increase of fluence has a positive effect on the photocatalytic performance of titania (Fig. 

4.9A) which can be correlated to higher concentration of defects (as confirmed by Raman data). 

The Fig. 4.9B displayed the hydrogen production yield for irradiated nanoparticles and that 

obtained after a standard reduction procedure at 500 °C for 1 h in hydrogen atmosphere. It can be 

seen that the photocatalytic performances in the H2 reduced sample is lower compared to laser 

irradiation. This is quite interesting considering that, very recently, hydrogenated blue titania has 

been found to greatly enhance both solar absorption and photocatalytic methyl orange 

decomposition compared to the pristine TiO2 [28]. These results pointed to the higher efficiency 

of the laser irradiation process compared to the classical method to reduce TiO2. 
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Fig. 4.9 Overall hydrogen production rate for TiO2 P25 catalyst tested before and after laser irradiation (A) Rate as 

a function of the irradiation fluence; (B) A comparison for the P25 sample modified by the laser and by heating 

treatment in hydrogen atmosphere at 500°C. 

 

The result of consecutive repeated runs are reported in Fig. 4.10. There is a moderate decrease of 

the maximum rate efficiency and a good data reproducibility which implies negligible 

deactivation or poisoning of the catalyst. The maximum rate has been always found after 20 min 

of irradiation. An enhancement of the hydrogen production is also obtained by irradiating the 

sample using a solar lamp, as shown in Fig. 4.11 for P25. 

In this case however it is possible to note that the total amount of hydrogen production with 

visible light is considerably lower than that found with UV irradiation. This behavior is 

reasonable, considering the energy band-gap measurements. 

 

 



Chapter 4: Structural modifications of TiO2: Reduced TiO2 

 

- 75 - 
 

 

Fig. 4.10 Hydrogen production rate obtained by using the same irradiated sample three times in succession. The 

maximum rate is indicated at 20 min under UV irradiation. 

 

 

 

Fig. 4.11 Comparison of  hydrogen evolution measured as function of time for irradiated and as received samples in 

photocatalytic water splitting experiment under UV or solar light irradiation respectively. 

 

Considering the comparison between the H2 production rates using UV and solar radiations, it is 

possible to note that the former has a decrease of the yield more pronounced as time goes by. 

This effect can be due to a quicker recombination of photo-generated electron/hole pairs. 
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4.4 Conclusions and future perspectives 

The pulsed laser irradiation of several TiO2 colloidal nanoparticles increases the photocatalytic 

water splitting performances of the materials under UV and solar actions. The induced 

magnification is long living and provides a simple and environmental friendly methodology. A 

detailed structural analysis of the colloids has evidenced that upon irradiation the nanoparticles 

undergo to a series of modifications, some of which have been demonstrated to be crucial for the 

enhanced catalytic performances. Among the most significant modifications there are the 

formation of under-coordinated Ti ions and the induced lattice distortion, which have 

consequences in the modification of the electronic structure, and a moderate increase of the 

effective porosity. Laser radiation induced other interesting effects such as the formation of 

submicrometric spherical particles and a phase change from anatase towards rutile which, 

however, is inhibited for P25. 

In order to further increase the photoactivity also under visible or solar light irradiation and 

considering that the modifications responsible of increased photocatalytic activity depend on the 

laser process parameters, preliminary tests changing the laser wavelength and the dispersing 

solvent of titania colloids were performed. In particular, the third harmonic of Nd:YAG laser 

(355 nm) instead of the second harmonic (532 nm) was used for the modification of anatase and 

to investigate the effect of solvent it was dispersed both in water than in ethanol. 

Fig. 4.12 shows the samples after the laser process evidencing the change of the colour of titania 

colloids to blue, that results more intense in the case of the ethanol sample. The most 

homogeneous samples were obtained by laser irradiation of titania colloids (3 mg of titania 

nanoparticles into 10 mL of solvent) for 15 minutes at a constant fluence of 140 mJ/cm
2
. 

The changes in the morphology of titania samples by laser irradiation are reported in Fig. 4.13 

showing the SEM images of laser irradiated titania nanoparticles dispersed in bi-distilled water 

(A) or (B) ethanol. After the irradiation process, both the sample prepared in water and the one 

prepared in ethanol show the formation of sub-micrometric, perfectly spherical particles with 

dimension below 200 nm. The conversion of bare (untreated) anatase sample into sub-

micrometer spherical particles is not complete in water, as evidenced in Fig.4.13A by the 

presence of brighter particles, having sizes below 25 nm and a random polyhedral shape, due to 

the bare anatase. The sample prepared in ethanol (Fig. 4.13B) shows a quasi totally conversion 

of initial nanoparticles into sub-micrometer spherical particles of homogeneous size distribution.  
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Fig. 4.12 Laser irradiated titania (Anatase) nanoparticles dispersed in bi-distilled water and ethanol. 

 

 

 

 

 

 

 

 

Fig. 4.13 SEM images of laser irradiated titania nanoparticles dispersed in bi-distilled water (A) and (B) ethanol. 

 

The morphological change suggests a moderate increase of porosity which can be ascribed to the 

high pressure conditions during laser irradiation. This is confirmed by BET Surface area 

measurements, on the commercial anatase a surface area value of 55 m
2
/g was measured and this 

value is increased up to 61 m
2
/g and 76 m

2
/g, respectively for laser modified sample in water and 

ethanol.  

Fig. 4.14 shows the hydrogen evolution versus time under UV and Solar light irradiation for the 

investigated TiO2 samples. It is interesting to note that the laser modified samples showed a 

higher activity compared to commercial TiO2 anatase, the photocatalyst irradiated in ethanol 

providing the best performance. Under UV irradiation (Fig. 4.14A) the sample irradiated in 

ethanol exhibits an increased hydrogen production, two times higher compared to commercial 

TiO2 anatase. A further increase of hydrogen production was verified using ethanol together with 

water in the photoreaction mixture (Fig. 4.14B). As reported in the literature [29, 30], ethanol, 

being a holes scavenger can act as sacrificial agents to avoid the problem of the undesired 

electrons-holes recombination reaction, which is thermodynamically favored. The role of ethanol 

as sacrificial agent was further confirmed by the CO2 peak detected during all the measurements 

due to the mineralization of organic compound. Interestingly the hydrogen production of TiO2 

In Ethanol In Water 

B A 
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samples modified by laser under solar light irradiation (Fig. 4.14C) displayed a remarkable 

activity compared to commercial TiO2 anatase (i.e. 6 and 3 times higher for the sample treated in 

ethanol and water respectively). The use of ethanol as solvent in the laser processes can be the 

best choice to improve the activity of TiO2 sample under visible or solar light irradiation as 

direct consequence of the better morphology homogeneity. A deep investigation of the chemico-

physico properties of the TiO2-modified in ethanol could shed light to the effectiveness and of 

the role of other solvent instead of water in the laser irradiation processes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.14 Micromoles of produced hydrogen versus time for the initial sample and the laser modified samples: A) 

UV irradiation B) effect of ethanol as holes scavenger; C) Solar irradiation (water-ethanol reaction mixture). 
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Chapter 5: Structural and chemical modifications of TiO2: 

Inverse Opal TiO2 

5.1 Photonic crystals 

Semiconductors technology plays a key role in the modern society involving almost every aspect 

of our daily lives. The paradigm “ miniaturization = high speed performance ” of integrated 

electronic circuits has stimulated considerable research effort around the word. One of possibility 

to reach good results is to turn the light instead of electrons as the information carrier. Light has 

several advantages over the electron. It can travel in a dielectric material at much greater speeds 

than an electron in a metallic wire. Light can also carry a larger amount of information per 

second. Regarding the materials that can be used, in the last few decades a new frontier is opened 

up with the synthesis and development of photonic crystals[1]. 

A crystal is a periodic arrangement of atoms or molecules. The pattern with which the atoms or 

molecules are repeated in the space is the crystal lattice. There may be gaps in the energy band 

structures of the crystal, meaning that electrons are forbidden to propagate with certain energies 

in certain directions. If the lattice potential is strong enough, the gap can extend to cover all 

possible propagation directions, resulting in a complete band-gap, as the semiconductors, where 

there is a complete gap between the valence and the conduction energy bands. 

The optical analogue is the photonic crystal, in which the atoms or molecules are replaced by 

macroscopic media with differing dielectric constantan the periodic potential is replaced by a 

periodic dielectric constant (or, equivalently, a periodic index of refraction) [2]. If the dielectric 

constants of the constituent media are different enough, Bragg scattering off the dielectric 

interfaces can produce many of the same phenomena for photons as the atomic potential does for 

electrons [3]. Thus a photonic crystal could be design to possess a photonic band-gap: a range of 

frequencies for which light is forbidden to exist within the interior of the crystal. 

In synthesis, the feature of the photonic crystals (PCs) can allow to modulate the light 

propagation in the structures. In the length scale of the wavelength of light, in fact, light with 

certain energies is forbidden to propagate in the PCs because of coherent Bragg diffraction. This 

lead stop-band reflection (photonic band gap, PBG) and the reflected energies (wavelength) 

depend on the periodic and dielectric contrast of the photonic crystals. At the frequency edges of 

the stop bands, photons propagate with strongly reduced group velocity in solid matter leading to 

the slow photon appearance. The slow photons can be observed at the edges (red and blue edges) 

of any stop band. The frequencies of slow photons can be thus varied depending on the edges 
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frequencies (both at red and blue edges) of the stop bands of the photonic crystal. The location of 

stop bands and then of the red and blue edges depends on the photonic crystal structures when 

the chemical composition of two phases forming the photonic crystal structures is defined. This 

light reflectance and slow photons are generated by a structure effect. With the same chemical 

composition, by changing the air sphere diameter, the stop band position can be modulated [1-4]. 

To better understand this phenomenon, it is possible to see a simple example in Fig. 5.1. It is 

illustrated a material having a photonic band gap at 580 nm. If it is exposed to sunlight, it will 

appear yellow because it specifically reflects the waves of 580 nm while the others will be 

transmitted through the material.  

 

 

Fig. 5.1 Example of Photonic crystal: Reflection of yellow light. 

 

It is easy to make a parallelism between the couples photonic crystals/photons and 

semiconductor/electrons. Indeed, the photonic band gap is similar to the electronic band gap and 

this similarity allows us to imagine a transposition of electronic technologies in photonics 

technologies for many applications. 

In nature for communications, camouflage or protection, many animals and plants have photonic 

structures. These natural structures provide access to structural colors, obtained by 

photons/interference structure, as opposed to the pigment colors. Some examples are reported in 

Fig. 5.2. 

 



Chapter 5: Structural and chemical modifications of TiO2: Inverse Opal TiO2 

 

- 82 - 
 

 

Fig. 5.2 Photos and SEM imagines of natural crystals photonics: A) “Morpho”butterfly, B) “Entimus Imperialis” 

scrabble, C) plant“Pollia Condensata” and D) Opal stones. 

 

5.2 Opal and Inverse Opal materials 

The “Opal” material is a hydrated amorphous form of silica (SiO2·nH2O); its water content may 

range from 3 to 21% by weight, but is usually between 6 and 10%. Because of its amorphous 

character, it is classed as a mineraloid, unlike crystalline forms of silica, which are classed as 

minerals.  

The most important property of opal materials is the diffraction of the light; depending on the 

conditions in which are formed, in fact, they can take many colours. Precious opal ranges from 

clear through white, gray, red, orange, yellow, green, blue, magenta, rose, pink, slate, olive, 

brown, and black. Of these hues, the black opals are the rarest, whereas white and greens are the 

most common. It varies in optical density from opaque to semitransparent. 

Artificial opals are self-assembled face-centred cubic (fcc) structures of spherically shaped 

beads, which show interesting applications as photonic band-gap materials [5].  

Convective evaporation is a common method to make artificial opals [6, 7], and has been used to 

deposit square centimetres of polystyrene or silica beads. Polystyrene (PS) spheres are readily 

available in a wide range of sizes and can be deposited on a wide range of substrates. 

Inverse opals are photonic crystals consisting of fcc packed voids embedded in a high refractive 

index material matrix [8, 9]. Such structures have been used to enhance the efficiency of 

photocatalytic materials [10, 11], and motivate further studies to improve the deposition process 

and the quality of the template opals [12, 13]. 
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5.3 Inverse Opal TiO2 

As described in the previous chapters, generally the photocatalytic activity of a semiconductor is 

mainly determined by three factors:  

a. the light absorption properties;  

b. the light excited charges (electron-hole pairs) transport rate; 

c. The electron-hole recombination rates on the surface  

A possible way to reinforce the light absorption property is the increase of the path length of 

light to improve the photocatalytic efficiency, namely a structure effect other than chemical 

composition effect. Several studies show that the hierarchically macro-mesoporous TiO2 

structures exhibit an important light harvesting effect of the macrochannels allowing light waves 

to penetrate deeper inside the photocatalyst [14-16]. 

Recently, the macroporous inverse opals TiO2 (I.O. TiO2) have been intensively studied in 

photocatalysis since this kind of structure can provide easy mass transportation and high surface 

area because of the hierarchical porous structure resulting in enhanced photocatalytic activity 

[17, 18]. 

One of the most important properties of macroporous inverse opal materials are in fact, the 

crystal structures; being photonic crystals they have a periodic dielectric contrast and can 

provide an immense potential to increase the path length of light [19-21]. Moreover it is possible 

to exploit also the slow photon effect. In particular this effect can be used to enhance the light 

absorption only if a specific condition is verified: the wavelength of slow photons (at red or blue 

edge) overlaps with the electronic excitation wavelength (electronic band-gap frequency) of 

semiconducting materials and the applied irradiation light wavelength. 

When these three wavelengths fall at the same wavelength zone, i.e. the condition cited above is 

satisfied, an enhancement of the light absorption by these slow photons can be expected and 

these slow photons will excite electrons of semiconducting materials from valence band to 

conduction band with the generation of a large number of electron-hole pairs resulting in an 

enhanced photocatalytic activity [19-21]. If the above condition is not satisfied, i.e. only two of 

three wavelengths coincide no slow photon enhanced light absorption effect can be observed. 

For example, if the red or blue edge wavelength of stop band coincides with the irradiation 

wavelength zone, however the electron excitation wavelength (electron excitation band-gap) is 

located at a different wavelength, no photon at red and blue edges can be used to excite the 

electron. The occurrence of slow photon effect depends thus also on the irradiation wavelength 

and electronic band gap of materials. The irradiation wavelength can be easily adjusted 
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following the position of red and blue edges and electronic band gap of materials. The stop band 

can be tuned by the variation of materials and also by changing the incident angle [4, 18, 22, 23]. 

In this work the combination of structural (synthesis of inverse opal TiO2 with a highly 

ordered porous framework) and chemical modifications of TiO2 (addition of different amounts o 

CeO2
1
, CuO, BiVO4 and doping agents as N, W and Hf to the inverse opal TiO2) was studied 

with the aim to investigate how these changes influence the chemico-physical properties of TiO2 

and the photocatalytic performances both in the photo-oxidation (degradation of VOC in gas 

phase and dye in water) than in the photoreduction
2
 (hydrogen generation by photocatalytic 

water splitting) reactions.  

5.4 Inverse Opal TiO2 based materials: Samples preparation and experimental setup
3
 

The Inverse Opal TiO2 was prepared following three steps: 

1) Preparation of polystyrene (PS) opal spheres  

2) Infiltration by sol-gel method using a solution of titanium isopropoxide 

3) Aging and calcination to obtain an inverse opal structure. 

Fig. 5.3 reports the scheme of the synthesis. 

 

Fig. 5.3 Synthesis of the Inverse Opal TiO2. 

 

In particular the Polystyrene spheres were synthesized by an emulsion polymerization method 

without the addition of a surfactant. Styrene (20 mL) was washed three times with a solution of 

                                                           
1
 R. Fiorenza, M. Bellardita, T. Barakat, S. Scirè, L. Palmisano, J. Photoch. Photobio. A (2017), In press, 

doi.org/10.1016/j.jphotochem.2017.10.052. 
2
 R. Fiorenza, M. Bellardita, S. Scirè, L. Palmisano, Catal. Today (2017), Submitted. 

3
 In collaboration with the CMI lab (University of Namur, Belgium) where I spent my period (6 months) as visiting 

PhD student. 
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NaOH (1 M) to remove the polymerization inhibitor (4-tert-butylcatechol), and then added to 

160 mL of distilled water in a two-neck flask. This solution was stirred at 350 rpm under an inert 

atmosphere (Ar, to minimize the presence of radical superoxide due to the presence of 

atmospheric oxygen; O2 → O2
•-
) and heated to 70°C. After 30 min after the temperature was 

stabilised at 70°C, 0.16 g of K2S2O8 was added to initiate the polymerization. After other 30 min, 

the mixture became cloudy and later 5 hours the polymerization was stopped by cooling and 

venting the flask. To obtain an opal structured template, the PS beads dispersion was self-

assembled by oven-drying at 40°C or 60°C for 5 days and characterised by scanning electron 

microscopy (SEM). 

The fabrication of high ordered macroporous titania was achieved via a templating strategy, as 

reported in the literature [4, 18, 22, 23] in which a thick layer of self-assembled polystyrene 

spheres (PS) was deposited onto a filter paper in a Buchner funnel under vacuum. The PS 

assembly was then infiltrated with the precursor solution. The TiO2 sol, formed by 5 mL of 

absolute anhydride ethanol (C2H5OH), 1 mL of HCl concentrated, 5 mL of titanium isopropoxide 

and 1 mL of distillate water, was added drop-wise to completely cover the PS spheres whilst 

under vacuum such that it occupied the voids inside the PS assembly. The precursor-template 

mixture was then air dried for 24 h and to obtain TiO2 photonic crystals (PCs) with an inverse 

opal structure (IOS), the follow thermal treatment was used (i.e. calcination, Fig. 5.4): 

0 120 240 360 480 600 720

0

50

100

150

200

250

300

350

400

450

500

550

600

 

 

2°C
/m

in

2°C
/m

in

T
e

m
p

e
ra

tu
re

 (
°C

)

Time (min.)

2
°C

/m
in

 

Fig. 5.4 Thermal treatments of the TiO2 precursor-template mixture. 

1. First ramp (2°C/min) from room temperature to 300°C for 2 hours 

2. Second ramp (2°C/min) from 300°C to 450°C for 2 hours 

3. Third ramp (2°C/min) from 450°C to 550°C for 2 hours 

4. Cooling at room temperature (2°C/min) 
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This treatment was chosen considering the thermogravimetric (TG) analysis reported in Fig. 5.5. 

Three main zones of weight loss are observed in the analysis. The first mass loss, between 20 

and 300 °C, is related to the evaporation of solvents: ethanol, water and 2-propanol (formed 

during the synthesis of the TiO2 sol), it is marked by a broad endothermic peak. Between 300 

and 350 °C, significant loss of mass is observed, accompanied by a strong exothermic peak 

corresponding to the degradation of polystyrene coke. The third mass loss, lower, is between 350 

and 500°C, characterized by a major exothermic peak. The coke oxidation and condensation of 

the Ti-O-H hydroxides in Ti-O-Ti take place. Beyond 500°C, the variation in mass becomes 

negligible and no variations in the TG track are observed.  

 

Fig. 5.5 TG-DSC track of the TiO2 precursor-template mixture. 

 

The modified Inverse Opal TiO2 systems was prepared with the same procedure adding in the 

phase of infiltration, together to titanium isoproxide sol a proper amount of metals salt precursor, 

in the order: copper (II) chloride (I.O. TiO2-CuO catalysts), ammonium chloride, (I.O. TiO2-N 

catalysts), tungsten (VI) chloride (I.O. TiO2-W catalysts) and hafnium (IV) n-butoxide (I.O. 

TiO2-Hf system). Co-doped samples were also prepared with an atomic metal/N ratio of 1:2 

(TiO2-0.5%W-1%N and TiO2-0.5%Hf-1%N samples) as to investigate the effects of the co-

presence of nitrogen and a metal ion. 

The wet-impregnation method was used for the I.O. TiO2-CeO2 samples; different aliquots of 

cerium nitrate solutions were added to already formed inverse opal TiO2 material. After drying at 

100°C for 24 h the slurry was calcined at 300°C for 3 hours (ramp of 2°C/min). 

The I.O. TiO2-BiVO4 systems were prepared using the hydrothermal method. In a typical 

process, stoichiometric amounts of Bi(NO3)3·5H2O and NH4VO3 were dissolved in a 

stoichiometric volume of an ethylene glycol-water mixture and stirred for about 10 min until a 
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clear solution was formed. Then, different amounts of porous TiO2 were added into the solution 

and sonicated for 15 min. After 1 h stirring, the obtained yellow-coloured mixture was 

transferred into a Teflon-sealed autoclave which was maintained at 160°C for 24 h. The solid 

powders were washed with distilled water several times. Finally, the obtained solid was dried at 

100°C for 24 h and then calcined at 300°C for 3 h (ramp of 2°C/min). Bare BiVO4 oxide was 

synthesized under the same experimental conditions. The I.O. TiO2 composites (I.O. TiO2-CeO2, 

I.O. TiO2-CuO and TiO2-I.O. BiVO4) were prepared with a nominal concentration of host 

component varying from 1% to 25% wt, whereas for the I.O. TiO2 doped systems (I.O. TiO2-N, 

I.O. TiO2-W and I.O. TiO2-Hf) the nominal concentrations of doping agents ranking from 0.2 to 

2% at. 

The photodegradation of Rhodamine B (RhB, chosen dye) in water was performed under visible 

light irradiation (400-800 nm) using 6 neon lamps of 18 W (Osram Lumilux T8). The luminous 

power of each lamp was 1250 lm and the total luminous power was 7500 lm in the photocatalytic 

reactor (Fig. 5.6). 

 

Fig. 5.6 Photocatalytic reactor used. 

 

The intensity of UV light emitted by the neon lamp was very low and can be neglected, and 

hence no UV filter was used to cut the UV light. The fan located on the surface of the cylindrical 

reactor maintained the reaction temperature at room temperature. In each experiment 20 mg of 

the photocatalyst were placed in 50 mL of reactant solution with an initial concentration of 10
-5

 

M of RhB. The suspension was poured into the quartz tube, inserted into a reactor and stirred in 

the dark for 120 min to ensure adsorption/desorption equilibrium prior to irradiation. During 

irradiation, 2 mL of the suspension was removed at a given time interval for subsequent RhB 

concentration analysis using a UV-vis spectrophotometer. 

To compare the photocatalytic performance of the synthesized systems varying the light 

emission, another photoreactor illustrated in Fig. 5.7 was used. 
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Fig. 5.7 LED Photoreactor. 

 

It was an octahedral reactor with a diameter of 30 cm, with 16 lamp holders allowing to work 

with Light Emitting Diode (LED) emitting in the blue (Paulmann GU5.3 1W blue 430-470 nm), 

green (Paulmann 1W GU5.3 green 525-565 nm), yellow (yellow Paulmann GU5.3 1W 585-590 

nm) and red (Paulmann GU5.3 1W red 600-620 nm). Two lamp holders are positioned on each 

side of the reactor, spaced 9 cm from each other. LEDs are distant 8 cm from the center. 

To correctly evaluate the dye degradation, it is important select the most appropriate source of 

excitation light. The dye should not absorb the excitation light to avoid the phenomenon of 

photolysis. The RhB, i.e. [9-(2-carboxyphenyl)-6-diethylamino-3-xanthenylidene]-

diethylammonium chloride (IUPAC name ) exhibits a strong absorbance in the visible  region 

(555 nm green/yellow), as shown in the absorption spectrum of the molecule reported in the Fig. 

5.8, for this reason in this work only the blue LEDs (430-470 nm ) were used. 

LED 
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The RhB is a pink dye belonging to the class of xanthene and it also used as food colorant or as a 

marker in aqueous solution and it is stable in the pH range 5-9. 

 

Fig. 5.8 Molecule of Rhodamine B and its absorption spectra. 

 

Hydrogen generation by photocatalytic reforming of aqueous ethanol solution was performed in 

a home-made Pyrex jacketed reactor thermostated at 30°C (Fig. 5.9). The evolution of H2 was 

quantified by analyzing the effluent gases with an online gas chromatograph equipped with a 

packed column (Carboxen 1000) and thermal conductivity detector using Argon as carrier gas. 

Specifically, the catalyst (25 mg) was placed inside the photo-reactor with 45 mL of deionized 

water and 5 ml of ethanol used as sacrificial agent, under stirring. The suspension was purged 

with an argon flow for at least 1 h before irradiation in order to remove dissolved air. Then it was 

irradiated for 5 h by using a UV 100 W Hg lamp (Black-Ray B 100A, 365 nm) or a special lamp 

designed for sunlight simulation (Osram Ultra Vitalux 300W). 

 

 

 

Fig. 5.9 Scheme of the experimental setup used for the photocatalytic water splitting measurements. 
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The photocatalytic oxidation of ethanol (model VOC) was carried out in the gas phase at 

atmospheric pressure in a continuous-flow quartz reactor filled with the catalyst (0.2 g). For each 

experiment, the reactant mixture (0.1 vol.% ethanol 10 vol.% air, balance in helium) was passed 

over the catalyst for 15 min (to reach a steady-state) before sampling the products for analysis. 

By using the above procedure, conversion and selectivities were reproducible within 3-5%. 

Preliminary runs, carried out at different flow-rates, showed the absence of external diffusional 

limitations. The reactant mixture was fed to the reactor by flowing a part of the He stream 

through a saturator containing the VOC and then mixing with air and He before reaching the 

catalyst (Fig. 5.10). A flow rate of the reactant mixture of 20 cm
3
 min

-1
 with a resulting space 

velocity (GHSV) of 7.6 x 10
-3

 molVOC h
-1

 gcat
-1

 was used. The effluent gases were analysed on-

line by a gas chromatograph, equipped with a packed column with 10% FFAP on Chromosorb 

W and FID detector, and by a quadrupole mass spectrometer (VG quadropoles). The carbon 

balance was always higher than 95%. The reactor was irradiated by a UV mercury lamp (100 W, 

365 nm) for 2 hour. The temperature was maintained constant with a fan located near the reactor. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.10 Scheme of the experimental setup used for the photo-oxidation of ethanol. 

 

5.5 Results and discussion 

Fig. 5.11 shows the SEM imagines of self-assembled PS spheres, obtained after drying at 40°C 

for five days. They exhibit a homogeneous close-packed structure. The PS sphere size was 

around 300 nm, with a low polydispersity (< 5%). It is important to remark that a higher 

temperature of drying (60°C) the formation of bigger spheres (350-400 nm) with higher 

polydispersity was detected. 

LEGEND: 

1) UV lamp ; 2) Gas-flow controllers ; 3) Tylan gas flow controller; 4) GC-MS ; 5) Thermostat; 

6) Saturator; 7) Reactor; 8) Fan. 
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Fig. 5.11 SEM images of PS opal template. 

 

The Inverse Opal TiO2 obtained after calcination and consequent removal of PS template had an 

inverse opal structure with interconnected pores (Fig. 5.12). The macrostructure of the inverse 

opal TiO2 structure was examined by TEM (Fig. 5.13), where the macropores can be clearly 

identified. The TiO2 nanocomposite possessed a highly porous structure which was composed of 

interconnected macropores within a nanocrystalline skeleton, in good agreement with the SEM 

observations. 

No substantial variation in the morphology of TiO2 was observed in the presence of the chemical 

agents. It is possible to note in the Fig. 5.14 the typical dumbbell-like structure of bare BiVO4. 
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Fig. 5.12 SEM images of inverse opal TiO2 system at different magnifications. 
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Fig. 5.13 TEM images of inverse opal TiO2 system at different zones and magnifications. 
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Fig. 5.14 Typical “Dumbbell-like” morphology of bare BiVO4. 

 

XRD patterns of the bare inverse opal TiO2 and those of modified with the other chemical 

agents are shown in Fig. 5.15. The bare inverse opal TiO2 structure shows five peaks at 2θ = 

25.3°, 37.8°, 48.0°, 54.0° and 55.1° indicates that the TiO2 sample adopts only anatase phase 

after the calcination at 550°C [22, 24]. On the TiO2-CeO2 system (Fig. 5.15A, the samples are 

coded as TiO2- XX%MOx where XX indicates the wt% of the other component) the XRD peak 

associated to the CeO2 phase in the cubic crystal structure of fluorite at 2θ =28.6° is well visible 

only in the sample TiO2-25%CeO2 whereas for a minor amount of cerium oxide the intensity of 

this signal is very low. 

Similarly, also for the I.O. TiO2-CuO series (Fig. 5.15B) the catalysts with a high amount of 

copper oxide (I.O. TiO2-10%CuO and I.O. TiO2-25%CuO) exhibited both TiO2 (anatase) and 

copper(II) oxide (monoclinic CuO at 2θ = 35.7° and 38.9° [25, 26]) signals. No peak associated 

to copper(I) oxide was detected, according to the thermal treatment used (calcination at 550°C) 

[26, 27].  

The XRD signals of bare BiVO4 (Fig. 5.15C, red line) nanoparticles correspond to the 

monoclinic scheelite phase [28, 29]. Also in this case only the doped sample with the 10% (low 

intensity) and the 25% of bismuth vanadate shows both the signals of TiO2 and BiVO4. 

The lack of signals of the TiO2 host component with an amount lower of 25 wt% is presumably 

due to a combination of the low content and high dispersion of the other component on I.O. TiO2 

composites. 

The average crystallites size of the investigated oxides was determined by applying the Scherrer 

formula using the (1 0 1) anatase diffraction peak (2θ = 25.3°). The average crystallite sizes of 

the samples are reported on the Table 5.1. 
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Fig. 5.15 XRD patterns of inverse opal TiO2-CeO2 (A);inverse opal TiO2-CuO (B) and TiO2-BiVO4 (C) systems. 
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Tab. 5.1 Crystallite size calculated by Scherrer equation, BET Surface area, Mean pore diameter (dp), Pore volume 

and Band-gap energy (Eg) for investigated I.O. TiO2-based samples. 

*Mid-gap value 

Interestingly it is possible to note different effects depending on the synthesis method used. In 

general, an increase of the crystallite size is observed in the high temperature treated samples. 

The presence of CeO2 (salt precursor added after the formation of the TiO2 macroporous 

structure) caused a slight increase of crystallite size from 27 nm of bare TiO2 to 30-33 nm of the 

TiO2-CeO2 system, indicating that the nanocrystals of CeO2 progressively shift to an 

agglomerated state as a result of densification, resulting in the growth of the titania crystals. 

However, the TiO2 crystallite size decreases in the TiO2-CuO composites compared to pure 

inverse opal TiO2. This behaviour can be ascribed to the fact that the introduced CuO 

Catalysts Crystallite 

size (nm) 

SBET (m
2 
g

-1
) dp(nm) 

(bimodal) 
Pore volume 

(cm
3
 g

-1
) 

Eg(eV) 

TiO2 26.9 28.0 1.5/- 0.10 3.23 

TiO2-1%CeO2 27.2 29.8 1.4/- 0.08 3.23 

TiO2-2%CeO2 27.6 29.0 1.5/- 0.10 3.24 

TiO2-3%CeO2 27.8 28.1 2.2/- 0.09 3.21 

TiO2-5%CeO2 28.5 25.5 2.7/65.7 0.06 3.22 

TiO2-10%CeO2 33.1 23.3 2.5/69.2 0.06 3.18 

TiO2-25%CeO2 33.6 13.3 2.7/74.4 0.05 3.17 

      

TiO2-1%CuO 25.8 28.7 1.4/- 0.08 3.25 

TiO2-3%CuO 23.9 31.4 1.5/- 0.10 3.19 

TiO2-5%CuO 20.0 33.0 1.4/36 0.09 3.16 

*2.04 

TiO2-10%CuO 17.2 32.2 1.2/19 0.06 3.18 

*2.10 

TiO2-25%CuO 16.6 34.5 1.5/4 0.06 3.14 

*2.06 

      

TiO2-1%BiVO4 25.1 28.3 1.4/- 0.08 3.19 

TiO2-3%BiVO4 25.6 30.3 1.5/- 0.10 3.18 

TiO2-5%BiVO4 26.2 29.7 1.4/- 0.09 3.17 

TiO2-10%BiVO4 28.1 28.1 1.2/- 0.06 3.19 

TiO2-25%BiVO4 29.3 27.3 1.3/- 0.06 3.17 

      

TiO2-0.2%N 25.9 28.4 1.4/- 0.11 3.24 

TiO2-0.5%N 26.5 25.6 1.2/- 0.08 3.24 

TiO2-1%N 26.7 26.7 1.6/- 0.11 3.26 

TiO2-2%N 25.3 29.0 1.7/- 0.11 3.27 

      

TiO2-0.2%W 26.8 29.1 1.3/- 0.11 3.26 

TiO2-0.5%W 26.0 29.2 1.4/- 0.08 3.26 

TiO2-1%W 26.6 29.2 1.4/- 0.09 3.26 

TiO2-2%W 26.8 31.8 1.5/- 0.11 3.26 

TiO2-0.5%W-1%N 27.5 25.8 1.3/- 0.08 3.25 

      

TiO2-0.2%Hf 27.8 30.1 1.4/- 0.14 3.27 

TiO2-0.5%Hf 28.3 26.6 1.6/- 0.12 3.29 

TiO2-0.5%Hf-1%N 28.2 30.0 1.7/- 0.13 3.27 
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nanoparticles (salt precursor added together with titanium isopropoxide before the thermal 

treatment) inhibit the grain aggregation. In the TiO2-BiVO4 system, indeed, the crystal size 

varies progressively with the amount of bismuth vanadate from 25 to 29 nm.  

Fig. 5.16 show the XRD patterns of TiO2-N (Fig. 5.16A), TiO2-W (Fig. 5.16B), and TiO2-Hf 

(Fig. 5.16C) systems. In this case, reasonably due to the low amount of doping agent used (0.2-2 

at%), no substantial variations in the crystallite size were observed respect to the un-doped TiO2 

(Table 5.1). However, a close inspection of the (1 0 1) anatase peak of these samples (Fig. 5.17) 

reveals that there is a slight shift to lower angles in the presence of N, W and Hf, pointing to the 

substitution of the Ti
4+

 ions of TiO2 lattice with N, W or Hf atoms or ions [30, 31]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.16 XRD patterns of inverse opal TiO2-N (A);inverse opal TiO2-W (B) and TiO2-Hf (C) systems. 
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Fig. 5.17(1 0 1) Anatase peak of I.O. TiO2-N-Metal samples: (A) I.O. TiO2-N, (B) I.O. TiO2-W, C) I.O. TiO2-Hf. 

 

Fig. 5.18 shows the N2 adsorption-desorption isotherm (Fig. 5.18A) and the pore size 

distribution plot (Fig. 5.18B) of the un-doped inverse opal TiO2 sample, calculated by the Barret-

Joyner-Halenda (BJH) method. The isotherm was of type II with a H3 hysteresis loop in the 

relative pressure (P/P0) range of 0.9-1.0 typical of a macroporous structure [32]. The BET 

surface area was 28 m
2
/g with a narrow pore size distribution centred at 1.5 nm resulting from of 

the aggregation of TiO2 nanoparticles. The surface area values of the investigated I.O. TiO2 

modified samples are reported in Table 5.1. 
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Fig. 5.18 N2 adsorption-desorption isotherms of I.O. TiO2 (A); pore size distribution of I.O.TiO2, I.O.TiO2-5% 

CeO2 and I.O.TiO2-25% CeO2 composites (B); pore size distribution of I.O.TiO2, I.O.TiO2-5% BiVO4 and I.O.TiO2-

25% BiVO4 composites (C) and pore size distribution of I.O.TiO2, I.O.TiO2-5% CuO and I.O.TiO2-25% CuO 

composites. 

 

In accordance with the above mentioned XRD data, no substantial variations in the textural 

properties were found for the N-doped or metal doped TiO2 systems (Table 5.1), whereas for the 

I.O. TiO2 composites slight differences in the BET surface area and in the pore size distribution 

were detected compared to bare inverse opal TiO2. In particular, Fig. 5.18B compares the pore 

size distributions of two samples of the TiO2-CeO2 series having a low (TiO2-5%CeO2) and a 

high amount (TiO2-25%CeO2) of cerium oxide. It is possible to note for both samples the 
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presence of a macroporous system with pore sizes centered at about 65 and 75 nm for TiO2-

5%CeO2 and TiO2-25%CeO2 respectively, attributed to the aggregation of CeO2 nanoparticles. 

Interestingly, with an increased amount of CeO2 nanoparticles, the surface area of the sample 

decreases, due to the aggregation of CeO2 nanoparticles and the formation of larger pores (see 

Table 5.1). 

No changes in the pore sizes distribution were detected adding BiVO4 (Fig. 5.18C), on the 

contrary with the addition of CuO (Fig. 5.18D), another pore size feature centred at about 36 nm 

was observed, probably due to the aggregation of copper oxide, aggregation that it is largely 

reduced in amount on the TiO2-25%CuO sample. The progressive introduction of CuO on the 

TiO2-lattice as suggested by XRD measurements, can explain the decrease of pore diameters 

with the increase of CuO as consequence of the inhibition of the TiO2 grain aggregation. 

The band-gap energies (Table 5.1) of the catalysts were estimated from the plot of (αhν)
1/2

 

versus photon energy (hν) via the Kubelka-Munk method [33, 34]:αhν = A(hν − Eg)
1/2

, where α, 

h, ν, Eg, and A are the absorption coefficient, Planck's constant, light frequency, band-gap 

energy, and constant, respectively. The intercept of the tangents to the x-axis gives a good 

approximation of the band-gap energy for the materials. 

For the TiO2-CeO2 system (Fig. 5.19A) a slight decrease of band-gap energies was noted when 

the amount of cerium oxide was increased. This decrease was accompanied by a red-shift to 

visible region, most evident for the TiO2-25%CeO2 sample. Moreover it is possible to note that 

the CeO2 sample had the lowest value of Eg (2.72 eV). Some authors correlated the decrease in 

Eg value of TiO2-CeO2 nanocomposites to the substitution of Ti
4+

 cations by Ce
4+

/Ce
3+

cations in 

the TiO2 network [35, 36]. 

The I.O. TiO2-BiVO4 system (Fig. 5.19B) showed an enhancement of absorption in the visible 

region by increasing the amount of bismuth vanadate. Consequently a decrease of the band-gap 

energy was observed (Table 5.1). It is noteworthy that another absorption feature at about 400 

nm was detected in the samples with higher BiVO4 amounts, more evident for the TiO2-

25%BiVO4 catalyst. As it can be seen in the inset of Fig. 5.19B, plotting [F(R∞′) hν]
1/2

 versus the 

energy of the exciting light for TiO2-25%BiVO4, two contributes were found, one at 3.19 eV, 

due to I.O. TiO2 and another at 2.40 eV, due to monoclinic BiVO4 [37, 38]. In accordance with 

the literature, the presence of these two features suggests the formation of an efficient 

heterojunction between the I.O. TiO2 and the BiVO4 [39]. 
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Fig. 5.19 UV-Vis Diffuse reflectance spectra of (A) Inverse Opal TiO2-CeO2; (B) Inverse Opal TiO2-BiVO4 and (C) 

Inverse Opal TiO2-CuO composites. 

 

The TiO2 band edges of the I.O. TiO2-CuO samples are all shifted towards the visible region 

(Fig. 5.19C), indicating that additional energy levels were created by the Cu ions in the band gap 

of TiO2 [26, 40], as confirmed by the presence of a mid-gap band located above the valence band 

in the sample containing high CuO amounts (inset of Fig. 5.19C). Moreover a small decrease 

(0.05-0.09 eV) in the TiO2 band-gap energies can be observed (Table 5.1). As reported in the 

literature, CuO electrons can give excitation from the valence band to the exciton level (< 730 

nm), d-d transition of Cu
2+

 giving absorption in the 600-800 nm range. These features are 

ascribed to the CuO nanoparticles, embedded inside the skeleton of TiO2 [40, 41]. It has been 
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reported [42] that the presence of Cu(II) causes a shift of the valence band edge towards less 

positive values, and consequently a decrease of the band gap. 

Fig. 5.20 shows the photoluminescence (PL) emission spectra of the I.O. TiO2-composites. 

It is well know that the PL emission spectra can be used to reveal the efficiency of trapping, 

transfer and separation of charge carriers, and to investigate their lifetime in the semiconductor. 

The PL intensity depends on two main factors: a) the recombination of excited electrons and 

holes as the lower the PL emission intensity, the lower is the recombination property of the 

sample [43-45] and b) the presence of oxygen vacancies, intensity increasing when the number 

of vacancies increases. Several emission features can be observed in Fig. 5.20: the peak at 388 

nm (UV region) is due to the band to band emission of the TiO2 [46], the one at 420 nm is 

attributed to the self-trapped excitons localized on TiO6 octahedral [47], the two peaks at 485 nm 

and 525 nm are ascribed to electrons trapped in the defect centres connected with oxygen 

vacancies [48]. These vacancies trap the excited electrons giving rise to F
+
 with one electron 

(Farbe center or color center is a type of crystallographic defect in which an anionic vacancy in a 

crystal is filled by one or more unpaired electrons) and F center (with two electrons) . The shape 

of the spectra of the I.O. TiO2-CeO2 (Fig. 5.20A) samples was similar to that of bare TiO2 

indicating that the presence of CeO2 did not originate new PL phenomena, while a decrease of 

the intensity of some bands was evident, in particular for samples with high amounts of CeO2, 

due to the coverage of the TiO2 surface with cerium oxide. The bare CeO2 catalyst shows an 

emission peak at around 455 nm, due to its band to band emission. A non-linear trend with the 

CeO2 percentage was found in the PL spectra of TiO2-CeO2 samples, indicating that during the 

synthesis process the variation of several parameters (particles size, recombination velocity, 

presence of defects) occurred at the same time, thus contributing in a different way to the 

photoluminescence spectra. Excluding the TiO2-25%CeO2 sample (due to the high ceria amount) 

the lowest PL intensity was found for the TiO2-3%CeO2 catalyst, indicating a lower 

recombination rate of electrons/holes pairs and a good separation efficiency. 

The bare BiVO4 (red line, Fig. 5.20B), exbithes a broad and strongest emission peak observed at 

488 nm (Eg = 2.5 eV) and at 525 nm, corresponding to the near band edge emission (NBE) and 

defect emission, respectively. The observed NBE emission which is in line with the optical band 

gap value estimated UV-vis DRS measuremnts (2.44 eV) and it is also in good agreement with 

previous reports [49, 50]. 

It is interesting to note that increasing the amount of BiVO4 the band at 420 nm decreases in 

intensity becoming very small on TiO2-25% BiVO4 composites (Fig. 5.20B), thus can mark that 

the intrinsic radiative recombination between the charge carriers it is reducted. Consequently, the 
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recombination rate between photogenerated holes and electons is significantly decresed in the 

TiO2-25% composite. The formation of an efficient heterojunction between BiVO4 and TiO2, 

favoured increasing the amount of bismuth vanadate, also confirmed by DRS measurements is 

the key factor to improve the charge transfer typical of photogenerated carriesand to increase the 

catalytic activity. 

 

 

 

 

Fig. 5.20 PL spectra of (A) Inverse Opal TiO2-CeO2; (B) Inverse Opal TiO2-BiVO4 and (C) Inverse Opal TiO2-CuO 

composites. 

 

For the I.O. TiO2-CuO composites (Fig. 5.20C) a strong decrease of the PL bands is detected 

increasing the amount of copper oxide. In particular the decrease of the intensity of the bands at 

420 and 485 nm, more evident for the I.O TiO2-5%CuO, I.O TiO2-10%CuO and I.O TiO2-
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25%CuO, can be related to the surface oxygen vacancies and defects of the TiO2-CuO 

photocatalysts. Reasonably in these samples there are a lower recombination rate of 

photoelectrons and photoholes. The electrons in fact, excited from the valence band to the 

conduction band of TiO2 can be easily transfer to CuO clusters, being the Fermi Level of CuO 

lower of the conduction band of TiO2, this transfer prevent the direct recombination of electrons 

and holes thus resulting in a lower PL intensity [51, 52].  

For the I.O. TiO2-doped with nitrogen and metallic ions systems, in accordance with the low 

amount of dopants and with the other characterization measurements no substantial variation 

were detected compared to the macroporous un-doped TiO2, considering both the band-gap 

values (Table 5.1) and the PL emission spectra. 

To investigatethe oxidation states and the surface composition of involved species, XPS 

measurements of some samples of the I.O. TiO2-modified samples were carried out. 

Fig. 5.21A depicts the Ti region of inverse opal TiO2, I.O. TiO2-3%CeO2 and I.O. TiO2-

25%CeO2. The two bands with binding energies of 458.8 eV and 464.8 eV on the TiO2 inverse 

opal (red line) are assigned to Ti 2p3/2 and Ti 2p1/2, respectively, corresponding to Ti
4+

 in a 

tetragonal structure such as anatase titania [53]. With respect to pure inverse opal TiO2, a 0.6 eV 

shift to lower binding energy in the TiO2 peak positions (458.2 eV and 464.2 eV) is observed for 

TiO2-3%CeO2 (blue line), possibly due to a charge or energy transfer occurred after the 

formation of the heterojunction between CeO2 and TiO2. On the contrary for a higher amount of 

cerium oxide (TiO2-25%CeO2, green line), no substantial shift was detected.  

The binding energies of O 1s (Fig. 5.21B) for TiO2 (red line) are located at 529.8 and 531.6 eV. 

The lowest binding energy is assigned to the lattice oxygen in the metal oxides, whereas the 

highest one is ascribed to surface oxygen of hydroxyl species and/or weakly adsorbed oxygen 

species (O
2−

) on the surface [54, 55]. It can be noticed that the TiO2-25%CeO2 catalyst (green 

line) shows the second component with the largest intensity shifted to higher B.E. (532.3 eV). 

On the basis of the literature, this is attributed to an increase in the number of chemisorbed 

oxygen on the surface of macroporous TiO2 [56]. Moreover another component at 533.8 eV is 

visible in the TiO2-25%CeO2 sample, assignable to organic oxygen or to surface defects [57, 58]. 

A shift to lower BE of about 0.4 eV in the oxygen bands was detected in the TiO2-3%CeO2 

catalyst compared to bare TiO2 inverse opal, pointing out a strong interaction between CeO2 and 

TiO2 occurring in this sample.  

Figs. 5.21C-D show the four bands of Ce 3d5/2 corresponding to v, v′, v″, and v′′′ components, 

respectively, and the features of Ce 3d3/2 due to u, u′, u″, and u′′′ components, for the TiO2-

3%CeO2 and TiO2-25%CeO2. v′ and u′ correspond to characteristic signals of Ce
3+

 whereas the 
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signal (u′′′) at about 917 eV is the fingerprint of Ce
4+

 state [59, 60]. As reported in the literature 

for similar composites, it is possible that a mixture of Ce
3+

/Ce
4+

 species exists on the surface of 

TiO2-CeO2 catalysts [61, 62]. The increase of the amount of cerium oxide leads to an increase in 

the intensity of the signals at 917 eV, 907 eV and 904 eV (u′′′, u″ and u′) whereas the signals at 

899 eV and 901 eV decrease in intensity.  

 

 

 

 

Fig. 5.21 XPS spectra of I.O. TiO2-CeO2 samples: (A) Ti 2p region, (B) O 1s region, (C) Ce 3d region for the TiO2-

3%CeO2 sample, (D) Ce 3d region for the TiO2-25%CeO2 sample. 
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Table 5.2 Surface composition of I.O. TiO2-CeO2 samples estimated by XPS. 

Catalysts Ti (at %) O (at%) Ce (at%)  Ce
3+

/Ce
4+

 ratio  

TiO2 22.5 55.7 - - 

TiO2- 3%CeO2 22.9 57.1 0.6 0.46 

TiO2- 25%CeO2 20.2 53.1 3.4 0.15 

 

These changes in the Ce 3d XPS spectra point out a decrease of Ce
3+

 concentration in the TiO2-

25%CeO2 catalyst, as evidenced by XPS data in Table 5.2. The presence of Ce
3+

 species is 

attributed to the occurrence of a strong electronic interaction between the TiO2 support and the 

CeO2 nanolayer that causes a charge transfer between the Ti
3+

 and Ce
4+

 metal cations, resulting 

in a change of their oxidation states on the surface. On TiO2-3%CeO2 the Ce
3+

 concentration was 

found to increase and consequently the interaction between TiO2 and CeO2 should be stronger, as 

also confirmed by the changes in BE values of Ti 2p and O 1s. On the contrary, with a higher 

amount of cerium oxide (TiO2-25%CeO2), the concentration of Ce
3+

 species is lower probably 

due to the increased saturability of supported CeO2 nanolayers and to the formation of islands or 

isolated clusters of cerium oxide related to the agglomeration of CeO2 particles [56, 59], as 

detected by XRD and N2 adsorption-desorption measurements. 

Fig. 5.22A shows the two typical bands of Ti 2p region for I.O. TiO2, I.O. TiO2-3%BiVO4 and 

I.O. TiO2-25%BiVO4. Only the sample with a lower amount of bismuth vanadate showed a 

slight shift to lower binding energy (458.5 eV and 464.5 eV, compared to bare I.O. TiO2 which 

has these bands at 458.8 eV and 464.8 eV). In the O1s zone (Fig. 5.22B) the I.O. TiO2-

25%BiVO4 catalyst exhibited a shift at higher binding energy to about 0.4 eV compared to 

I.O.TiO2, moreover the signal is more intense. In the vanadium zone (V 2p spectrum Fig. 5.22C) 

a doublet with peak centred at 517 eV and 524.5 eV for I.O. TiO2-25%BiVO4 and at 516 eV and 

523.6 eV for I.O. TiO2-3%BiVO4 were detected. These signals assigned to the V 2p1/2 and V 

2p3/2 orbit, exhibited binding energy values characteristic of vanadium (V) as reported in the 

literature [63, 64].  

The binding energies of Bi 4f (Fig. 5.22D) were 159.5 eV (Bi 4f7/2) and 164.5 eV (Bi 4f5/2), for 

I.O. TiO2-25%BiVO4, these are the fingerprint of bismuth in BiVO4 [64]. It is possible to note 

from the inset of Fig. 5.22D) that for I.O. TiO2-3%BiVO4 the intensity of the bismuth signals are 

very low. Considering also the low intensity of the vanadium zone detected for this sample the 

surface composition estimated by XPS (Table 5.3) and consistent with XRD data, probably the 

use of a little amount of salts precursors is not sufficient to can form the bismuth vanadate oxide 

at the interface of TiO2. 
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Fig. 5.22 XPS spectra of I.O. TiO2-BiVO4 samples: (A) Ti 2p region, (B) O 1s region, (C) V 2p region, (D) Bi 4f 

region. 
 

Table 5.3 Surface composition of I.O. TiO2-BiVO4 samples estimated by XPS. 

Catalysts Ti (at %) O (at%) Bi (at%)  V (at%)  

TiO2 30.5 55.7 - - 

TiO2- 3%BiVO4 32.8 58.8 0.01 0.04 

TiO2- 25%BiVO4 28.6 51.5 1.7 0.9 

 

Fig.5.23A reports the Ti 2p zone for the I.O TiO2, I.O. TiO2-3%CuO and I.O. TiO2-25%CuO 

catalysts. In this case the sample with a small amount of copper oxide didn’t exhibit considerable 

shifts compared to bare inverse opal TiO2 whereas the I.O. TiO2-25%CuO showed a shift to 0.6 
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eV at higher binding energy. Also in the O1s zone (Fig. 5.23B) a shift to higher binding energy 

(1 eV) was present for I.O. TiO2-25%CuO compared to I.O.TiO2. Furthermore, in the composites 

with the higher amount of copper oxide, the third component of oxygen zone located at higher 

binding energy (534 eV) ascribed to surface oxygen species adsorbed in the surface, had a higher 

intensity compared to I.O. TiO2-3%CuO sample.  

Fig. 5.23C shows the Cu 2p region of the X-ray photoelectron spectra for the I.O. TiO2-3%CuO 

and I.O. TiO2-25%CuO composites. The measured binding energies of Cu 2p3/2 and Cu 2p1/2 

were equal to 933.2 eV and 953.0 eV and 933.9 and 953.0 eV for I.O. TiO2-3%CuO and I.O. 

TiO2-25%CuO respectively. These binding energies indicate that copper are moistly present in 

the surface of I.O. TiO2 composites as Cu
2+

 [65, 66]. A shake-up line among the binding energies 

of Cu 2p3/2 and Cu 2p1/2 further confirms this oxidation state, which is in a good agreement with 

the XRD data.  

The I.O. TiO2-25%CuO sample exhibited a relative stronger Cu 2p peak than those of I.O. TiO2-

3%CuO sample and considering the surface at % reported in Table 5.4, the amount of copper 

was about 10 times higher in the I.O. TiO2-25%CuO compared to I.O. TiO2-3%CuO. 

Furthermore, the I.O. TiO2-25%CuO sample shows a relative high binding energy value for Ti 

2p and O1s XPS spectra. Such results should confirm the electrons transfer from TiO2 to CuO as 

suggested also by the optical measurements and in accordance with the literature data [40, 67]. 

The electron transfer was favoured in the I.O. TiO2-25% CuO, being the surface concentration of 

CuO nanoparticles higher compared to I.O. TiO2-3%CuO. On the other hand, copper oxide can 

easily segregate on the surface of TiO2 [68], and its higher amount can cover in part , the TiO2 

surface active sites, thus explain the progressively decrease of H2 production both under UV than 

solar light irradiation measured in the photocatalytic test. 

By comparing the atomic percentages of Bi
3+

 and Cu
2+

, (Tables 5.3-5.4) it can be seen that 

BiVO4 is dispersed within the TiO2 matrix, whilst CuO is mostly present on the surface. 
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Fig. 5.23 XPS spectra of I.O. TiO2-CuO samples: (A) Ti 2p region, (B) O 1s region, (C) Cu 2p region. 

 

Table 5.4 Surface composition of I.O. TiO2-BiVO4 samples estimated by XPS. 

Catalysts Ti (at %) O (at%) Cu (at%)  

TiO2 30.5 55.7 - 

TiO2- 3%CuO 25.3 59.1 1.2 

TiO2- 25%CuO 27.6 52.2 9.9 

 

 

Figs. 5.24A- 5.24B display the Ti 2p region and the O 1s of TiO2 (red line), TiO2-0.5% N (blue 

line), TiO2-0.5% Hf (cyan line), TiO2-0.5% N (blue line), TiO2-0.5% Hf-1% N (orange line) and 
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TiO2-2%N (green line). No substantial variations are revealed compared to un-doped 

macroporous TiO2. 

The N 1s zone for TiO2-0.5% N, TiO2-0.5%Hf-1% N and TiO2-2%N is shown in Fig. 5.24C. 

The binding energy peak of N 1s was at about 400.6 eV for all samples. On the basis of the 

energy value, the signal can be attributed to a nitrogen atom in the environment O-Ti-N [69, 70]. 

For the TiO2-0.5% N catalyst the intensity of this signal was very low according to the low 

amount of nitrogen. The band of hafnium (Fig.5.24D) splits in a doublet at 17.79 and 16.49 eV 

which is typical of Hf 
4+

 [71-73].  

 

 

 

 

Fig. 5.24 XPS spectra of I.O. TiO2-N-Hf samples: (A) Ti 2p region, (B) O 1s region, (C) N 1s region, (D) Hf 4f 

region. 
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Table 5.5 Surface composition of I.O. TiO2-N-Hf samples estimated by XPS. 

Catalysts Ti (at %) O (at%) N (at%) Hf (at%) 

TiO2 22.5 55.7 - - 

TiO2- 0.5%N 23.4 57.8 0.2 - 

TiO2- 2%N 22.7 56.5 0.7 - 

TiO2- 0.5%Hf 29.7 51.5 - 0.08 

TiO2- 0.5%Hf-1%N 22.4 55.9 0.3 0.07 

 

The surface atomic composition of samples, reported in Table 5.5, showed that the higher 

temperature of synthesis lead to decrease in the amount of nitrogen with respect to the nominal 

one, due to the desorption of ammonia [74, 75]. The hafnium had the same surface concentration 

in both samples (TiO2-0.5%Hf and TiO2-0.5%Hf-1%N) lower of the nominal one (0.1 at.% 

detected by XPS data vs. 0.5 at.% nominal). This is probably due to a more homogeneous 

dispersion of hafnium at the surface and inside the pores of TiO2, the Hf 
4+ 

ions being able, in 

fact, to easily replace the Ti
4+

 ions with possible formation of Hf1-xTixO2 composite; moreover 

the presence of hafnium oxide facilitates the formation of O-H species on the surface and the 

adsorption of atmospheric oxygen [71, 76]. 

The Ti 2p zone for the TiO2, TiO2-0.5%W and TiO2-2%W are depicted in Fig. 5.25A. In the case 

of the sample with higher amount of tungsten it is possible to note a slight shift to lower binding 

energy (about 0.3 eV) compared to bare TiO2 and TiO2-0.5% W samples. With concern to the O 

1s zone (Fig. 5.25B), as also found for the other doped-TiO2 systems, the asymmetric peak 

indicates that also free oxygen species are present. The signals of tungsten (Fig. 5.25C) at 37.8 

eV and 37.5 eV for TiO2-2% W and TiO2-0.5% W samples are attributed to the formation of 

WO3, whereas the peaks at 35.2 eV and 35.5 eV (obtained by curve fitting of the spectra) are 

consistent with the W
4+

 oxidation state; moreover the shoulder at about 35.4 eV, more evident 

for the TiO2-2%W, can be related to the formation of some non-stoichiometric tungsten oxides 

[73, 77]. Also in this case, as reported in the literature [78-80], the stoichiometric ion exchange 

between W
4+

 and Ti
4+

 might occur. W
4+

 in fact, can substitute Ti
4+

 in the lattice of TiO2 because 

of the similarity in the ionic radius of W
4+

 and Ti
4+

, in the W–O and Ti–O bond lengths and in 

the crystal structures of WO2 and TiO2. Consequently, non-stoichiometric solid solution of 

WxTi1−xO2 would form, with a possible production of tungsten impurity energy levels [78-80]. 

Interestingly as shown in Table 5.6, the surface of TiO2-0.5%W was richer in tungsten (2 at%) 

compared to the nominal concentration (0.5 at%), whereas for TiO2-2%W the nominal 

concentration is equal to that detected by XPS analysis. Probably a lower amount of tungsten 

leads to facilitate the ionic exchange between W
4+

 and Ti
4+

 favouring a surface enrichment of 

tungsten oxide. 
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Fig. 5.25 XPS spectra of I.O. TiO2-W samples: (A) Ti 2p region, (B) O 1s region, (C) W 4f region. 

 

Table 5.6 Surface composition of I.O. TiO2-W samples estimated by XPS. 

Catalysts Ti (at %) O (at%) W (at%) 

TiO2 22.5 55.7 - 

TiO2- 0.5%W 21.8 53.4 2.2 

TiO2- 2%W 21.7 54.7 2.3 

 

The degradation of rhodamine B (RhB) under visible light irradiation was carried out as a test 

reaction for analysing the photocatalytic activity of all the investigated samples. The absorption 

spectrum of the dye in the range of 500-600 nm at different irradiation times in the presence of 
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the un-doped porous TiO2 sample is shown in Fig.5.26. It can be seen that the major absorption 

peaks of RhB, located at around 554 nm, diminished gradually under visible light irradiation.  

 

 

Fig. 5.26 The temporal evolution of the absorption spectra of the RhB solution in the presence of the macroporous 

un-doped TiO2 photocatalyst under visible-light illumination. 

 

The photocatalytic efficiencies (C/C0) of all investigated TiO2 systems are illustrated in Fig. 

5.27. The blank experiment of RhB degradation in the absence of a photocatalyst is reported in 

all the photocatalyst series (black curve), pointing to a very low degradation rate of RhB, 

similarly to that reported in the literature [22, 81]. In particular it is possible to note that the un-

doped macroporous inverse opal TiO2 material (red curve, Fig. 5.27A) exhibits a good catalytic 

performance. Namely 60% of RhB was degraded after 120 minutes of irradiation, a much higher 

performance than that of the commercial TiO2 anatase as also confirmed by the six times higher 

kinetic rate constant (see Table 5.7). This is a quite interesting result considering that the wide 

band-gap energy of TiO2 should allow the absorption only in the UV range. Thus theoretically, 

no degradation of dye molecules by TiO2 should be expected under visible irradiation.  

The photocatalytic performance of inverse opal TiO2 was further improved on some of the 

investigated doped systems (Figs. 5.27 B-E). In fact, in the case of for the I.O. TiO2-composites 

only a low amount of cerium oxide (1, 2 and 3 wt.%) had a positive effect, whereas a higher 

amount and the presence of other components (CuO and BiVO4) had a negative effect (Table 

5.7). 
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Fig. 5.27 The variation of RhB concentrations (C/C0) with irradiation time over different photocatalysts series:  

(A) Different TiO2, (B) I.O.TiO2-CeO2,  (C) I.O. TiO2-N, (D) I.O. TiO2-W, (E) I.O. TiO2-Hf. 
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On the contrary the doping with nitrogen or metal ions lead to improve the photocatalytic 

activity of macroporous TiO2, especially when the doping agent was present at low concentration 

(0.2, 0.5, 1 at.%). The co-presence of nitrogen and tungsten didn’t enhance the TiO2 performance 

whereas for the TiO2-N-Hf system an increase of photoactivity was detected when both nitrogen 

and hafnium were present (Figs. 5.27 C-E). It has been reported that the photocatalytic 

degradation process of RhB follows first-order kinetics [82]. To better compare the effect of 

TiO2 dopants the calculated kinetic rate constants for all the investigated systems are reported in 

Table 5.7. 

 

Tab. 5.7 Kinetic constants for RhB degradation over investigated I.O. TiO2-based samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Catalysts k (min
-1

) 

I.O. TiO2 0.006 

Comm. TiO2 Anatase 0.001 

TiO2-1%CeO2 0.006 

TiO2-2%CeO2 0.009 

TiO2-3%CeO2 0.011 

TiO2-5%CeO2 0.0008 

TiO2-10%CeO2 0.0002 

TiO2-25%CeO2 0.0002 

CeO2 0.0001 

  

TiO2-1%BiVO4 0.00203 

TiO2-3%BiVO4 0.00062 

TiO2-5%BiVO4 0.00082 

TiO2-10%BiVO4 0.00059 

TiO2-25%BiVO4 0.00058 

BiVO4 0.00167 

  

TiO2-1%CuO 0.00144 

TiO2-3%CuO 0.00068 

TiO2-5%CuO 0.00087 

TiO2-10%CuO 0.00067 

TiO2-25%CuO 0.00059 

  

TiO2-0.2%N 0.014 

TiO2-0.5%N 0.011 

TiO2-1%N 0.009 

TiO2-2%N 0.006 

  

TiO2-0.2%W 0.008 

TiO2-0.5%W 0.009 

TiO2-1%W 0.007 

TiO2-2%W 0.004 

TiO2-0.5%W-1%N 0.005 

  

TiO2-0.2%Hf 0.007 

TiO2-0.5%Hf 0.012 

TiO2-0.5%Hf-1%N 0.013 
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It is possible to infer that the best photocatalysts are TiO2-3%CeO2 and TiO2-2%CeO2 for the 

TiO2-CeO2 system, whereas for the TiO2- N-metal samples, TiO2-0.2%N, TiO2-0.5%W and 

TiO2-0.5%Hf-1%N exhibit the best performance. 

The photoactivity was tested also using the LED reactor (see par. 5.4). Despite the use of a light 

source with a closer range of emission (430-470 nm) but lower power, 16 W instead of 108 W of 

Neon reactor, the macroporous TiO2 photocatalyst maintains good performance; with a kinetic 

rate constant of 0.005 min
-1

 instead of 0.006 min
-1

 calculated with Neon reactor. On the contrary 

all TiO2-doped systems showed worse or similar performance compared to single TiO2. Probably 

the use of a closer excitation emission it is sufficient to generate the slow photon effect, but is 

not enough to activate the effects of the doping agent that become as inert or poising agent 

covering the surface active sites of TiO2. 

The above reported results showed that the macro-mesoporous inverse opal TiO2 exhibited a 

much higher photodegradation activity towards RhB under visible light than the commercial 

TiO2. Moreover the use of chemical agents has been found to affect in different ways the 

chemico-physical properties and the photocatalytic performance of macro-mesoporous TiO2. In 

order to rationalize these results it must be reminded that the photocatalytic degradation of dyes 

has been reported to occur [83-86] according to a mechanism which involves, firstly the 

activation of the TiO2 particles by photons with wavelengths shorter than 385 nm; successively 

the electrons at the particles surface are scavenged by the ubiquitously present molecular oxygen 

to yield the superoxide radical anion, O2
-•
, which is then protonated to give the HOO

•
 radical 

(Fig. 5.28) 

 

Fig. 5.28 Typical photocatalytic mechanism under UV irradiation. 
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The valence band holes become trapped as surface-bound 
•
OH radicals by oxidation of either the 

surface OH
─
 groups and/or the surface H2O molecules. The 

•
OH radical can also derive from the 

trapped electron reacting with the HOO
•
 radical by the sequence of reactions a and b, namely: 

a) e
-
 + HOO

•
 + H

+
→ H2O2 

b) H2O2 + e
-
 → 

•
OH + OH

─
.  

According to this mechanism, photo-oxidation of the organic substrate RH (i.e., the RhB dye or 

the corresponding R• radical) can take place through the reaction c: 

c) RH or R• + (O2, O2
•-
, HOO

•
 or 

•
OH) → intermediates→ degraded or mineralized products. 

The participation of active oxygen species O2
•-
 HOO

•
, or 

•
OH radicals in the degradation of 

various organic substrates has been well acknowledged [83-86].  

It is remarkable that TiO2 particles cannot be photo activated by visible light. In this case dyes or 

analogous organic substrates under suitable energetic condition of the conduction band of TiO2 

and of the excited state of the dye, can act by injecting electrons from the adsorbed dye species 

to the TiO2 conduction band (Fig. 5.29).  

 

Fig. 5.29 Photosensitization mechanism under visible light irradiation. 

 

The injected electron reacts with the surface-adsorbed O2 molecules to yield the O2
•-
 radical 

anion and then the HOO
•
 radical by protonation, in competition with the back electron transfer to 

the dye
+•

 radical cation. However, the latter option is usually two to three orders of magnitude 

slower. Subsequently the formation of 
•
OH radicals and the degradation mechanism follow the 

same path described before (reaction c). It must be underlined that the presence of TiO2 particles 

has a key role in the above mechanism, acting as electron carriers to electron acceptors adsorbed 

on the particles [83-86]. 

In this context the very good performance in the degradation of RhB under visible light exhibited 

by the inverse opal TiO2, according to the literature [22, 23, 87], can be ascribed to the 
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photosentization mechanism (i.e. electronic transfer from the LUMO of RhB to the conduction 

band of TiO2), which also explains the moderate activity of commercial TiO2 anatase, boosted by 

the slow photon effect generated by the inverse opal structure. In fact, the peculiar mesoporosity 

of this structure leads to an enhanced accessibility which increases the mass transfer and allows 

light waves to easily enter the photocatalyst, increasing the path length of light and enhancing 

the light absorption of the material, thus resulting in an improved photo-reaction efficiency. 

Regarding the effect of the chemical agents, the photocatalytic results pointed out that CeO2 led 

to a significant improvement of the performance of inverse opal TiO2, only when cerium oxide is 

present in a low amount (1-3 wt%). The decrease of activity observed with a higher amount of 

cerium oxide (5-25 wt. %) can be ascribed to the progressive agglomeration of CeO2 particles, 

clearly evidenced by XRD and N2 adsorption-desorption measurements, covering TiO2 

nanoparticles thus hindering the access of the light to TiO2 active sites. This behaviour agrees 

with that reported in the literature also for gas-phase reactions [88-90]. Moreover, as detected by 

XPS, small amounts of cerium oxide favour the presence of Ce
3+

 ions, which could have a 

positive effect for the photoactivity because the occurrence of a mutual influence between the Ti 

and Ce metal cations is promoted, allowing a more easily change of their oxidation states on the 

surface. In particular, the redox process of CeO2 can be favoured and this is beneficial for 

oxidation reactions [91]. Furthermore the formation of Ce
3+

 impurities on the CeO2 particles 

could allow the injection of electrons from TiO2 to the Ce 4f level. This would also contribute to 

the enhancement of photo-produced hole lifetimes [89], as also confirmed by the 

photoluminescence data. All these consideration could explain the highest kinetic rate constants 

of TiO2-3%CeO2 and TiO2-2%CeO2 compared to other I.O. TiO2-CeO2 samples. 

The presence of nitrogen, tungsten and hafnium has been found also to promote the 

photocatalytic activity of the macro-mesoporous inverse opal TiO2 sample, mainly at the lowest 

amount of the doping agent (0.2, 0.5 at.%). The positive effect of nitrogen as doping agent of 

TiO2 has already been reported in the literature [69, 92-97]. Some authors correlated the positive 

effect of nitrogen to the location of the doped N species at the interstitial sites of TiO2, which 

leads to narrow the band-gap of TiO2, thus extending the range of light absorption towards the 

visible region and greatly enhancing the adsorption capacity of the dye [69, 93]. Other authors 

attributed the beneficial effect of N doping for photocatalysis to its influence on the TiO2 surface 

defects and/or the loosing of stoichiometry in TiO2 [94-96]. Cheng et al. studied the degradation 

of RhB under visible light irradiation over TiO2-N catalysts prepared by sol-gel. The enhanced 

photocatalytic activity of the TiO2-N doped system was attributed to several effects, namely (i) 

the formation of smaller size TiO2 particles, (ii) the presence of a higher amount of hydroxyl 
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groups on the catalytic surface, (iii) the more efficient light absorption in the visible region and 

(iv) the higher separation efficiency of the photo-induced charge carriers [97]. Dong et al. 

examined the degradation of methylorange (MO) under UV-Visible light over three-

dimensionally ordered macroporous titanium dioxide doped with nitrogen (N-3DOM TiO2). 

They found a better photocatalytic performance of the TiO2-N doped system which was 

attributed to the incorporation of N-atoms into the lattice of TiO2, which can induce a band-gap 

narrowing and cause the red-shift absorption threshold of TiO2, in addition to the slow photons 

effect generated by the 3DOM structure [92]. 

In our case all N-doped samples showed a higher or similar kinetic rate constant in the 

degradation of RhB under visible light compared to the bare porous inverse opal TiO2 (Table 5). 

The TiO2-0.2%N exhibited the best performance among all tested photocatalysts. Considering 

that, the characterization measurements did not point out any substantial variation of the band-

gap energy and other chemico-physical properties of inverse opal TiO2 due to the presence of 

nitrogen, according to the literature the enhanced photoactivity can be explained by the 

incorporation of N-atoms into the lattice of TiO2, as indirectly confirmed by XRD. This can be 

beneficial for the photocatalytic performance because N atoms act as impurity sensitizers, also 

influencing the TiO2 surface defects concentration [94-96, 98]. Similar results were found by 

Sato et al. using the wet-method for doping TiO2 samples with nitrogen [74]. A higher amount of 

nitrogen as impurities dopants, on the contrary, lead to a decrease of the positive effect towards 

the photodegradation of dye, in so as the higher concentration of surface defects could also act as 

photoelectrons traps [99]. 

Also the presence of tungsten or hafnium at low concentration (0.2, 0.5 and 1 at.%) enhanced the 

photoactivity of inverse opal TiO2. Some authors correlate the positive effect of tungsten to the 

effects of shift of the light absorption band from near UV to the visible range, due to the 

presence of tungsten oxides that hinder the recombination rate of excited electrons/holes and to 

the stoichiometric ion exchange between tungsten and titanium ions [77, 100, 101]. In our case, 

XPS analysis revealed the presence of different W species (mostly W
6+

and W
4+

). The presence 

of W
4+

 ions could favour the ion exchange with Ti
4+

 and the tungsten ions can substitute the 

titanium ions in the lattice of TiO2. Moreover a non-stoichiometric solid solution of WxTi1−xO2 

would form on the TiO2 surface, leading to have tungsten impurity energy level [78-80]. These 

effects were more pronounced when the concentration of tungsten was low, as shown by XPS 

data, with a surface enrichment of tungsten oxide species on the surface of TiO2. A similar 

behaviour was also confirmed by XPS in the presence of hafnium, which appears to favour the 

formation of non-stoichiometric Hf1-xTixO2 composite on the titanium dioxide surface with 
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Hf
4+

ions replying the Ti
4+

 ions [71, 76,]. Also in this case, this was beneficial for the 

photocatalytic performance of the TiO2 based system towards the photodegradation of RhB.  

The combination of nitrogen and tungsten as doping agents of macro-mesoporous inverse opal 

TiO2 structure did not significantly improve the performance compared to the doping with single 

atoms (Table 5.7). On the other hand the co-doping with nitrogen and hafnium (TiO2-0.5%Hf-

1%N sample) enhanced about twice the kinetic rate constant of degradation of RhB compared to 

the un-doped TiO2 inverse-opal. Xu et al. studied the degradation of methylene blu under visible 

irradiation on titania inverse opal films co-doped with N and F. They correlated the higher 

activity of co-doped samples over the slow photon effect to the existence of defects in the titania 

structure and/or Ti
3+

 species [75]. In our case, the combination of the impurity effect due to 

nitrogen and the presence of hafnium oxide that facilitates the formation of hydroxyl groups on 

the TiO2 surface and then the adsorption of atmospheric oxygen [71, 76], could explain the 

higher activity of the N-Hf co-doped sample. This synergistic effect had a minor effect when 

tungsten was present instead of hafnium.  

Regarding the detrimental effect due to the presence of BiVO4 and CuO, it is important to 

highlight that as reported in literature the role of BiVO4 in the TiO2 composites was of light 

sensitizer [22, 102, 103], larger is the amount of bismuth vanadate, greater is the sensitizing 

effect and better is the charge separation effect [22]. In this case, contrarily to the other systems, 

also the highest  amount of BiVO4 used (25 wt.%) was not sufficient to activate the sensitizing 

effect of BiVO4. As in fact observed by XPS measurements a low concentration probably didn’t 

allow to formation of BiVO4 at the TiO2 surface interface. 

The characterisations data pointed to that copper oxide was mostly embedded in the skeleton of 

TiO2. The negative performance of these samples was probably related to the copper oxide 

present on the surface of TiO2 that blocked the photocatalytic process by capturing the photo-

generated holes. 

In summary it is possible to state that a positive effect of chemical agents towards the 

photocatalytic degradation of RhB under visible light was verified when: 

a) The amount of the chemical agent was low; 

b) The ionic exchange of Ti
4+

 ions by host ions was favoured and the substitution of these ions in 

the crystal lattice of TiO2 could occur;  

c) The formation of non-stoichiometric Ti-composites on the catalytic surface was favoured. 

 

The photocatalytic performances of the I.O. TiO2-based samples were evaluated also for the 

photo-oxidation of VOC and for the photoreduction of proton from water. In particular the I.O. 
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TiO2-doped samples (I.O.TiO2-N, I.O.TiO2-W, I.O. TiO2-Hf) were tested for the photo-oxidation 

of ethanol, whereas the I.O. TiO2-composites samples (I.O.TiO2-CeO2, I.O.TiO2-CuO, I.O. TiO2-

BiVO4) were tested for the photocatalytic water splitting. 

Recently, the use of ethanol as biofuels component has been growing due to its environmental 

sustainability. However, the combustion in the cars engine leads to a significant increase in 

formaldehyde and acetaldehyde emissions which are considered carcinogenic and contribute to 

the formation of tropospheric ozone. Moreover being ethanol a common solvent the removal of 

its vapours from air is also important for many industries as bakeries, breweries, metal coating, 

etc. 

Fig.5.30 displays the photocatalytic results in terms of conversion of ethanol, selectivity to 

acetaldehyde and selectivity to CO2 under UV irradiation. In accordance with data reported in 

the literature [104] acetaldehyde is the main gaseous intermediate, and the concentration of other 

products (formaldehyde, CO, formic acid and acetic acid) in the gas phase was much lower 

(selectivity < 2%). Also in this case the inverse opal TiO2 sample exhibited better performance 

compared to commercial TiO2 anatase. In particular a higher ethanol conversion (35% of I.O. 

TiO2 compared to the 17% of commercial TiO2) and a higher selectivity to CO2 (33% of I.O. 

TiO2 compared to the 14% of commercial TiO2) were detected. In this reaction an increase of 

selectivity to CO2 is a positive feature considering the hazard nature of acetaldehyde. A further 

increase of ethanol conversion and CO2 selectivity was verified increasing the amount of 

nitrogen as doping agent (Fig.5.30A) reaching the 54% and the 53% respectively on I.O. TiO2-

2%N. These results confirm the positive effects due to the presence of nitrogen in the 

macroporous skeleton of inverse opal TiO2. The addition of tungsten (Fig.5.30B) leads to have 

only an increase of acetaldehyde selectivity compared to the bare inverse opal TiO2, whereas no 

substantial change was measured due to the presence of hafnium (Fig.5.30C). 

Fig.5.31 shows the H2 evolution under UV irradiation in the presence of the investigated TiO2 

composites systems. The bare I.O. TiO2 (red line) showed a higher H2 production compared to 

commercial TiO2 anatase (black curve) (Fig. 5.31A). The presence of BiVO4 (Fig. 5.31A) and 

CeO2 (Fig. 5.31C) led to a moderate increase of H2 production, which was more relevant for the 

samples with the highest amount (I.O. TiO2-10% BiVO4 and I.O. TiO2-25% BiVO4). On the 

contrary the addition of CuO (Fig. 5.31B) had a negative effect on the performance, even at a 

low copper amount.  
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Fig. 5.30 Results of ethanol photocatalytic oxidation in terms of conversion, selectivity to acetaldehyde and 

selectivity to CO2, under UV irradiation. 
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Fig. 5.31 Photocatalytic H2 production at 30°C: (A) Inverse Opal TiO2-BiVO4; (B) Inverse Opal TiO2-CuO and (C) 

Inverse Opal TiO2-CeO2 composites under UV irradiation. 
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Under solar light irradiation (Fig. 5.32) the I.O. TiO2 exhibited a much higher activity (about 

5 times) compared to commercial TiO2. Also in this case concentrations of BiVO4 higher than 10 

wt.% resulted in a further increase of the hydrogen production, with the I.O. TiO2-25% BiVO4 

sample exhibiting the best performance (Fig. 5.32A violet line). Similarly the addition of CeO2 

(Fig. 5.32B) led to increase the activity of I.O. TiO2 with an increased amount of cerium oxide, 

however the hydrogen production of I.O. TiO2-25% CeO2 is lower compared to I.O. TiO2-25% 

BiVO4. On the contrary for the I.O.TiO2-CuO composites (Fig. 5.32C) only the samples with 

small amounts of CuO (1-3 wt. %) had a better activity with respect to I.O. TiO2.  

The above reported results confirm that, the presence of a macroporous structure such as that 

of I.O.TiO2 largely improves the absorption of photons, increasing the path length and the 

migration rate of electron-hole pairs towards the surface. Consequently the reduction of H
+
 ions 

on the surface of TiO2 by the photogenerated electrons is favored [105, 106]. This well agrees 

with the observed higher photoactivity of I.O. TiO2 compared to commercial TiO2. This 

photoactivity is further increased in the presence of BiVO4 and in less extent CeO2. The sample 

with the highest BiVO4 content, I.O. TiO2-25%BiVO4, exhibited the best performance both 

under UV than solar irradiation. Due to the small band-gap of BiVO4, the produced high-energy 

electrons in the bare BiVO4 relax easily from the conduction (CB) to the valence band (VB) in a 

remarkably short period, with obvious energy loss, leading to an inefficient charge separation. 

The coupling of BiVO4 with TiO2 leads to an increase of photocatalytic performances. As 

reported in the literature, in fact, BiVO4 can be considered as a light sensitizer for TiO2. In 

particular, a generally accepted mechanism considers that under a suitable light irradiation 

(excitation ≤ 510-530 nm) the electrons of the valence band of BiVO4 are firstly excited to the 

conduction band of BiVO4, leaving holes behind, and after that these photogenerated electrons 

are transferred to the CB of TiO2 [103, 107]. The formation of an efficient heterojunction 

between TiO2 and BiVO4 is a key factor to explain the enhanced photoactivity. On the basis of 

XRD, XPS and DRS measurements we found that the heterojunction was favoured only for high 

amount of BiVO4 (>10 wt%). This is in good agreement with the results of Zalfani et al. [23], 

who investigated the photodegredation of Rhodamine B under visible light irradiation over 

BiVO4-TiO2 catalysts. 
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Fig. 5.32 Photocatalytic H2 production at 30°C: (A) Inverse Opal TiO2-BiVO4; (B) Inverse Opal TiO2-CuO and (C) 

Inverse Opal TiO2-CeO2 composites under solar light irradiation. 
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Fig. 5.33 depicts the band positions versus the Normal Hydrogen Electrode (NHE) of the 

different semiconductors according to the literature data [41, 108, 109]. In the TiO2-BiVO4 

systems (Fig. 5.33A), electrons can be transferred from BiVO4 to TiO2 because the conduction 

band of BiVO4 is more negative than that of TiO2, whilst holes, due to the more positive valence 

band of TiO2, can move in the opposite direction allowing a very efficient charge separation and 

an improvement of the photocatalytic activity. A similar mechanism was proposed with the 

presence of cerium oxide (Fig. 5.33B), moreover as reported in literature [110] the presence of 

the redox couple Ce
3+

/Ce
4+

 led to have a scavenging effect in the TiO2 conduction band 

increasing the charge carriers separation, the minor amount of hydrogen detected for the I.O. 

TiO2-CeO2 system compared to the I.O. TiO2-BiVO4 samples could be related to the major 

efficiency of BiVO4 as photosensitizer. 

On the contrary, in the TiO2-CuO samples (Fig. 5.33C), both holes and electrons will transfer 

and accumulate on CuO, giving rise also to some extent of recombination, because the 

conduction band of CuO is more positive than that of TiO2, making consequently the junction 

not very efficient under UV irradiation. Consequently the bare I.O. TiO2 sample showed to be 

more active than the TiO2-CuO samples. However, from an electrochemical point of view, CuO 

could favour H2 formation only if its conduction band edge was more negative than the H
+
/H2 

potential. In accord to Yu et al. [41], when the CuO amount is not very high (1 and 3%, in this 

paper), particle size is small and, due to quantum size effect, the valence and conduction band 

edges shift toward more positive and more negative values, respectively. In particular the 

conduction band edge can become more negative than the H
+
/H2 potential, allowing H2 

evolution. This finding could explain the highest activity of the I.O. TiO2-1%CuO and I.O. TiO2-

3%CuO samples with respect to the other doped samples. In addition, some authors [26, 108, 

109] explain the CuO efficiency toward H2 production by considering that electron excess on 

CuO under irradiation causes a negative shift of the Fermi level of the oxide, enabling H
+
 

reduction.  

It is worth noting that according to literature [111-113], H2 formation can derive both from H2O 

splitting and ethanol reforming, while the presence of CO2 detected during the photocatalytic 

tests can be related to the mineralization of the organic compound acting as a sacrificial agent.  
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Fig. 5.33 Possible photocatalytic mechanism of H2 generation over (A) Inverse Opal TiO2-BiVO4; (B) Inverse Opal 

TiO2-CeO2 and (C) Inverse Opal TiO2-CuO composites. 
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Contrarily to what observed under UV irradiation, I.O.TiO2-CuO composites with the smallest 

amounts of CuO (< 5 wt.%) showed to be more photoactive under solar light irradiation with 

respect to I.O. TiO2. It is not easy to explain this apparent contradictory behaviour. A tentative 

explanation could be provided by considering (i) that only a smaller fraction of efficient UV 

photons are present in a 300 W lamp simulating solar light (with respect to the high number of 

photons deriving from a 100 W UV lamp which could give rise to a levelling effect in the 

accumulation/recombination of pairs), (ii) that a beneficial effect could be due to the presence of 

CuO which can absorb in the visible range with the occurrence of d-d transition in Cu
2+

 species 

(as detected by DRS measurements), thus favouring the accumulation of electrons in the CB of 

CuO [41, 109]. 

XRD and DRS results suggest that the incorporation of small amounts of CuO in the inverse opal 

TiO2 allowed the occurrence of a charge tunneling through the interface barrier between the two 

oxides. CuO could act as a co-catalyst, offering the reduction sites for H2 production (Fig. 

5.33C). The presence of a high CuO loading appeared to be detrimental because the oxide acted 

as a recombination site between the charge carriers and the unfavorable band position due to the 

particle size increase. Moreover, high amount of CuO segregated on the TiO2 surface (see XPS 

results) thus inhibiting the light absorption of TiO2 [68, 114]. 

 

5.6 Conclusions and future perspectives 

Macroporous inverse opal TiO2 systems have been successfully synthesized, characterized and 

tested in the photocatalytic degradation of Rhodamine B in water, in the photo-oxidation of VOC 

and in the photocatalytic water splitting under both UV and solar light irradiation. In particular 

the influence of difference chemical agents (BiVO4, CeO2, CuO, N, W and Hf) was evaluated 

both in terms of chemico-physical properties and photocatalytic activity. Compared to 

commercial TiO2 the inverse opal TiO2 exhibited much better photocatalytic performance both 

under UV than solar light irradiation. This was related to the peculiar structure of the inverse 

opal TiO2 which provides more active surface area and increased mass transfer because of its 

highly accessible porosity. According to the photocatalytic performance and the characterization 

data a positive effect of chemical agents, in terms of increased photocatalytic activity for the 

photo-oxidation reaction, was verified when the amount of the dopants (N, W, Hf) or cerium 

oxide was low. In fact, at low amounts of chemical agents, the ionic exchange of Ti
4+

 ions by 

doping ions with the substitution of the Ti ions in the crystal lattice of TiO2 was favored and/or 

the formation of non-stoichiometric Ti-composites on the TiO2 surface was promoted. 
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Improvement in terms of H2 production was indeed verified in the inverse opal TiO2 composites 

(I.O. TiO2-CeO2, I.O. TiO2-BiVO4, I.O. TiO2-CuO) through the addition of an increasing amount 

of BiVO4 or CeO2. On the contrary, for the I.O. TiO2-CuO composites, small copper oxide 

content was found to be optimal. In fact, due to surface segregation of copper, a higher amount 

of CuO can decrease the absorption of photon energy on TiO2 surface due to the coverage of the 

TiO2 active sites. 

The good photocatalytic performances of inverse opal TiO2 based photocatalysts encourage 

further investigation on the use of these systems in other attractive green reactions, such as the 

CO2 photoreduction in the framework of a more efficient use of the visible light and of a more 

sustainable chemistry. As discussed in the introduction in fact, the greenhouse gas effect is 

considered to be a factor for anthropogenic climate change, and therefore the steady rise in the 

CO2 level is a great cause for concern. Mitigating the effect of increasing CO2 emissions through 

its sequestration has been studied intensively. However, the process generally requires a 

substantial input of energy and careful prevention of leakage of CO2 back into the atmosphere 

[115]. In this context, the use of solar energy to chemically reduce CO2 to higher energy 

compounds such methanol or methane offers a way to address this problem. 

For example water can be photocatalytically split and the produced hydrogen is used to 

catalytically hydrogenate CO2 to produce useful chemicals for use in further synthesis or as 

fuels. This approach takes advantage of the recent developments in the photocatalytic generation 

of H2 and avoids problems associated with hydrogen storage. 
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CONCLUSIONS 

 

The rapid development of a global economy and the associated industrialization over the past 

century has brought about serious concerns regarding global resource consumption. The 

depletion of fossil fuel resources and the rapid consumption of carbon-based fossil fuel energy 

sources has led to global warming and climate change concerns. Despite these problems, fossil 

fuels still remain the major energy source used in people's daily lives. This has motivated an 

urgent research for renewable sources of clean energy. 

The discovery of photocatalysis in 1972 on hydrogen production by water splitting attracted 

immediate research interest sowing to the following two energy crises, 1973 oil crisis and 1979 

energy crisis. With more than four-decade development, photodegradation of either aqueous or 

gaseous pollutants, and production of solar fuels by photocatalytic either water splitting or CO2 

conversion, have been the hottest topics in photocatalysis. In the next future commercial 

photocatalysis would become both technically and economically competitive to counterpart 

technologies, as for example hydrogen production from hydrocarbon reforming, CO2 conversion 

by dry reforming and chemical synthesis, water treatment by adsorption, biological treatment or 

advanced oxidation processes (AOPs). Furthermore, compared to above industrial processes, air 

purification especially indoor air purification appears to be a promising field in which 

photocatalysis could potentially act as a commercialized technology, integrating with particulate 

matter removal technologies. 

Since its commercial production in the early twentieth century, titanium dioxide (TiO2) has been 

widely used as pigment and in sunscreens, paints, ointments, toothpaste, etc. Moreover after its 

first application in water splitting by Fujishima and Honda in 1972, TiO2 has been heavily 

investigated in photocatalysis, solar cells, lithium ion battery electrodes, biomedical devices and 

intelligent coatings. However, there are still some intrinsic drawbacks that have limited the wide 

application of TiO2 in its many multidimensional nanostructure forms. Withal wide band gap, 

TiO2 (anatase: 3.2 eV, rutile: 3.0 eV) has a low utilization of the solar light spectrum. 

Furthermore, a fast recombination of photo-generated electron-hole pairs and a large over 

potential for water splitting leads to low photocatalytic efficiency. Therefore, in these years in 

order to improve the TiO2 photoefficiency, more efforts have been devoted to enlarging the 

effective photocatalytic surface, forming Schottky junctions or heterojunctions, and engineering 

the band structure to match particular energy levels with structural or chemical modifications. 
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In this work three different approaches were used to modify the chemico-physical properties of 

TiO2 investigating the effects of these changes on the photocatalytic performance both in the 

photo-oxidation and photo reduction reactions either under UV than solar light irradiation. 

The first strategy was to add at the commercial TiO2 another oxide as CeO2 and noble metals as 

gold or silver to exploit their surface Plasmon resonance effect. In particular the Au/TiO2-CeO2 

catalyst has showed good performance both in the photocatalytic water splitting than in the 

photo-oxidation of 2-propanol in the gas-phase. The enhanced charge carrier separation due to 

the presence of gold and the redox properties of cerium oxide were the key factors to increase the 

photoactivity of TiO2. 

The second approach was a structural modification of TiO2 with the introduction of Ti
3+

 and 

oxygen vacancies through laser irradiation. The remarkable increase of hydrogen production by 

photocatalytic water splitting was related to the presence of defects inside the crystalline 

structure of TiO2. 

The combinationon (third approach) of a TiO2 structural modification as the synthesis of inverse 

opal materials, and chemical modifications as the addition of a host component as BiVO4, CeO2, 

CuO or doping agent as N, W or Hf can be a promising strategy to enhance the titania 

photoactivity under solar light irradiation (Fig. C.1). The high performance of these catalysts was 

due to the peculiar porous backbone of inverse opal TiO2 that led to have a high light absorption 

inside the material and to exploit the photonic effects. Moreover, the presence of a 

photosensitizer as BiVO4 or the introduction of defects, eased by the presence of doping agents, 

further enhances the light absorption and the electron-hole charge separation of TiO2. 
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Fig. C.1 H2 production by photocatalytic water splitting under solar light irradiation over some catalysts 

synthesized in this work. 
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The contemporaneous presence of structural and chemical modifications of TiO2 could be a 

promising approach to achieve an efficient use of solar energy applied to the TiO2-based 

photocatalysis for energy production and environmental protection.  
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Appendix A: Characterization techniques used in this work 

 

 X-ray powder diffraction (XRD): X-ray diffraction (XRD) is an effective method for 

determining the crystal structure of materials. It detects crystalline materials having 

crystal domains greater than 3-5 nm. It is used to characterize bulk crystal structure and 

chemical phase composition. XRD analysis is based on constructive interference of 

monochromatic X-rays and a crystalline sample: The X-rays are generated by a cathode 

ray tube, filtered to produce monochromatic radiation, collimated to concentrate, and 

directed toward the sample. The interaction of the incident rays with the sample produces 

constructive interference (and a diffracted ray) when conditions satisfy Bragg’s Law 

(nλ=2d sin θ). This law relates the wavelength of electromagnetic radiation to the 

diffraction angle and the lattice spacing in a crystalline sample. 

 

 N2 adsorption-desorption measurements: The specific surface area of a powder is 

determined by physical adsorption of a gas, usually N2, on the surface of the solid and by 

calculating the amount of adsorbate gas corresponding to a monomolecular layer on the 

surface. Physical adsorption results from relatively weak forces (van der Waals forces) 

between the adsorbate gas molecules and the adsorbent surface area of the test powder. 

The determination is usually carried out at the temperature of liquid nitrogen. The 

amount of gas adsorbed can be measured by a volumetric or continuous flow procedure. 

The Brunauer-Emmett-Teller (BET) theory aims to explain the physical adsorption of gas 

molecules on a solid surface and serves as the basis for the measurement of the specific 

surface area of a material. Surface area determinations involve creating the conditions 

required to adsorb an average monolayer of molecules onto a sample. By extending this 

process so that the gas is allowed to condense in the pores, the sample’s fine pore 

structure can be evaluated. As pressure increases, the gas condenses first in the pores 

with the smallest dimensions. The pressure is increased until saturation is reached, at 

which time all pores are filled with liquid. The adsorptive gas pressure then is reduced 

incrementally, evaporating the condensed gas from the system. Evaluation of the 

adsorption and desorption branches of these isotherms and the hysteresis between them 

reveals information about the size, volume, and area of pores. The BJH (Barrett, Joyner, 

and Halenda) or the DH (Dollimore and Heal) methods are typical procedure for 
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calculating pore size distributions from experimental isotherms using the Kelvin model of 

pore filling. It applies only to the mesopore and small macropore size range. 

 

 Scanning Electron Microscopy (SEM): This technique provides detailed high resolution 

images of the sample by rastering a focussed electron beam across the surface and 

detecting secondary or backscattered electron signal. An Energy Dispersive X-Ray 

Analyser (EDX or EDA) is also used to provide elemental identification and quantitative 

compositional information. EDX relies on an interaction of some source of X-ray 

excitation and a sample. Its characterization capabilities are due in large part to the 

fundamental principle that each element has a unique atomic structure allowing unique 

set of peaks on its X-ray emission spectrum. 

 

 Trasmission Electron Microscopy (TEM): A transmission electron microscope utilizes 

energetic electrons to provide morphologic, compositional and crystallographic 

information on samples. At a maximum potential magnification of 1 nanometer, TEMs 

are the most powerful microscopes. TEMs produce high-resolution, two-dimensional 

images, allowing for a wide range of educational, science and industry applications. A 

transmission electron microscope produces a high-resolution, black and white image 

from the interaction that takes place between prepared samples and energetic electrons in 

the vacuum chamber. Air needs to be pumped out of the vacuum chamber, creating a 

space where electrons are able to move. The electrons then pass through multiple 

electromagnetic lenses. These solenoids are tubes with coil wrapped around them. The 

beam passes through the solenoids, down the column, makes contact with the screen 

where the electrons are converted to light and form an image. The image can be 

manipulated by adjusting the voltage of the gun to accelerate or decrease the speed of 

electrons as well as changing the electromagnetic wavelength via the solenoids. The coils 

focus images onto a screen or photographic plate. During transmission, the speed of 

electrons directly correlates to electron wavelength; the faster electrons move, the shorter 

wavelength and the greater the quality and detail of the image. The lighter areas of the 

image represent the places where a greater number of electrons were able to pass through 

the sample and the darker areas reflect the dense areas of the object. These differences 

provide information on the structure, texture, shape and size of the sample. To obtain a 

TEM analysis, samples need to have certain properties. They need to be sliced thin 

enough for electrons to pass through, a property known as electron transparency. Samples 
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need to be able to withstand the vacuum chamber and often require special preparation 

before viewing. Types of preparation include dehydration, sputter coating of non-

conductive materials, cryofixation, sectioning and staining. 

 

 X-ray photoelectron spectroscopy (XPS): X-ray photoelectron spectroscopy is a surface 

characterization technique that can analyze a sample to a depth of 2 to 5 nanometers 

(nm). XPS is conducted in ultrahigh vacuum (UHV) conditions, around 10-9 millibar 

(mbar). Irradiating a sample with x-rays of sufficient energy results in electrons in 

specific bound states to be excited. In a typical XPS experiment, sufficient energy is 

input to break the photoelectron away from the nuclear attraction force of an element. 

Two key features are derived from XPS data. The first is that even photo-ejected 

electrons from core levels have slight shifts depending on the outer valence configuration 

of the material examined. The second is that the specific energy of an elemental core 

level transition occurs at a specific binding energy that can uniquely identify (and in 

favorable cases quantify) the element. In a typical XPS spectrum some of the photo-

ejected electrons inelastically scatter through the sample enroute to the surface, while 

others undergo prompt emission and suffer no energy loss in escaping the surface and 

into the surrounding vacuum. Once these photo-ejected electrons are in the vacuum, they 

are collected by an electron analyzer that measures their kinetic energy. An electron 

energy analyzer produces an energy spectrum of intensity (number of photo-ejected 

electrons versus time) versus binding energy (the energy the electrons had before they 

left the atom). Each prominent energy peak on the spectrum corresponds to a specific 

element. Besides identifying elements in the specimen, the intensity of the peaks can also 

tell how much of each element is in the sample. Each peak area is proportional to the 

number of atoms present in each element. The specifical chemical composition is 

obtained by calculating the respective contribution of each peak area. By applying 

relative sensitivity factors and appropriately integrating peak areas, it can be determined 

that the sample below is 25 percent oxygen and 75 percent carbon. 

 

 Raman Spectroscopy: Raman is a spectroscopic technique used to observe 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 in the visible, near 

infrared, or near ultraviolet range. The laser light interacts with molecular vibrations, 

phonons or other excitations in the system, resulting in the energy of the laser photons 
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being shifted up or down. The shift in energy gives information about the vibrational 

modes in the system. 

 

 UV-Vis Diffuse Reflectance Spectroscopy (UV-Vis-DRS): Reflectance spectroscopy is 

very closely related to UV/Vis spectroscopy, in that both of these techniques use UV or 

visible light to excite valence electrons to empty orbitals. The difference in these 

techniques is that in UV/Vis spectroscopy one measures the relative change of 

transmittance of light as it passes through a solution, whereas in diffuse reflectance, one 

measures the relative change in the amount of reflected light off of a surface. A solution 

that is completely clear and colorless has essentially 100% transmission of all visible 

wavelengths of light, which means that it does not contain any dissolved components that 

have (allowed) electronic transitions over that energy range. By the same line of 

reasoning, a white powder effectively reflects 100% of all visible wavelengths of light 

that interacts with it. However, if the material has electronic energy levels that are 

separated by an energy in the visible region, then it may absorb some of light energy to 

move electrons from the filled energy level (valence band) into this empty level 

(conduction band). This causes an relative decrease in the amount of light at that 

particular energy, relative to a reference source. In other words, the % 

transmission/reflectance will decrease. This techniques permit to estimate the band gap 

values of materials. Kubelka-Munk (KM) theory provides the theoretical descriptions of 

DRS. When the powdered sample is radiated with light, a portion is regularly reflected at 

a powder surface and the remaining enters the powder and diffuse. As light of particular 

length is absorbed by the sample, the measurement of the diffuse reflected light at 

different wavelengths yields a spectrum called diffuse reflectance spectrum. The intensity 

of diffused reflectance spectrum in the limiting case of infinitely thick sample is 

expressed by Kubelka-Munk equation: 

 

 

 

where RI is the absolute diffuse reflectance (Kubelka-Munk function), k the absorption 

coefficient and s the scattering coefficient which varies with particle size and packing. In 

practice the measure of the relative diffuse reflectance (R) is the ratio of the reflection 

from the sample to the intensity of reflection from a standard sample (usually BaSO4).  
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A plot with hν along x-axis and  along y-axis led to exstimate the value of band 

gap of the material extrapolating the straight line in the graph at k = 0. 

 

 Photoluminescence (PL) spectroscopy: The Photoluminescence (abbreviated as PL) is 

light emission from any form of matter after the absorption of photons (electromagnetic 

radiation). It is one of many forms of luminescence (light emission) and is initiated by 

photoexcitation (excitation by photons). Following excitation various relaxation 

processes typically occur in which other photons are re-radiated. Time periods between 

absorption and emission may vary: ranging from short femtosecond-regime for emission 

involving free-carrier plasma in inorganic semiconductors up to milliseconds for 

phosphorescent processes in molecular systems; and under special circumstances delay of 

emission may even span to minutes or hours. Observation of photoluminescence at a 

certain energy can be viewed as indication that excitation populated an excited state 

associated with this transition energy. While this is generally true in atoms and similar 

systems, correlations and other more complex phenomena also act as sources for 

photoluminescence in many-body systems such as semiconductors. Photoluminescence 

(PL) spectroscopy is then a powerful technique for investigating the electronic structure, 

both intrinsic and extrinsic, of semiconducting and semi-insulating materials. When 

collected at liquid helium temperatures, a PL spectrum gives an excellent picture of 

overall crystal quality and purity. It can also be helpful in determining impurity 

concentrations, identifying defect complexes, and measuring the band gap of 

semiconductors. When performed at room temperature with a tightly focused laser beam, 

PL mapping can be used to measure micrometer-scale variations in crystal quality or, in 

the case of alloys and super lattices, chemical composition. The information obtainable 

from PL overlaps with that obtained by absorption spectroscopy, the latter technique 

being somewhat more difficult to perform for several reasons. First, absorption 

spectroscopy requires a broadband excitation source, such as a tungsten-halogen lamp, 

while PL can be performed with any above-band-gap laser source. Second, for thin-film 

samples absorption spectroscopy requires that the substrate be etched away to permit 

transmission of light through the sample. Third, for bulk samples the transmitted light 

may be quite weak, creating signal-to-noise ratio difficulties. On the other hand, 

absorption spectroscopy has the advantage of probing the entire sample volume, while PL 

is limited to the penetration depth of the above-band-gap excitation source, typically on 

the order of a micrometer. The areas of application of PL also overlap somewhat with 
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Raman spectroscopy, but the latter is much harder to perform because of the inherent 

weakness of nonlinear scattering processes and because of its sensitivity to 

crystallographic orientation.  
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Appendix B: Gas Chromatography 

Gas Chromatography (GC or GLC) is a commonly used analytic technique in many research and 

industrial laboratories for quality control as well as identification and quantification of 

compounds in a mixture. GC is also a frequently used technique in many environmental and 

forensic laboratories because it allows for the detection of very small quantities. A broad variety 

of samples can be analyzed as long as the compounds are sufficiently thermally stable and 

reasonably volatile. Like for all other chromatographic techniques, a mobile and a stationary 

phase are required for this technique. The mobile phase (=carrier gas) is comprised of an inert 

gas i.e., helium, argon, or nitrogen. The stationary phase consists of a packed column in which 

the packing or solid support itself acts as stationary phase, or is coated with the liquid stationary 

phase (=high boiling polymer).  

The sample is injected into the inlet where it is volatilized and a representative portion is carried 

onto the column by the carrier gas. The sample components are separated by differential 

partitioning in the stationary and mobile phases. The separated sample component elute from the 

column into the detector where some physicochemical parameter is detected and a signal 

produced (Fig. A.b1). This signal is then amplified and sent to the data system where the 

chromatogram is electronically constructed. 

 

 

 

Fig. A.b1 GC instrumentation. 

 

Most analytical gas chromatographs use capillary columns, where the stationary phase coats the 

walls of a small-diameter tube directly. The separation of compounds is based on the different 
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strengths of interaction of the compounds with the stationary phase. The stronger the interaction 

is, the longer the compound interacts with the stationary phase, and the more time it takes to 

migrate through the column (=longer retention time). The boiling point of a compound is often 

related to its polarity . The lower the boiling point is, the higher the vapor pressure of the 

compound and the shorter retention time usually is because the compound will spent more time 

in the gas phase. That is one of the main reasons why low boiling solvents (i.e., diethyl ether, 

dichloromethane) are used as solvents to dissolve the sample. The temperature of the column 

does not have to be above the boiling point because every compound has a non-zero vapor 

pressure at any given temperature, even solids. If the polarity of the stationary phase and 

compound are similar, the retention time increases because the compound interacts stronger with 

the stationary phase. As a result, polar compounds have long retention times on polar stationary 

phases and shorter retention times on non-polar columns using the same temperature. Chiral 

stationary phases that are based on amino acid derivatives, cyclodextrins and chiral silanes are 

capable of separating enantiomers because one enantiomer interacts slightly stronger than the 

other one with the stationary phase, often due to steric effects or other very specific interactions. 

A excessively high column temperature results in very short retention time but also in a very 

poor separation because all components mainly stay in the gas phase. However, in order for the 

separation to occur the components need to be able to interact with the stationary phase. If the 

compound does not interact with the stationary phase, the retention time will decrease. At the 

same time, the quality of the separation deteriorates, because the differences in retention times 

are not as pronounced anymore. The best separations are usually observed for temperature 

gradients, because the differences in polarity and in boiling points are used here. A high flow 

rate reduces retention times, but a poor separation would be observed as well. Like above, the 

components have very little time to interact with the stationary phase and are just being pushed 

through the column. A longer column generally improves the separation. The trade-off is that the 

retention time increases proportionally to the column length and a significant peak broadening 

will be observed as well because of increased longitudinal diffusion inside the column. One has 

to keep in mind that the gas molecules are not only traveling in one direction but also sideways 

and backwards. This broadening is inversely proportional to the flow rate. Broadening is also 

observed because of the finite rate of mass transfer between the phases and because the 

molecules are taking different paths through the column. Ideally, the peaks in the chromatogram 

display a symmetric shape (Gaussian curve). If too much of the sample is injected, the peaks 

show a significant tailing, which causes a poorer separation. Most detectors are relatively 

sensitive and do not need a lot of material in order to produce a detectable signal. Strictly 
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speaking, under standard conditions only 1-2 % of the compound injected into the injection port 

passes through the column because most GC instruments are operated in split-mode to prevent 

overloading of the column and the detector. The splitless mode will only be used if the sample is 

extremely low in concentration in terms of the analyte.  

Many GC instruments are coupled with a mass spectrometer, which is a very good combination. 

The GC separates the compounds from each other, while the mass spectrometer helps to identify 

them based on their fragmentation pattern The Flame Ionization Detector (FID) is very sensitive 

towards organic molecules but relative insensitive for a few small molecules i.e., N2, NOx, H2S, 

CO, CO2, H2O. If proper amounts of hydrogen/air are mixed, the combustion does not afford any 

or very few ions resulting in a low background signal. If other carbon containing components, 

are introduced to this stream, cations will be produced in the effluent stream. The more carbon 

atoms are in the molecule, the more fragments are formed and the more sensitive the detector is 

for this compound. Unfortunately, there is no direct relationship between the number of carbon 

atoms and the size of the signal. As a result, the individual response factors for each compound 

have to be experimentally determined for each instrument. Due to the fact that the sample is 

burnt (pyrolysis), this technique is not suitable for preparative GC. In addition, several gases are 

usually required to operate a FID: hydrogen, oxygen (or compressed air), and a carrier gas. The 

Thermal Conductivity Detector (TCD) is less sensitive than the FID, but is well suited for 

preparative applications, because the sample is not destroyed. The detection is based on the 

comparison of two gas streams, one containing only the carrier gas, the other one containing the 

carrier gas and the compound. Naturally, a carrier gas with a high thermal conductivity i.e., 

helium or hydrogen is used in order to maximize the temperature difference (and therefore the 

difference in resistance) between two filaments (= thin tungsten wires). The large surface-to-

mass ratio permits a fast equilibration to a steady state. The temperature difference between the 

reference and the sample cell filaments is monitored by a Wheatstone bridge circuit. 
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Appendix C: Hydrogen Economy 

One of the task of this work was that to investigate new and green way to produce hydrogen a 

promising non-carbon future fuel. In this appendix a brief summary of other aspect of the 

hydrogen energy (i.e. the hydrogen purification for the use in the fuel cell and the hydrogen 

production on-demand) was outlined being another topic of my PhD research project. 

The term "hydrogen economy" refers to the vision of using hydrogen as a low-carbon energy 

source replacing, for example, gasoline as a transport fuel or natural gas as a heating fuel. 

Hydrogen is attractive because whether it is burned to produce heat or reacted with air in a fuel 

cell to produce electricity, the only byproduct is water. 

Hydrogen is not found in pure form on Earth, however, so it must be produced from other 

compounds such as natural gas, biomass, alcohols or water. In all cases it takes energy to convert 

these into pure hydrogen. For that reason, hydrogen is really an energy carrier or storage medium 

rather than an energy source in itself and the climate change impact of using it depends on the 

carbon footprint of the energy used to produce it. One of the most potentially useful ways to use 

hydrogen is in electric cars or buses in conjunction with a fuel cell which converts the hydrogen 

into electricity. Fuel cells are attractive because they're far more efficient than the internal 

combustion engines they can replace though the latter can still be used with hydrogen fuels if 

desired. At the moment, hydrogen is most commonly produced from natural gas. In this 

situation, a typical fuel cell car generates 70-80 g CO2 for each kilometer driven similar to a 

modern gasoline hybrid or to a battery electric vehicle. These emissions can be reduced towards 

zero if the hydrogen is produced using low-carbon electricity sources such as renewables, 

nuclear or to electrolyze water, thus would allow to close the cycle of renewable hydrogen (Fig. 

A.c1). The downside is that in this situation only around half as much electricity comes out of 

the fuel cell as was put in to produce the hydrogen in the first place. The rest is lost as heat. 

Partly for this reason, and partly due to concerns over the commercial readiness of hydrogen fuel 

cell cars, battery-based electric cars have received more attention in recent years than hydrogen 

cars. However, hydrogen vehicles retain a number of important advantages: they can be rapidly 

refuelled in just a couple of minutes and have a range of many hundreds of kilometers. So the 

best technology depends on the final cost, carbon mitigation potential, and consumer needs in 

each case, moreover in the last years new methods were investigated to produce hydrogen 

without the use of electricity as the reforming of biomass or the photocatalytic water splitting. 

 



Appendix C 

 

- 146 - 
 

 

 

Fig. A.c1 Cycle of renewable Hydrogen. 

 

In addition to transport, hydrogen may also be useful as a way to store renewable energy from 

intermittent sources for example, when the wind is blowing but there is not high demand for 

electricity. In this context, it's an alternative to large-scale batteries or other storage systems. 

Another possibility is to use hydrogen as a heating fuel in our homes and buildings, either 

blended with natural gas or neat. It is the flexibility that hydrogen offers that makes it so 

potentially useful within future low-carbon energy systems. It can be produced from a wide 

variety of resources and can be used in a wide range of applications, such as power generation, 

as a transport fuel for low carbon vehicles, for the chemical industry, and for low carbon heating. 

Moreover, hydrogen is already used extensively in the chemical industry so industry is familiar 

with its production, handling and distribution on a large scale. For all these reasons, many 

experts see hydrogen as a key enabler of the lowest-cost low-carbon energy system. 

While hydrogen can help to decarbonise our energy system, however, it is important to be 

specific about where and when hydrogen can help. In that sense, it might be better to think about 

'hydrogen in the economy' rather than 'a hydrogen economy' as such. 

In this contest during my PhD I studied two correlated aspect of the hydrogen economy: the 

hydrogen purification through the Preferential Oxidation of CO (PROX reaction) for the use in 

the fuel cell and the production of hydrogen by hydrolysis of boro hydrides (hydrogen on 

demand system). 
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Low-temperature proton exchange membrane fuel cells (PEMFC) promise to be a cleaner and 

more efficient alternative to fuel combustion for power generation in stationary and mobile 

applications. This technology has been extensively studied during the last two decades due to 

low operation temperature (around 80°C), high efficiency and environmentally benign nature. 

The H2 used in the PEMFC is usually obtained by steam reforming or partial oxidation of 

hydrocarbons followed by the water gas shift (WGS) reaction. However, the H2-rich stream 

coming from the WGS still exhibits 1-2 vol% of CO, not tolerated by the PEMFC anode. 

Therefore it is necessary to reduce the CO content in the hydrogen stream with the minimum H2 

consumption. For this purpose, several methods have been reported, selective oxidation of CO 

(known as PROX reaction, PReferential OXidation) being one of the most promising.  

Gold based catalysts for PROX reaction still attracts the attention of researchers. In fact, 

compared to other systems, as Pt-based or CuO/CeO2, gold catalysts are more active in the low 

temperature range, matching the PEMFC operating temperature. It is well established that the 

catalytic performances of supported gold catalysts strongly depend on the preparation method, 

gold particles size and metal-support interaction. In the last years CeO2 has been largely 

employed as support in oxidation reactions due its high oxygen storage capacity (OSC), namely 

the ability to take up oxygen under oxidizing conditions and releasing it under reducing ones. In 

particular gold supported on ceria has been reported among the most active systems for volatile 

organic compounds combustion, low temperature WGS reaction and PROX. 

Gold performance can be improved by alloying gold with another metal.  

We have investigated
1,2

 CeO2 supported Au-based bimetallic catalysts for both VOC combustion 

and PROX, pointing out a positive role of small amounts of the second metal (Fig. A.c2). In 

particular we found that the bimetallic Au-Ag/CeO2 with an Au/Ag ratio of 1wt%/1wt% was the 

most efficient and stable system for the PROX reaction at low temperature (<100°C) compared 

to all other investigated mono and bimetallic catalysts (Au-Cu, Au-Pd and Au-Ru). Over Au-

Ag/CeO2 the order of deposition did not affect the catalytic performance whereas a higher 

amount of silver had a negative effect. Characterization data pointed to the occurrence of a 

strong Au-Ag interaction, favored mainly when the Au/Ag ratio was 1wt%/1wt%. This 

interaction caused an enhancement of surface ceria oxygens mobility, which positively affects 

the preferential oxidation of CO, which occurs through a Mars-van Krevelen mechanism. The 

better performance of Au-Ag/CeO2 endorses this bimetallic catalysts as a good candidate for the 

purification of H2 in PEMFC technologies. 

                                                           
1
R.Fiorenza, C. Crisafulli, G. G. Condorelli, F. Lupo, S. Scirè, Catal. Lett. 145 (2015) 1691-1702. 

2
R. Fiorenza, C. Crisafulli, S. Scirè, Int. J. of Hydrogen Energ. 41 (2016) 19390-19398. 
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Fig. A.c2 Performance of gold based catalysts supported on CeO2. 

 

Another study was linked to the catalytic performance of Ru supported on ZSM5 (MFI) zeolite, 

investigating in detail the effect that different silica/alumina ratios (30 and 280) and forms of the 

zeolite (H- or Na-) play on the performance of these catalysts towards the selective removal of 

CO in excess of H2
3

. Ru/ZSM5 was found to be more efficient system for PROX reaction 

compared to other investigated supporter catalysts (Ru/Al2O3, Ru/SiO2 and Ru/CeO2). The 

performance of Ru/ZSM5 catalysts in the PROX reaction were related to the size of Ru 

nanoparticles and/or the Lewis acidity of the zeolite (Fig. A.c3), CO2 yields being the highest 

over the Ru/HMFI280 catalyst, which is that one with the lowest number of Lewis acid sites and 

the biggest Ru particles. This behavior was explained considering a reaction mechanism 

involving both reactants, CO and O2, activated on adjacent Ru sites. The good stability of 

Ru/HMFI280 in the presence of water encourages also for this system further investigation on 

the use of this catalytic system in the H2 purification by PROX in fuel cell technologies. 

 

 

 

                                                           
3
S. Scirè, R. Fiorenza, A. Gulino, D.A. Cristaldi, P. M. Riccobene, Appl. Catal. A: Gen. 520 (2016) 82-91. 
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Fig. A.c3 Performance of ruthenium catalysts supported on ZMS5 zeolite. 

 

One of drawbacks of hydrogen is the production, the purification, the storing and the 

distribution. In particular hydrogen storage represents both a scientific and a technological 

challenge.  

Among H2 storage materials, as carbon nanostructures, metal-organic frameworks (MOFs), 

alcohols, formic acid, chemical hydrides attracted special attention because of their high 

gravimetric/volumetric H2 storage capacities, being also an ideal source of pure hydrogen for 

PEM fuel cell technology, mainly for portable applications, like computers and cellular phones.  

Chemical hydrides are able to produce hydrogen through a simple hydrolysis reaction and, 

generally, exhibit good stability during long periods of storage without usage. Among different 

hydrides, sodium borohydride (NaBH4, thereinafter denoted SB) has been up to now regarded as 

the most promising, due to its good hydrogen storage capacity (10.9 wt%), high stability in 

alkaline solution and non-flammability . The NaBH4 hydrolysis for hydrogen production (NaBH4 

+ 2H2O  NaBO2 + 4H2) is an exothermic reaction occurring even at 0°C, releasing a non-toxic 

by-product such as sodium metaborate (NaBO2). At pH > 13 NaBH4 is very stable and hydrogen 

release takes place only in the presence of suitable catalysts, such as Ru, Co, Pt, Ni or Pd, 

leading to “hydrogen on demand“ systems (HOD). 

More recently, ammonia borane (NH3BH3, denoted AB) has been reported as an interesting 

alternative to SB, exhibiting higher H2 capacity (19.6 wt%) together with a low toxicity and a 

high stability under ambient conditions . The stability of AB at pH 7 is of great practical interest 

as it allows the use of a larger number of supports, as silica, ceria and zeolites, not suitable under 

the strongly basic pH conditions of the SB solution. Several catalysts have been found effective 
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in accelerating NH3BH3 hydrolysis (NH3BH3 + 2H2O → NH4BO2 + 3H2), namely noble metals , 

non-noble metals and B-containing nanocomposites.  

For both SB and AB hydrolysis precious metal catalysts (Pt, Rh, and Ru) exhibited significantly 

higher activities than non-noble metal ones. Among precious metals, Ru-based catalysts remain 

the preferred choice for both SB and AB hydrolysis as Ru is sensibly less expensive than Pt and 

Rh.  

We have investigated
4
 both the NaBH4 and the NH3BH3 hydrolysis over mono and bimetallic 

Ru-Co/activated carbon catalysts with the aim to get a better insight on the mechanism of these 

reactions and on the role of ruthenium and cobalt species in affecting the catalytic performance 

of this system.  
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Fig. A.c4 H2 yields in (A) NaBH4and NH3BH3 hydrolysis (T=35°C) as a function of reaction time over Ru based 

catalysts supported on activated carbon. 

 

 

                                                           
4
R. Fiorenza, S. Scirè, A.M. Venezia, Int. J. Energ.Res. (2017) 1-13, In press, DOI: 10.1002/er.3918 . 
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We pointed out that the addition of small amount of Ru strongly enhances the catalytic 

performance of activated carbon supported Co catalysts towards the NaBH4 hydrolysis (Fig. 

A.c4A).The activity of the bimetallic Ru-Co/carbon samples is indeed much higher than the sum 

of the activities of corresponding monometallic samples. The characterization data pointed out a 

mutual interaction between ruthenium and cobalt oxide causing a decrease in the particle size of 

Ru and Co oxide nanoparticles. It was proposed that Ru
°
, formed first during the reduction step 

of the Ru-Co samples, favors the H2 activation and the subsequent reduction of cobalt and 

rhuthenium species, facilitated in the hydride reaction medium, enhances the reduction degree of 

the cobalt salt to Co
2+

 and the number of cobalt oxide species nucleation centers. The 

enhancement of catalytic activity of the Ru-Co system was much less evident in the case of the 

NH3BH3 hydrolysis reaction (Fig. A.c4B) and this was attributed to the much lower reactivity of 

Co species compared to Ru ones towards the hydrolysis of NH3BH3. 
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