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Introduction 

The use of light in chemical process is one of the most important targets 

in the last decades. In particular, the interest in the use of sunlight for 

solar fuel production (hydrogen from water or CO2 reduction), pollutants 

abatement and novel chemical synthesis is progressively increasing. 

To this purpose the various strategies adopted are based on the use of 

semiconductors which are often modified in various ways to increase 

their photoactivity. Since 1972, with the discovery of the Honda-

Fujishima effect, used for the photoassisted electrolysis of H2O,1 

titanium dioxide, or titania, is one of the most employed 

semiconductors. Because of its high photocatalytic reactivity combined 

with chemical and thermal stability, non toxicity and cheapness,2 TiO2 

became a system of reference in the area of photochemical and photo-

electrochemical applications and is utilised, nowadays, in processes for 

pollutants abatement,3 as biocide,4-5 in odour control6 and in self-

cleaning of glasses or of external surfaces.7 

Despite its strong advantages, titania shows some serious drawbacks: 

the first one is the large value of the band gap (around 3.2 eV for the 

anatase polymorph) that implicate the use of UV photons to perform the 

excitation of electrons from the valence band to the conduction band 

limiting therefore the use of sun light (poor of UV components at the 

earth surface) in photochemical applications of titanium dioxide. 

The second drawback is the electrochemical potential of the conduction 

band electrons which is only slightly more negative than the H+/H2 

potential thus limiting the reductive capability of photoexcited electrons 

(Figure 1).  
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The need of overcoming these two 

serious constraints are at the origin of 

a long activity aiming either to modify 

the solid in order to improve its 

performances or to search for other 

semiconductors with new and different 

properties.  

In the recent past, a lot of work has 

been done to overcome the first limit, 

in particular trying to adjust the 

photochemical properties of titania in order to extend to the visible 

range its optical absorption. The most successful approach, at least in 

the field of photovoltaic applications, consists in anchoring dye 

molecules on TiO2 surface: the visible light excites the photo-sensitizer, 

which injects electrons into the TiO2 conduction band. Ruthenium-based 

complexes are the most employed dyes in photovoltaic applications 

(Graetzel cells)8 at least till the advent of the new systems based on 

complex perovskites (organometal halide).9 A possible alternative, in 

particular for the area of photocatalysis, consists in the doping of the 

solid with various dopants. In fact, it has been shown that, in some 

case, the presence of alioelements defects in the lattice of the oxide 

generates intra band gap energetic levels capable to allow the excitation 

of the electrons of the valence band to the conduction band under 

visible light.10-11 In the latter case the most interesting case is that of 

doping with non-metals. In particular doping with nitrogen10,12-13 or with 

combination of elements including nitrogen14-15 has been the object of 

intense research activity and of warmly debated results. As a matter of 

fact, nitrogen doped titania is now currently used in photocatalytic 

applications employing visible light.16-17 

Figure 1. Schematic representation 
of the conduction and valence bands 
of titania in comparison with the 
H+/H2 and O2/H2O electrochemical 
potentials. 
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On the other hand, the modifications of TiO2 to overcome the second 

drawback, concerning the electrochemical potential of the titania 

conduction band and, thus, the limit in the reductive potential of the 

oxide, are still less explored. 

This PhD thesis falls within this latest research topic. In particular two 

approaches have been used for this purpose: 

- Modifications of the TiO2 matrix in order to modulate the band 

energies and, in particular, the reductive potential of the 

conduction band.   

- Anchoring of co-catalysts on the titania surface in order to favor 

reductive reactions (i.e. H2 evolution). In this case, besides the 

classic co-catalyst such as platinum, I have focused my attention 

on an alternative type of enzymatic co-catalyst, the [Fe-Fe] 

hydrogenase.18 

In addition to the use of co-catalyst I have investigated the 

effect of the deposition of different type of copper species on the 

oxide surface. This type of modification has been found to 

improve the Hydrogen Evolution Reaction (HER) activity. 19-24 

The surface deposition of copper on TiO2 has been recently 

described in the literature but the interaction mechanism 

between various components and the photochemistry of the 

whole system are still unclear. 

Concerning the modifications of the TiO2 matrix, the present project is 

focused on the investigation of the relatively unknown zirconium titanate 

ZrTiO4, an oxide which is halfway between the parent oxides TiO2 and 

ZrO2. This material presents, indeed, a structure similar to that of titania 

polymorphs but it contains both titanium and zirconium tetravalent ions 

in equivalent amount. Moreover, like in the case of ZrO2, this oxide 

exhibits the conduction band potential slightly higher than that of TiO2 
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and it could, thus, have, in principle, superior reductive properties. 

However, because of its high band gap, the limits previously described 

for TiO2 remain also in this case and the doping of the ZrTiO4 with 

alioelements is mandatory in order to have photoactivity in the visible 

range. 

The work illustrated in this thesis is not directly planned to obtain 

significant yields in H2 production or in the photocatalytic reactions. 

Rather, the approach of my research group aims to explore new 

materials and, possibly, to individuate new ideas and concepts in the 

field. 

The characterization of all systems studied in this thesis was performed 

mainly using the following techniques: 

- X-Ray powder Diffraction (XRD) for the structural analysis of the 

oxides. 

- UV-Vis Diffuse Reflectance Spectroscopy (DRS) to evaluate the 

optical absorption of the samples. 

- Electron Paramagnetic Resonance spectroscopy (EPR) to 

characterize the defects in oxides, the photo-formation of charge 

carriers and their transfer. 

The thesis is organized as follows: the first part is devoted to the 

presentation of the state of the art regarding the peculiar properties of 

TiO2, ZrO2 and mixed oxides. Furthermore literature data concerning the 

use of co-catalysts, especially a description of the [Fe-Fe] hydrogenase 

enzyme, will be provided. The second part is devoted to the 

experimental work; the employed methods are illustrated and then the 

results obtained for each system are presented and discussed. 

Finally, the conclusions and the future perspectives are reported. 
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1. Oxide of the IV group elements. 

1.1. Titanium oxide TiO2. 

1.1.1. Structure. 

Titanium dioxide exists in three different polymorphs: anatase, rutile and 

brookite. Anatase and rutile exhibit tetragonal crystalline structures, 

brookite an orthorhombic one. The structures can be described in terms 

of TiO6 octahedra connected by corner and edge sharing. All oxygen are 

surrounded by three Ti ions (OTi3). The three polymorphs differ one 

from each other in the way the polyhedra are connected as shown in 

Figure 2. 

 

Figure 2. Crystallographic unit cells of a) anatase, b) rutile, c) brookite  

The two main polymorphs, rutile and anatase, also differ for the more 

stable exposed crystal faces which are (110) in the case of rutile and 

(101) in the case of anatase. The relatively small difference between 

anatase and rutile however strongly influences their behavior. In 

particular rutile is the most thermodynamically stable polymorph, but 

anatase is most active in photocatalytic terms. For this reason this 

polymorph has been more considered in applied photocatalysis studies. 

Actually, the maximum photocatalytic activity is nearly always observed 

in the case of the commercial P25, a mixed phase system produced by 

Degussa (prepared by oxidation of metallic titanium and containing both 

rutile, almost 20%, and anatase, 80%, partially connected by a specific 



Introduction 

6 

interface). Its huge photoactivity could be due to the interface between 

anatase and rutile phases which would favor the spatial separation of 

the photo-generated charges.25-26  

1.1.2. Optical properties. 

Titanium dioxide is usually considered a n-type semiconducting oxide. 

This electronic behavior is due to the presence of relating shallow donor 

state in the band gap. 

 

Figure 3. Calculated Electronic structure of anatase and rutile TiO2. Comparison of the 
total and atom-decomposed electronic density of states of anatase (a) and rutile (b) 
TiO2.

27  

Figure 3 shows the electronic density of states for rutile and anatase. 

The valence band edge of both materials is predominantly formed by O 

2p orbitals, and the conduction band edge is dominated by Ti 3d 

orbitals.27  

Anatase has an indirect band gap, which energy is about 3.2 eV. Rutile 

has a direct band gap, which energy is about 3.05 eV. Both of them are 

in the UV region of light making bare titania not suitable for visible light 

applications. 
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1.1.3. Paramagnetic defects. 

Since TiO2 is important in photocatalytic processes, the study of the 

mechanisms of charge transport, stabilization, recombination, and 

reactivity is fundamental to understand the properties of this oxide and 

to develop strategies to control these properties. 

The photocatalytic process starts with the UV irradiation of the oxide 

that entails a charge separation. This leads to the promotion of an 

electron (e–) from the valence band (VB) to the conduction band (CB) 

and the formation of an electron hole (or hole, h+) in the valence band 

(eqn 1).28  

TiO2 + hν → e – (CB) + h+ (VB)    (1) 

The photo-separation is followed by a charge migration to the surface, 

charge trapping and, eventually, charge transfer to molecules adsorbed 

on the surface.29 If the charge carriers (e_, h+) are not transfered to 

other molecules or neither recombine, the electrons are trapped by Ti4+ 

forming Ti3+ and the holes are stabilized on O2- forming O- (eqn 2).  

Ti4+ + e– (CB) → Ti3+    (2a) 

      O2- + h+ (VB) → O–                                        (2b) 

These two species (Ti3+ and O–) are paramagnetic, therefore EPR 

spectroscopy is one of the most suitable techniques that can be adopted 

to investigate their features and, similarly, those of the radical 

intermediates formed at solid surfaces after their reactions. In particular, 

EPR is highly sensitive and provides information about the symmetry of 

the paramagnetic center and the spin distribution.  

Titanium dioxide is also a reducible oxide since it loses O2 from the 

lattice when the oxygen partial pressure is decreased even at moderate 

temperatures.26 This causes the simultaneous formation of oxygen 

vacancies and excess electrons which are trapped in the solid as Ti3+, 

according to the following equation: 
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O2- + 2Ti4+ → ½ O2 + Vo
●● + 2Ti3+         (3) 

where the empty oxygen vacancy is indicated using the Kröger and Vink 

notation and the excess electrons are stabilized under the form of 

paramagnetic Ti3+ ions. 

In anatase two main paramagnetic species amenable to Ti3+ ions were 

identified via EPR. The former is an axial signal with g// = 1.962 and g⊥ = 

1.992 and has been assigned to reduced Ti3+ centers in regular lattice 

sites of the anatase matrix; the second is a broad line centered at g = 

1.93 and is assigned to a collection of slightly different Ti3+ centers 

located at the surface, or in the subsurface region, that arise especially 

upon UV irradiation.30  

In rutile three are the paramagnetic species belonging to Ti3+ ions. (i) A 

rhombic signal with g1 = 1.970, g2 = 1.961 and g3 = 1.948 identified with 

Ti3+ centers at the surface or near the surface of crystals with a 

dehydrated surface (in the case of a hydrated surface the signal 

presents a slightly different value of g1 (g1 = 1.973)). (ii) A signal with 

rhombic symmetry with g values g1 = 1.966, g2 = 1.961 and g3 = 1.948 

that is assigned to Ti3+ centers at the regular (i.e. non-interstitial) 

cationic sites of the bulk rutile structure. (iii) A signal due to interstitial 

Ti3+ in rutile crystals with g values g1 = 1.978, g2 = 1.975 and g3 = 

1.942.31  

In the case of brookite the signal resulting from Ti3+ ions in bulk lattice 

site is a signal with axial symmetry and g values g// = 1.989 and g⊥ = 

1.960. A broad signal centered at g = 1.93 is assigned to surface Ti3+ 

sites because of surface heterogeneity.31  

As far as the formation of trapped hole centers (O•–) photogenerated by 

UV irradiation of polycrystalline anatase is concerned, two families of O•– 

species have been observed in anatase, the former with g value g1 = 

2.016, g2 = 2.011 and g3 = 2.005 is present on both hydrated and 
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dehydrated surfaces and is O2 insensitive. For this reason it has been 

assigned to a O•– species located under the surface (or in immediate 

surroundings of the surface) as a three-coordinated (bulk) center.  The 

second O•– species is characterized by a more anisotropic g tensor (g1 = 

2.029, g2 = 2.017 and g3 = 2.004) and is observed on hydrated surfaces 

only and its EPR signal vanishes upon O2 physisorption. This species is, 

thus, more exposed at the surface of the oxide than the first one and 

has been assigned to a two-coordinated oxygen.32  

Two types of photogenerated holes in rutile have also been observed: 

holes trapped at the lattice oxygen atoms located in the subsurface layer 

with g values g1 = 2.019, g2 = 2.014 and g3 = 2.002 and holes trapped 

on the surface bridging oxygen atoms with g values g1 = 2.026, g2 = 

2.017 and g3 = 2.008.33  

1.1.4. Applications. 

Titanium dioxide has a wide range of application fields also because its 

low cost, chemical stability and non toxicity. From the industrial point of 

view it is used as a white pigment, in the textiles sector, in food as 

coloring and in pharmaceuticals field (for example in toothpastes and as 

UV absorber in sunscreen cream).34 It can be used also in many optical 

devices, biomaterials and as catalyst or catalysts support in many 

reactions.34-35  

Nevertheless the main property that makes titania and titania-based 

materials so widely studied is their photoactivity. Since the report of 

Fujishima and Honda in the early 1970’s,1 a lot of papers have been 

published about heterogeneous photochemistry, photocatalytic water 

splitting and hydrogen production, dye sensitization and solar energy 

conversion and removal of pollutants.35 However the main problem that 

hampers the use of titania in industrial photochemistry application, i.e. 
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its low solar energy absorption, has not yet completely solved. This has 

stimulate the research aiming to the identification of new systems of 

suitable modification of the TiO2 matrix. 

1.2. Zirconium oxide ZrO2 

1.2.1. Structure. 

Zirconium dioxide exists in three main polymorphs: cubic, tetragonal and 

monoclinic (Figure 4) as pointed out by the thermodynamic phase 

diagram.36  

 

Figure 4. Crystallographic unit cells of a) cubic, b) tetragonal and c) monoclinic ZrO2, red 
spheres are O ions, blue spheres are Zr ions.37 

Below 1170 °C the monoclinic phase (baddeleyte) is thermodynamically 

stable. Between 1170 °C and 2370 °C ZrO2 presents a tetragonal 

structure, while above 2370 °C ZrO2 is in cubic structure, until it reaches 

its melting point around 2706 °C.36,38 In literature an additional 

metastable tetragonal phase up to 650°C is also reported.39 

The cubic phase shows the fluorite structure (symmetry Fm3m), which 

consists of a fcc pattern of Zr atoms with octahedral symmetry 

surrounded by eight oxygen atoms, the oxygen atoms have tetrahedral 

symmetry and are surrounded by four Zr atoms.  
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The other two phases derive from progressive distortions of the cubic 

one. In the tetragonal zirconia Zr atoms continue to be surrounded by 

eight O atoms and the O coordinated to four Zr atoms, but the 

symmetry decreases. The monoclinic phase presents Zr atoms 

coordinated to 7 O atoms with distorted symmetry and oxygen atoms 

can be tetra-coordinated or tri-coordinated. 

The monoclinic polymorph is stable at low temperature (up to 1170°C) 

but exhibits a large volume and an anisotropic thermal expansion that 

can cause the cracking of manufacts during the tetragonal to monoclinic 

transition. For this reason the monoclinic polymorph has scarce 

applications in ceramic technologies. On the contrary, the other two 

polymorphs, cubic and tetragonal, are stable at high and intermediate 

temperature respectively and have excellent mechanical, thermal and 

dielectric properties.  

1.2.2. Optical properties. 

All ZrO2 polymorphs can be considered as wide band gap oxides, since 

their band gap energy is around 5eV.40  

The valence band is formed prevalently by the 2p states of oxygen ions, 

the conduction band is dominated by the 4d states of Zr4+ (Figure 5).41  

 

Figure 5. Band structure (left) and Density Of States (DOS) for bulk tetragonal ZrO2. The 
total DOS is given in red, the DOS projected over the Zr d states is given by the dotted 
line, the DOS projected over the O sp states is given by the dashed line.41 
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1.2.3. Paramagnetic defects. 

 Various paramagnetic defects have been observed in zirconium dioxide. 

In particular three different EPR signals belonging to Zr3+ ions have 

been detected. The first corresponds to an axial signal with g// = 1.9768 

and g = 1.9589 assigned to Zr3+ bulk species (sometimes already 

present in the bare ZrO2 prepared via sol-gel method).42 The other two 

signals have the same perpendicular g value (g = 1.978) and differ in 

the parallel component (g// = 1.9288 and g// = 1.906) and are assigned 

to surface Zr3+ species formed upon irradiation in H2 atmosphere.41 

Upon thermal annealing another EPR symmetric signal, at g = 2.003, 

arises. It represents only a very minor fraction of the overall reduced 

states observed via EPR. The assignment of this signal is still uncertain 

but, so far, it is associated with some trapped electrons present in line 

defects or in grain boundaries of the solid. A similar signal is, 

sometimes, present also in titanium dioxide upon thermal annealing.30,41  

After irradiation of ZrO2 in vacuum the photogenerated hole (O•–) 

species, with g1 = 2.0196, g2 = 2.0101, and g3 = 2.0045, was observed,43 

which is formed in parallel to electron trapping sites (Zr3+). 

1.2.4. Applications. 

Zirconium dioxide is used in protective coatings, high dielectric materials 

and chemically inert refractory materials.44 ZrO2 is also important in 

heterogeneous catalysis. Due to thermal stability and presence of 

surface acid and basic sites, ZrO2 has found applications in a series of 

catalytic reactions including hydrogenation, dehydration and 

isomerization of hydrocarbons.39 The interest of ZrO2 in photocatalysis is 

limited by both the high value of the band gap energy (around 5 eV) 

and the weak activity in photo-oxidation. However, the high negative 

value of the conduction band edge represents an advantage in terms of 
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reductive potential. For this reason ZrO2 has been tested in water 

photosplitting for hydrogen production45-46 and in the photoactivation of 

carbon dioxide.47-48 

1.3. ZrO2-TiO2 mixed oxide. 

ZrO2–TiO2 mixed oxides were studied in recent years because they show 

original properties with respect to the bare ZrO2 and TiO2 oxides.49-51 

As it can be seen from the phase diagram reported in Figure 6, ZrO2 and 

TiO2 can form solid solutions in a relative wide composition range. Until 

1700°C Ti atoms, with a molar ratio between 2.5% and 18%, can enter 

in the tetragonal or monoclinic structure of ZrO2 to form a solid solution, 

vice versa TiO2 with a molar ratio up to 20% of Zr form a solid solution 

with rutile or anatase structure. From 20% to 40% molar ratio of Ti in 

ZrO2 or Zr in TiO2 a new stable intermediate compound named 

zirconium titanate with stoichiometry Zr1-xTixO4 is formed beside the 

pure oxide ZrO2 and TiO2 solid solution. Between 45% and 55% molar 

ration only Zr1-xTixO4 compound is formed.52-54 

Zirconium titanate Zr1-xTixO4 is a solid solution that can have 

compositions xTi=0.42–0.67 [xTi = molar Ti/(Ti+Zr)]. It includes the 

mineral ZrTi2O6 called srilankite and the synthetic compound ZrTiO4.  

All the Zr1-xTixO4 compounds present the same orthorhombic α-PbO2 

(scrutinyite) structure with a Pbcn space group. The structure of 

scrutinyite is somehow similar to those shown by TiO2 polymorphs being 

based on linked (MeO6) octahedra. Over 1200°C ZrTiO4 is in a 

“disordered” form since the metal ions are randomly distributed in the 

octahedral sites. Below 1200°C all Zr1-xTixO4 undergo a continuous  

phase transformation that induce an order in the Zr-Ti distribution.55-56 

For ZrTi2O6 (srilankite) compositions the ordered structure has one Zr 

layer every three Ti octahedral layers. In the case of ZrTiO4 the 
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structure corresponding to Zr-Ti order is more complicated. 

Christoffersen et al. found an “ordered” ZrTiO4 compound formed by the 

alternation of two distorted Zr layers (8 coordinate) and two Ti layers (6 

coordinate).57 However the crystallization of ZrTiO4 in the metastable 

‘high temperature’ form (disordered) occurred around 700°C through 

sol-gel synthesis.58  

 

Figure 6. Phase diagram of ZrO2-TiO2 system.53,55  

A relatively large number of studies have been devoted to the 

preparation and characterization of ZrO2–TiO2 mixed materials especially 

at the two extreme sides of the phase diagram, that is, in the region of 

high contents of Ti or Zr. These materials, indeed, show different optical 

and surface properties from that of the bare ZrO2 and TiO2 oxide.  

The insertion of Ti atoms in ZrO2 oxide has shown the capability of 

titanium impurities to modify the electronic structure of zirconia causing 

a net reduction of its band gap, in addition insertion of Ti favors oxygen 
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deficiency, increases the thermal stability and modifies the surface 

acidity properties.37,49,51,59-61 These features are responsible for the 

enhanced catalytic activity. Titanium modified ZrO2 material are, 

therefore, used as catalysts and catalyst supports for various catalytic 

reactions such as dehydrogenation,62-63 isomerisation64-65 and 

photocatalytic applications.66-68  

On the other hand the incorporation of Zr in the TiO2 lattice influence (i) 

the thermal stability during sintering of the structure, inhibiting the 

conversion from anatase to rutile, (iii) the formation of photocatalytically 

active sites with increased surface area, (iii) the optical properties, (iv) 

the number (increased) of acids site on the surface.69-72   

In both cases (Ti in ZrO2 and Zr in TiO2) the feature of the main oxide 

are modified by those of the counterpart forming materials with 

intermediate properties. For this reason it is interesting to explore a 

system whose stoichiometry is exactly midway between the two oxides: 

the zirconium titanate, ZrTiO4, system.  

 

1.3.1. Zirconium Titanate ZrTiO4. 

As previously described, zirconium titanate, ZrTiO4, has a structure 

(orthorhombic Pbcn) which is very similar to those of all TiO2 

polymorphs being based on MeO6 octahedra linked by three-coordinated 

oxygen (the scrutinyite structure, Figure 7). Remarkably the ZrTiO4 

phase is stable also over 1200 °C.52,55,73  

In the structure shown in Figure 7, titanium and zirconium ions are 

randomly distributed on equivalent octahedral sites and are surrounded 

by six oxygen atoms. The oxygen atoms are connected to three metals 

ions.74  
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Figure 7. Structure of ZrTiO4. The titanium or zirconium ions are located inside the 
octahedral constituted by the oxygen ions (red spheres). 

ZrTiO4 exhibits many attractive properties including excellent dielectric 

constant, high corrosion resistance, high permittivity at microwave 

frequencies, and excellent temperature stability.75-78 For these reasons 

this material is widely used in technological application, such as in 

microwave telecommunications (as capacitor, dielectric resonator in 

filters, and oscillator),79-80 optical devices,81 memory devices (ReRAM),82 

and humidity sensors,83 in the manufacture of high temperature 

pigments,84 as structural ceramics,78 and more recently, as biomaterial 

for medical applications.85 However, the photochemical/photophysical 

and redox properties, of ZrTiO4 remain poorly investigated.86-89 

TiO2 has proven to be the most effective photoactive oxide due to its 

many unique properties as previously described. However it has not a 

strong reductive capability as its conduction band potential is slightly 

negative with respect to NHE (0 V). On the other hand ZrO2 has a more 

negative conduction band, but its band gap is too high to allow a large 

use in the field of photocatalysis. ZrTiO4, that has a chemical 

composition exactly midway between TiO2 and ZrO2 could, 

hypothetically, have promising potential applications as photocatalytic 
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material. In order to understand its potentiality, a preliminary study on 

its redox and photochemical properties is required. 
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2. Oxide doping. 

Doping, i.e. the intentional introduction of impurities into a material, 

influences its properties, and is, thus, used in many technologies. 

Impurities can, indeed, strongly modify electronic, optical, and magnetic 

properties also in the case of semiconducting oxides. 

If the impurity has one more electron than the atom that it replaces, it 

donates an extra electron to the material. This type of doping is called 

n-type doping (negative doping) and, in many case, the extra electrons 

lie in shallow energy levels just below the conduction band of the 

semiconductor. On the contrary, an impurity with one less electron 

provides an extra hole that lies in energy level just above the valence 

band of the oxide. This type of doping is called p-type doping (positive 

doping). These electrons or holes are then available as carriers of 

electrical current. 

The infra band gap energy levels created by the dopants can also 

strongly influence the optical behavior of the oxide, since they can either 

accept electrons from the valence band or donate electrons to the 

conduction band allowing the absorption of photons with lower energy 

than the band gap. In some case thus the visible light becomes 

sufficient to permit the electron transitions.90 For this reason a possible 

use of doped-oxides is for photocatalytic applications. 

For instance, a way followed to increase the photochemical properties of 

TiO2, which are restricted to the UV radiation without any modification, 

was the doping with transition metal ions like Cr3+, Fe3+, Mo5+, V4+.91-92 

Metal doping, indeed, can affect the light absorption properties, the 

adsorption capacity of adsorbed molecules, but also modify the charge 

carriers recombination rate always favoring their recombination. More 

recently a great deal of research points to insert non metallic elements 

like carbon93, sulfur94 or nitrogen95 in the matrix of TiO2 in order to 
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increase the light absorption in the visible region. In particular N was 

found to be the most attractive and promising dopant in modifying the 

properties of several oxides.10,12-13  

The metallic or non-metallic doping has been extensively studied, but, 

since the study conducted by Xu et al.,96 the rare-earth metal doping 

has shown great interest. It was demonstrated, indeed, that a red-shift 

occurred in the band gap transition of rare-earth metal doped-TiO2, 

allowing, thus, the absorption of visible light. Another property of 

lanthanides that attracts the attention of many scientists is that they 

could form complexes with Lewis bases such us organic acids, amines, 

aldehydes and alcohols, through the interaction of the functional groups 

with their f-orbital. This feature has made these materials interesting for 

the photodegradation of pollutants.96-97  

In the following section a brief description of nitrogen and cerium 

doping of oxides will be provided.  

2.1. Nitrogen doping of metal oxides. 

The incorporation of nitrogen impurities into oxides is becoming an 

important topic in several contexts of materials chemistry research 

spanning from photocatalysis98 to optoelectronics99 and spintronics.100 

The insertion of nitrogen in the oxide lattice, indeed, represents a 

strategy to modulate the optical, magnetic and photochemical properties 

of the material.  

Concerning the field of photocatalysis the aim of doping was to extend 

the photoactivity of these materials, which usually are activated by the 

UV component of light, to the visible range. In most metal oxides the N 

impurities usually form intra-band gap states just above the valence 

band, from which the electron can be promoted in the conduction band 

by visible light (Figure 8).10,98,101  



Introduction 

20 

Incorporation of N atoms into an oxide lattice has 

also been proposed to be an effective way to 

achieve p-type doping in oxide materials, which is 

fundamental for optoelectronic applications. In 

semiconducting oxides the N substitution for O 

creates an electron deficiency that means the 

introduction of one hole in the N states situated 

just above the valence band.102 Doping of nitrogen 

into tantalum pentoxide (Ta2O5), for instance, has 

been recently reported to have a dual effect. The former is the visible 

light sensitization of this material for photoelectrochemical hydrogen 

production by water splitting and the second is a change in electronic 

structure that turns the material from n-type to p-type.103 

In the case on SnO2, for which the possibility to obtain a stable p-type 

form would have a huge impact on the fabrication of various kinds of 

optoelectronic devices, the doped material is still rich in excess electrons 

as a result of its higher propensity to lose oxygen that is, in turn, 

determined by the presence of N in the oxide. This evidence suggests 

that the chance to prepare a p-type form of tin oxide, at least via 

nitrogen doping, is extremely low.104 

Several researchers have explored the effects of dilute doping of 

magnetic impurities on the physical properties of various oxides.105 In 

these materials, nitrogen incorporation has been predicted to promote 

the onset of magnetic moments and ferromagnetic ordering at room 

temperature.106 Once more, such effect is related to the substitution of 

nitrogen for oxygen leading to holes in N 2p states, which form local 

magnetic moments.  

The nitrogen can become part of the crystalline lattice of oxides as 

substitutional nitrogen or interstitial nitrogen. In the first case nitrogen 

Figure 8.  Electronic 
structure of N-TiO2.

11  
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takes the place of a lattice oxygen atom assuming, in principle, a charge 

-2. Its electronic configuration is 1s22s22p5, where an electron belonging 

to a p orbital is unpaired, and the orbital itself carries a hole. In the 

second case, the interstitial nitrogen is intimately linked to a reticulated 

oxygen ion and thus can be described as a NO2- species. In this case the 

unpaired electron lies on a * orbital. By XPS and coupling DFT and EPR 

investigation, it is possible to assign the paramagnetic nitrogen impurity 

to a defect involving an interstitial or substitutional form of nitrogen. 

On the basis of the examples available in the literature, it seems that 

the nitrogen incorporation is easier in materials containing low 

coordinated oxygen ions. The more popular examples of N doping are in 

fact found for oxides having 3- or 4-coordinated oxygen ions as ZnO,107-

108 TiO2 rutile and anatase,12,109 WO3 
110-111 and SnO2.

112-113 In cases of N-

ZnO or N-SnO2 materials, substitutional impurities are reported. As far 

as TiO2 is concerned, both forms of nitrogen, interstitial and 

substitutional, have been described. In case of ZrO2 several studies on 

nitrogen doped ZrO2 are reported in the literature.114-116 

2.2. Cerium doping of metal oxides. 

Insertion of Ce4+ cations into the lattice of several oxides, like TiO2, is a 

questioned point in the literature.  

TiO2 and CeO2 are basically immiscible due to the different crystal 

structure and to the different cationic size (Ce4+ 0.92-0.97 Å; Ce3+ 1.14 

Å, Ti4+ 0.61-0.68 Å). The combination of these two oxides lead to the 

formation, at their interface, of small domains of mixed phases of 

cerium titanate (Ce2Ti2O7, pyrochlore structure).117  

The mixed materials exhibit a red shift of the band gap transition with 

respect to the pure oxides which causes an absorption in the visible 

range. This is due to the presence of Ce3+ (that has partially populated 
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4f levels) in the titanate which absorbs in the visible.117-119 For this 

reason mixed Ti-Ce oxide materials were tested in the photodegradation 

of a variety of model pollutants, such as Rhodamine B120 and 

formaldehyde.121 This mixed oxide, moreover, was found to be able to 

form superoxide species reversibly adsorbed onto Ce4+ ions by simple 

contact with oxygen.122 This feature make this material a good 

candidate for oxygen storage (and release) in heterogeneous catalysis. 

In the case of ZrO2, it has been reported that the dispersion of small 

amounts of cerium ions in the ZrO2 lattice makes this oxide 

photosensitive to visible light. This photosensitivity has been ascribed to 

intra-band gap Ce 4f empty states, which should act as a bridge 

between the valence band and the conduction band of the oxide, 

allowing low-energy photons to excite electrons from one band to the 

other (Figure 9).11,123  

 

Figure 9. Optical transition levels for ZrO2 doped with Cerium. 123                        
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3.  The use of co-catalysts in water photo-

splitting reactions. 

In the past several decades, a lot of studies have been devoted to 

develop photocatalysts with improved solar energy absorption. The most 

employed strategies used to enhance the light absorption were doping, 

dye sensitization and the formation of heterojunctions. Furthermore, in 

the field of water photospitting, the use of co-catalyst to favor the 

release of gaseous H2 and O2 was adopted.124 This is essential in 

particular in the case of the oxygen evolution reaction (OER) which is a 

four electron process, very difficult in absence of a specific co-catalyst, 

but is also extremely useful for HER (hydrogen evolution reaction). 

Currently, the most used photocatalyst systems are formed with noble-

metal co-catalysts to achieve high photocatalytic activity. For example, 

Ru,125 Pd,126 Pt,127 Au,128 and Ag129 have been extensively investigated as 

efficient co-catalysts for photocatalytic hydrogen evolution (HER). 

Among them, Pt is the most effective one. However, the drawback of 

these noble-metal based co-catalysts is that they are too expensive to 

be used for large-scale energy production. Therefore, it is crucial to find 

a valid alternative to these noble-metal co-catalysts. In recent years, 

several co-catalysts from cheap and earth-abundant elements have been 

developed. For example, copper oxide has been utilized as efficient co-

catalyst for enhance the photocatalytic activity of TiO2, especially for H2 

photoevolution.24,130-131 A particularly interesting alternative approach is 

the use of a biocatalyst as co-catalyst. In particular, the [Fe-Fe] 

hydrogenase enzyme is known to catalyse the reversible reduction of H+ 

ions to H2. Quite recently hydrogenase-TiO2 nanohybryds have been 

prepared and tested in photocatalytic process for hydrogen production 

based on solar light conversion.18,132-136  
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In photocatalytic water splitting, in particular for HER, an ideal co-

catalyst plays three different roles: (i) it has to reduce the activation 

energy (or overpotential) for H2 evolution reactions on the surface of 

semiconductors. (ii) it has to be capable of reduce the electron–hole 

recombination. (iii) it should increase the stability of the semiconductor 

photocatalysts. This latter property is important especially for the 

sulfides that are susceptible to oxidation by photogenerated holes, 

resulting in their self-decomposition.137  

3.1. [Fe-Fe] Hydrogenase as co-catalyst for H2 evolution. 

Hydrogenase is an enzyme able to catalyze the reduction of protons to 

form H2; the active site, called H-cluster, is composed by two 

subclusters, an iron sulphur cubane [4Fe-4S] cluster and a [2Fe] 

subcluster (Figure 10). The latter is based on an iron pair coordinated by 

two bridging sulphur atoms belonging to an organic ligand containing an 

amine group and by various non-protein ligands, namely three CO and 

two CN-groups; this binuclear cluster has two iron atoms: proximal iron 

(Fep) and distal iron (Fed), the latter has an open coordination site 

where the hydride can be coordinated during the catalytic cycle.  

 

Figure 10. On the left the structure of the [Fe-Fe] hydrogenase is reported. 
Schematically the electron transfer chain (via iron−sulfur centers), and pathways for the 
hydrogen and the H+ transfer are indicated by arrows. On the right, the geometrical 
structure of the active site of hydrogenases is shown; the arrow indicates the open 
metal coordination site. 
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Furthermore, the protein contains several chains of [FeS] clusters, with 

suitable redox potentials allowing the electron transfer from an external 

electron donor to the H-cluster, where the electrons combine with 

protons to form dihydrogen molecules (Figure 10).138-141  

The structure and the catalytic mechanism of [Fe-Fe] hydrogenases 

have been largely studied in the literature.141-143 Both the cubane and 

the binuclear part of the H-cluster are redox active.  

The H-cluster, thus, can exists in different oxidation states, some of this 

are EPR active. Therefore the EPR technique has been widely used in 

recent years to investigate the paramagnetic states of the active site of 

hydrogenases.144-147 

 

Figure 11. Proposed catalytic mechanism of [FeFe] hydrogenase.139,142 

At the beginning of the catalytic cycle illustrated in Figure 11, the 

protein is in an “active oxidized” (Hox) state in which one iron is Fe(I) 

and one Fe(II) and the cubane is oxidized. The distal iron presents a 

free coordination site. This state of the protein is paramagnetic and has 
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a rhombic EPR spectrum that is typical of the H-cluster and is important 

for understanding the enzymatic mechanism. One-electron reduction 

generates an EPR silent “active reduced state” (Hred) in which both irons 

are Fe(I). In this situation a proton from the water solution can bind 

with the bridge amine group. Another one-electron reduction produces 

the “super-reduced state” (Hsred).
143 Here, the conversion between 

hydride and proton occurs: the protonated Hsred state can generate a 

hydride bound to the Fed which can then combine with a second proton 

available at the amine group to form H2 reestablishing thus the Hox 

state.139 

The enzymatic activity can be inhibited by CO which binds to the open 

coordination site. The (Hox-CO) state has the same electronic 

configuration as the (Hox) state and shows a characteristic axial EPR 

spectrum.  

 

Figure 12. Representation of the mechanism for the H2 evolution of the TiO2-
hydrogenase hybrid system. 

Quite recently TiO2-hydrogenase nanohybrids have been prepared and 

tested in photocatalytic process for hydrogen production based on solar 

light conversion.18,132-136 The TiO2-hydrogenase devices, indeed, are 
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found to be able to produce hydrogen from water in the presence of a 

sacrificial electron donor as TEOA (triethanolamine).18 The electrons 

generated by irradiation are transferred from TiO2 to the active site of 

the enzyme where the reduction of water protons into molecular 

hydrogen occurs. Simultaneously, electrons are transferred from TEOA 

to TiO2 giving rise to charge recombination (Figure 12). The protein in 

this hybrid system, thus, acts as a co-catalyst for H2 photoevolution. 

3.2.  Noble metal nanoparticles as co-catalysts for H2 evolution. 

Noble metals, such as Pt, are used as the co-catalysts since are able to 

avoid the semiconductors charge recombination attracting the 

photoelectrons out to the surface. Furthermore noble metals are real 

proton reductions sites hence facilitate the proton reduction in the 

HER.148 

The proton reduction depends from both the capability of the co-catalyst 

of trapping electrons from the semiconductor and the combination of 

surface hydrogen atoms into molecular hydrogen. The trapping ability is 

determined by the work functions of the noble metals, which are usually 

greater than those of semiconductors. For example, TiO2 forms a 

junction with metals that produces a Schottky barrier and that facilitate 

the electron transfer to the metal (Figure 13). Photogenerated electrons 

are accumulated on metal nanoparticles without recombining with 

holes.149 This causes a significant enhancement of the photocatalytic 

activity in H2 production. 

Noble metals with larger work function exhibits a lower Fermi level and, 

thus, they should be better electrons trap reducing the over-potential for 

H2 production. For this reason, Pt, which exhibits the largest work 

function among many metals, is the best candidate co-catalyst for H2 

evolution.150-151 Moreover, based on the metal-H bond strength and the 
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types of surface orbitals of the metal, Pt shows the lowest activation 

energy for dihydrogen molecules production. 

 

Figure 13. (a) Transfer and separation of photogenerated electrons and holes and (b) 
schematic of Schottky barrier in the metal–TiO2 nanocomposite. 152 

3.3. Copper oxide as co-catalysts for H2 evolution. 

Instead of expensive noble metals, some earth abundant and low-cost 

transition metals, such as copper, have also been applied in 

photocatalytic H2 evolution.19-22,153-158 Nevertheless, up today, there is 

not a general consensus in the interpretation of the mechanism behind 

the high efficiency of this material. This is mainly due to the change 

oxidation state capability of copper and to the fact that the preparation 

pathway can affects the ratio among the different forms of Cu. Copper 

element in fact can be present as Cu2+ or Cu+ ions or in the metallic 

form (Cu0). 

In the case of Cu2+ modified TiO2 systems the real mechanism involved 

in the observed H2 production still represents the most controversial 

aspect and conflicting models can be found in the literature. The solely 

presence of Cu2+, indeed, is not enough to explain the high activity of 

the Cu(II) modified materials since the reduction potential for the redox 

couple Cu2+/Cu+ is positive (0.16V).159  

It has been proposed however that the decoration with Cu(II) ions of 

the surface of TiO2 can lead to the formation of CuO-like (CuxO) 
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structure. The common point of all these hypotheses is that, under UV 

excitation, electrons are promoted from the valence bands (VB) of both 

TiO2 and CuO into their respective conduction bands (CB). Since the 

position of the CuO conduction band is much more positive than that of 

TiO2, the photogenerated electrons should be transferred from TiO2 to 

the CB of CuO, while the holes would be transferred from the VB of the 

TiO2 to that of CuO. In this way, the recombination of electrons and 

holes can be avoided. The photoexcited electrons in CuO CB cannot 

directly contribute to the hydrogen production, since the CB edge 

position of CuO is more positive than the H+/H2 potential. Henceforth 

the hypotheses are divergent. For some authors the continuous 

accumulation of the excess electrons in the CB of CuO would cause a 

negative shift in its Fermi level, increasing the availability of the 

electrons to be transferred to H+
 (Figure 14).160-161 

 

Figure 14. Schematic diagram showing the energy band positions of TiO2, CuO and the 
electron transfer direction.160 

According to other authors the accumulation of electrons at CuO causes 

the reduction of Cu2+ (in the form of CuO) to Cu+ (in the form of Cu2O). 

This causes a competition for electrons between CuO reduction and H2 
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production, this explains the low hydrogen evolution rate in the initial 

stage of reaction. When the reduction process is completed the 

photogenerated electrons migrate from the CB of Cu2O to that of TiO2 

while the holes migrate from the VB of TiO2 to that of Cu2O, resulting in 

a decrease in the recombination probability. In this process, the 

electrons that have reached the TiO2 particle surfaces could react with 

H+ to generate H2, while the holes in the Cu2O could be consumed by a 

sacrificial agent  such as methanol (Figure 15).20,23 

 

 

Figure 15. Proposed hydrogen photogeneration mechanism for: (a) the initial state 
Cu/TiO2 upon light illumination; (b) the Cu/TiO2 once the CuO has been reduced to Cu2O 
by the photogenerated electrons.20  

Another mechanism proposed for the CuO-TiO2 system is based on the 

different properties induced by a different loading of CuO on the surface 

of titania.24,162 At low CuO loadings copper exists as a sub-monolayer of 

CuO species on TiO2. The CB of this species is more positive than that of 

the CB of TiO2, hence the photoexcited electrons can be transferred 

from TiO2 to CuO centres. Here the electrons can reduce the proton of 

water to H2 since the CB of CuO monolayer is more negative than the 

H2O/H2 redox couple. At higher CuO loadings CuO nanoparticle 

formation occurs. The band gap of nanocrystals of CuO decreases with 
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particle size (Figure 16). As the CuO nanoparticle size increases, the 

conduction band of CuO becomes positive with respect to H+/H2 couple, 

hampering the direct H2 evolution. The CuO monolayer on TiO2 is thus 

identified as the active site for efficient H2 generation. 

 

Figure 16. Band gap energies for TiO2, CuO and CuO/TiO2 photocatalysts.24 

 

Figure 17. Schematic illustration of the band structures and charge transfer mechanism 
of Cu2O-anatase TiO2 heterojunction.22 

As far as the Cu2O-TiO2 systems, in other word Cu+ modified TiO2, is 

concerned the H2 evolution mechanism, above reported, is the same for 

all authors, i.e. the irradiation excited the electrons in Cu2O from the 
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valence band to the conduction band of both Cu2O and TiO2. Since the 

Cu2O conduction band is more negative than the conduction band of 

TiO2,
163 the photogenerated electrons are transferred from Cu2O to the 

conduction band of TiO2. Because of the TiO2 VB is more positive than 

that of Cu2O the holes generated in the valence band of TiO2 move to 

the valence band of Cu2O. Through this electron transfer process, the 

separation of photocarriers is improved and the production amount of 

hydrogen produced results very high (Figure 17).21-22,164 

Moreover, some authors pointed out that in both CuO-TiO2 and Cu2O-

TiO2 system, after irradiation a part of copper oxide has been 

photoreduced to metallic Cu. This fact can further improve the 

separation of photogenerated electrons and holes and thus increase the 

photo-produced H2 amount.20,161,164-165 Metallic Cu, indeed, can act, like 

Pt, as an effective co-catalyst attracting the photogenerated electrons 

from the TiO2 and then favoring electron transfer to the protons. 166-169  
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1. Samples preparation. 

All reactants employed were purchased by Aldrich and used without any 

further purification treatment. Distilled water was used in the synthesis 

procedures. Synthesis procedures will be described for each system in 

the corresponding section. 

1.1. TiO2 systems. 

Pristine TiO2 anatase (hereafter TiO2 or T) powder was prepared 

via sol-gel technique, mixing a solution of 15 ml of titanium(IV) 

isopropoxide in 15 ml of 2-propanol alcohol to which 16 mL of water 

were added. The gel was left to age for 15 hours at 290 K and 

subsequently dried at 343 K. The dried material was calcined in air at 

773 K for 1 hour. 

N-doped TiO2 anatase (hereafter N-TiO2) powder system was 

prepared with sol-gel technique mixing a solution of 15 mL of 

titanium(IV) isopropoxide in 14 ml 2-propanol alcohol with a solution of 

0.54 g of NH4Cl in 8 mL of water. The gel was kept for 15 hours at 290 

K and subsequently dried at 343 K. The dried material (slightly yellow) 

was finally calcined in air at 773 K for 1 hour. 

Reduced TiO2 anatase (hereafter rd-TiO2) powder was prepared 

via hydrothermal synthesis: 0.5 g of TiB2 powder precursor were 

suspended into 20 mL of aqueous solution of HF (1 M), followed by 

hydrothermal treatment in a teflon autoclave at 453 K overnight. After 

the reaction, the product was filtered and washed with deionized water 

three times to remove dissoluble ionic impurities. Then the sample with 

a dark blue color was dried at 373 K for 1 hour. 

Suspensions of TiO2 powders in TEOA (triethanolamine) 25mM 

and thionine 1.39 mM aqueous solution were prepared mixing 4 mg of 

powder in 1 ml of solution. Each suspension was stirred and 70 μl of 
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suspension were transferred in a EPR tube and gradually frozen at 77K 

for EPR measurements. 

1.2. Hydrogenase preparation. 

A part of this PhD study was performed in collaboration with the 

research group of Prof. Gilardi of the Life Science Department of the 

University of Turin. This group was involved in the preparation of the 

enzyme. 

CpHydA [FeFe]-hydrogenase was cloned from Clostridium perfringens 

SM09, recombinantly expressed and purified under strict anaerobic 

conditions as described in Ref. 170. 

1.3. Hydrogenase-TiO2 hybrid materials preparation. 

The preparation was carried out under an anoxic nitrogen atmosphere in 

a glove box (Belle Technology). The enzyme was anaerobically 

concentrated to 0.36 mM using Amicon Ultra 0.5 mL 30 K MWCO 

(Millipore). 8 mg of the TiO2 powder were suspended and sonicated in 

1mL of the anaerobic buffer 25mM TEOA pH 7. Subsequently, the 

enzyme and the TiO2 suspension were mixed in a 1:1 volume ratio, 

resulting in final concentrations of 0.18 mM CpHydA and 4 mg/ml TiO2. 

Thionine was added to a final concentration of 1.39 mM. 70 µL of this 

suspension were transferred in a EPR tube, sealed and gradually frozen 

at 77 K for EPR measurements. 

1.4. ZrTiO4 systems. 

Pristine ZrTiO4 (hereafter ZT) powder was prepared via the 

sol−gel technique, mixing a solution of 3.5 ml of titanium(IV) 

isopropoxide and 5 ml of zirconium(IV) propoxide (molar ratio 1:1) in 9 

ml of 2-propanol to which 3.5 ml of water was added. The gel was left 

to age for 15 hours at 290 K and subsequently dried at 343 K. The dried 
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material was calcined in air at 973 K for 1 hour. The powder presented a 

white color. 

N doped-ZrTiO4 powder (hereafter N-ZT) was prepared by mixing 

a solution of 1.75 ml of titanium(IV) isopropoxide in 1.75 ml of 2-

propanol alcohol and a second water solution prepared with 2 g of 

ZrOCl2·8H2O, 0.14 g of NH4Cl and 5 ml of water. The resulting mixture 

was stirred at room temperature until a transparent solution was 

obtained. The solution was left to age for 15 hours at room temperature 

and subsequently dried at 343 K. Finally the dried material was calcined 

in air at 773 K for 1 hour. The powder so obtained has a yellow color. A 

material enriched with the 15N isotope (15N-ZrTiO4) was prepared in the 

same way previously described using 98% 15N enriched NH4Cl. 

Ce doped-ZrTiO4 powders (hereafter Cex-ZT where x is the Ce 

molar ratio) powders were prepared via the sol−gel technique, mixing a 

solution of 3.5 ml of titanium(IV) isopropoxide and 5 ml of zirconium(IV) 

propoxide (molar ratio 1:1) in 9 ml of 2-propanol to which 3.5 ml of 

water solution of CeCl3·7H2O was added in order to have different molar 

ratio of cerium (0.5% and 10%). The gel was left to age for 15 hours at 

290 K and subsequently dried at 343 K. The dried materials was calcined 

in air at 973 K for 1 hour. The powder presented vivid yellow color. 

1.5. Copper modified oxide systems. 

Cu2O-TiO2 (hereafter Cu2O-T) and Cu2O-ZrTiO4 (hereafter Cu2O-

ZT) powders were prepared by chemical reduction followed by 

deposition method. At 10 ml of Cu(NO3)2·3H2O 7.9·10-3 M (0.5% wt on 

the basis of oxide) water solution were added 0.0568 g of glucose and 

15 ml of NaOH 2.36·10-3 M. The solution was stirred for 50 minutes at 

343 K. At the end of the reaction a red suspension was formed 

(suspension A). In this reaction, known as Benedict reaction, glucose 
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reduces Cu2+ to Cu+ allowing the formation of Cu2O oxide. 1 g of oxide 

(TiO2 or ZrTiO4) was added in 20 ml of deionized water and the 

suspension was sonicated at 333 K for 10 minutes (suspension B). The 

suspension A was added to the suspension B and stirred for 10 minutes 

at 343 K. After this time the orange powder was filtered and washed 

three times with water and ethanol, in order to remove the reaction 

residues as glucose and NaOH, and finally dried at 343 K. 

Cu2+-TiO2 (hereafter Cu2+-T) and Cu2+-ZrTiO4 (hereafter Cu2+-ZT) 

powders were prepared by wet impregnation. 1 g of oxide (TiO2 or 

ZrTiO4) was added in 20 ml of deionized water and the suspension was 

sonicated at 333 K for 10 minutes. 10 ml of Cu(NO3)2·3H2O 7.9·10-3 M 

(0.5% wt on the basis of oxide) were added to the oxide suspension 

and sonicated for 50 min at 333 K. After this time the suspension was 

stirred at 353 K until the formation of a dried blue powder. The powder 

was calcinated in air at 623 K for 4h and then washed three times with 

water. 

1.6. Platinum - oxide systems. 

Pt-TiO2 (hereafter Pt-T) and Pt-ZrTiO4 (hereafter Pt-ZT) powders were 

prepared by impregnation of the oxide with a Pt-colloidal suspension of 

nanoparticles of Pt. The colloidal suspension of nanoparticles of Pt was 

prepared by chemical reduction following three different steps: 

- 125 mg of HPtCl6·6H2O were dissolved in 5 ml of water (solution C1). 

- 0.1 g of sodium citrate were dissolved in 10 ml of water (solution S1). 

- 7.5 mg of NaBH4 and 0.1 g sodium citrate were dissolved in 10 ml of 

water (solution S2).  

To the solution C1 2.5 ml of S1 and 2.5 ml of S2 (drop by drop) were 

added. 
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The colloidal suspension was stirred for 5 minutes and changes the color 

from yellow to black. 

The impregnation of the oxide powder with Pt nanoparticles was 

performed mixing a suspension of 1 g of oxide (TiO2 or ZrTiO4) in 73 ml 

of water with 27 ml of the Pt suspension (0.5%wt on the basis of oxide) 

and stirring for 30 minutes. The final grey powder was filtered and 

washed three times with water. 
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2. Characterization methods. 

2.1. X-Ray Powder Diffraction.  

Powder X-ray diffraction (XRD) patterns were recorded with a 

PANalytical PW3040/60 X'Pert PRO MPD diffractometer using a copper 

Kα radiation source (0.154056 nm). The intensities were obtained in the 

2θ range between 20° and 80°. X'Pert High-Score software was used for 

data handling. 

2.2. UV-Visible Diffuse Reflectance Spectroscopy (DRS). 

UV-Visible absorption spectra were recorded using a Varian Cary 5 

spectrometer, coupled with an integration sphere for diffuse reflectance 

studies, using a Carywin-UV/scan software. A sample of PTFE with 

100% reflectance was used as the reference. Spectra were registered in 

the 200–800 nm range at a scan rate of 240 nm/min with a step size of 

1 nm. The measured intensities were converted with the Kubelka-Munk 

function. 

The UV-Visible DRS studies after irradiation of the copper modified 

samples were performed irradiating 0.4 g of samples suspended in 2 ml 

of water/methanol solution (10% v/v) in a quartz cell for DRS 

measurement. After irradiation, prior to the spectra acquisition the 

sample were let to sediment on the bottom of the DRS cell. The UV-

Visible DRS spectra were recorded in the 200–2500 nm range at a scan 

rate of 240 nm/min with a step size of 1 nm. Since during the irradiation 

was not possible to stir the samples, after every irradiation the samples 

were sonicated in order to make homogenous the powders. 

2.3. Surface area measurements. 

The surface area measurement was carried out on a Micromeritics ASAP 

2020/2010 apparatus using the Brunauer–Emmett–Teller (BET) model 
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for N2 adsorption measurements. Prior to the adsorption run, the sample 

was outgassed at 573 K for 2 hours. 

2.4. Electron Paramagnetic Resonance (EPR) characterization. 

Continuous Wave Electron Paramagnetic Resonance (CW-EPR) 

experiments were performed with a Bruker EMX spectrometer operating 

at X-band (9.5 GHz), equipped with a cylindrical cavity operating at 100 

kHz field modulation. All the spectra were recorded with a Modulation 

Amplitude of 0.2 mT. Other experimental parameters are reported in the 

caption of the figures. 

Q-Band CW-EPR spectra have been recorded at room temperature (RT) 

on a Bruker ELEXYS 580 operating at a 50 kHz field modulation.  

The spin counting was performed comparing the intensities of the EPR 

spectra of the samples with those of freshly prepared 2,2-diphenyl-1-

picrylhydrazyl (DPPH) solutions in cyclohexane. 

2.5. Transmission Electron Microscopy (TEM). 

For ZrTiO4 and N-ZrTiO4 samples the nanoscale TEM imaging was 

performed in chemistry faculty of the Jagiellonian University (Poland) in 

collaboration with the research group of Prof. Z. Sojka by using a high-

resolution transmission microscope Tecnai Orisis (FEI) with a X-FEG 

Schottky field emitter, operated at the accelerating voltage of 200 keV. 

For chemical composition analyses a windowless energy dispersive X-ray 

(EDX) system with a four-sector silicon drift detector (SDD) was used. 

The Z contrast images were acquired by means of a high-angle annular 

dark field (HAADF) detector in the scanning mode (STEM). 

The STEM images coupled with the EDX elemental mapping were 

acquired by including the sample drift correction using the Bruker Esprit 

software. Prior to microscopic analysis, the samples were ultrasonically 
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dispersed in ethanol and dropped on a holey carbon film supported on a 

copper grid (Agar Scientific, 300 mesh). Analysis of the observed TEM 

images was corroborated by the computer image simulations by means 

of the multislice method implemented in the JEMS software.19 The 

Poisson noise at the level of 10% of the total contrast was added to the 

simulated images, to approach the experimental imaging conditions. To 

confirm the crystal phase assignment and reveal the orientation of 

crystallites, a single crystal diffraction pattern was simulated (within the 

kinematical and dynamical approximation) by means of the Rhodius 

software.171-172  

For Ce-ZrTiO4 samples the TEM images were performed at chemistry 

department of University of Torino using a high-resolution transmission 

microscope TEM JEOL JEM-3010 operated at a 300 keV ultrahigh 

resolution analytical. The microscope is equipped with Gatan US1000 

CCD camera and  an Energy Dispersive Detector OXFORD Software 

INCA. 

2.6. UV-Visible Spectroscopy. 

The UV-Visible spectra were obtained using UVIKON 930 (Kontron) 

spectrophotometer equipped with a deuterium lamp for the UV light and 

a tungsten lamp for the visible light. Spectra were registered in the 200–

600 nm range. 

2.7. Dynamic Light Scattering. 

The mean hydrodynamic diameter and polydispersity index (PDI) of Pt-

nanoparticles were obtained using a Zetasizer (Nano ZS Malvern 

Instruments) based on the Dynamic Light Scattering (DLS technique). 

The He-Ne laser used has λ=633nm. 
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3. Photoactivity tests. 

An important feature of an efficient photocatalyst is related to the 

capability of the photogenerated charge to reach the surface of the 

nanoparticles and reacts with adsorbed molecules.  

Such features can be preliminarily evaluated with two different methods. 

i) detection of photogenerated Reactive Oxygen Species (ROS) namely 

O2
•– and OH•

 radicals in solution. ii) reaction of photogenerated charge 

carriers with scavengers in gas phase. Scavengers are H2 and O2 for 

photogenerated holes and electrons respectively (see below). 

The photocatalytic activity has been, then, tested monitoring the 

photoinduced hydrogen evolution. 

3.1. Detection of photoformed charge carriers and ROS species. 

The migration of photoformed electrons at the surface and their 

reactivity in electron-transfer reactions was tested firstly via EPR 

spectroscopy upon irradiation under oxygen gaseous atmosphere. The 

gas phase O2 molecule reacts with photogenerated electrons, capable of 

reaching the surface, producing surface adsorbed superoxide O2
− 

following equation 4 

O2 (gas) + e−
(CB) → O2

−
(ads)   (4) 

The EPR detection of O2
− upon irradiation under O2 is, thus, the 

evidence of generation of surface reacting electrons. 

These tests were performed irradiating the sample in presence of 20 

mbar of oxygen at 77 K for 10 minutes. Before recording the EPR 

spectra the oxygen excess was removed from the gas phase in order to 

avoid dipolar broadening caused by physisorbed O2.  

The photocatalytic production of the superoxide ion (O2
–) in 

water solution was also followed via spectrophotometric methods with 

nitroblue tetrazolium (NBT) molecule. This molecule can be reduced by 
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the superoxide ion (O2
–) forming the insoluble purple formazan (Figure 

18).173 Although formazan is soluble in aprotic solvents, it is insoluble in 

aqueous solutions. Hence, when formazan is produced during 

photocatalytic reactions in aqueous solutions a precipitation occurs. The 

amount of photogenerated superoxide ions was detected measuring the 

intensity decrease of the absorption maximum at 259 nm of NBT in the 

solution. 

The tests were performed with 50 ml of NBT (20 μM) water solution and 

0.05 g of photocatalyst powder (concentration of 1 g/l of photocatalyst). 

The suspension was left in dark for 15 minutes before the irradiation 

with UV-Visible light. Every 15 minutes of irradiation 3 ml of suspension 

was taken and the powder was removed from the solution by 

centrifugation. The supernatant solution was placed into a quartz cell in 

order to record the UV-Visible absorption spectra. 

 

 

Figure 18. Reaction of nitroblue tetrazolium (NBT) with the superoxide ion.173  

The formation and reactivity of holes upon irradiation was tested 

monitoring the formation of hydroxyl radicals (OH•) in water solution. 

OH• radicals are formed by the reaction between water and the 

photoformed holes according to the following equation: 

h+ + H2O → OH• + H+    (5) 

For this reason the detection of OH• radicals is an indirect evidence of 

the photoformed holes.  
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Due to their high reactivity, OH• radicals can be detected by EPR in 

solution only using a spin trap molecule namely 5,5-dimethyl-pyrroline 

N-oxide (DMPO), a diamagnetic molecule that, reacting with OH• 

radicals, forms a relatively stable radical detectable with EPR 

spectroscopy. 

For these tests 500 μl of phosphate buffer 0.5 M and 250 μl of water 

were added to 250 μl of DMPO 0.085M water solution. 27 mg of the 

photocatalyst powder were added to the solution. The suspension was 

irradiated with UV-Visible light (excluding the deep UV components with 

a cut-off 315 nm) with an irradiance of 200 W/m2. At different 

irradiation time the EPR spectra of the solution were recorded collecting 

the sample with a capillary.  

The holes transfer capability was also tested in gas phase 

irradiating the samples under H2 atmosphere. Under such conditions, 

the holes photogenerated in the valence band migrate to the surface, 

where they interact with molecular hydrogen (H2) that undergoes a 

homolytic splitting generating reactive hydrogen atoms. H• atoms, in 

turn, react at the surface, injecting electrons into the solid (see eqn. 6-

9).174 The evidence of surface hole reactivity is thus the formation of 

reduced species (Ti3+, Zr3+,…) due to the electron generated according 

to equation 9 that can ben detectable by EPR spectroscopy. 

MOx + hν  e− (CB) + h+ (VB)               (6) 

h+ (VB) + O2− (surf)  O−
(surf)                   (7) 

O−
(surf) + H2  OH−

(surf) + H•          (8) 

H• + O2−
(surf)  OH−

(surf) + e−        (9) 

The EPR spectra were recorded after irradiating the samples at 77K in 

50 mbar of H2 for 10 minutes. 
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3.2. Photocatalytic H2 evolution. 

For the hydrogenase-TiO2 hybrid systems the hydrogen evolution 

test was performed in a 7 ml glass vial filled with 1 mL of O2-free sample 

solution containing TEOA (25 mM pH 7), 1 mg/ml of TiO2 and CpHydA 

(50 nM). They were irradiated for 60 minutes under natural sunlight at a 

flux of approximately 650 W/m2. During irradiation the samples were 

kept on ice. Control experiments in the absence of TiO2, or the enzyme 

or in the dark were also performed. All the samples were tested at the 

same time, under the same experimental conditions.  

The hydrogen evolution has been measured via gas chromatography. 

The gas chromatograph (Agilent Technologies 7890A) was equipped 

with purged packed inlet, Molesieve 5A column (30 m, ID 0.53 mm, film 

25 mm) and thermal conductivity detector (TCD). Argon was used as 

carrier gas. Quantitative separation was achieved in less than 3 minutes 

at 333 K. 

For the Copper and Platinum modified TiO2 and ZrTiO4 samples 

the hydrogen evolution tests were performed in a 100 ml flask reactor of 

quartz with a rubber septum for bubbling and sampling. 0.1 g of 

photocatalyst were suspended in a 10% v/v methanol aqueous solution 

(72 ml H2O and 8 ml of methanol) and sonicated for 10 min. The 

amount of powder is thus 1.25 g/l. The irradiation was performed with a 

150W Xe lamp with an irradiance power, measured with a UV sensor, of 

40 mW/cm2. A magnetic stirrer was placed at the bottom of the reactor 

to keep the particles in suspension during the experiment. Prior to 

illumination, nitrogen was purged into the reactor for 30 min to remove 

dissolved oxygen. The photocatalytic hydrogen activity was then studied 

by illuminating the suspension for 4 hours.  

To evaluate hydrogen generation a 200 µl gas sample was taken every 

30 min from the reactor head space through the rubber septum. The 
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gas samples were then injected into a gas chromatograph equipped with 

a HayeSep Q 80/120 column and a TCD detector. Nitrogen was used as 

the GC carrier gas and the rate of the flow is 1.0 ml/min. 
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1. The zirconium titanate systems. 

ZrTiO4 exhibits a structure similar to those of TiO2 polymorph but half of 

its atoms are zirconium. This matrix modification of titania, with the 

insertion of zirconium atoms, lead to changes in both the band gap 

energy value (Eg) and the conduction band potential of titanium dioxide 

(Eg = 3.2 eV for anatase) becoming, in principle, more similar to that of 

zirconia (Eg = 5 eV).  

A system that maintains the general photocatalytic properties of titania 

(mainly the photooxidation ability related to the holes in the valence 

band) and simultaneously increases its reductive abilities should be of 

remarkable interest in the area of photocatalysis. This fact prompted us 

to investigate the photophysical and photochemical properties of ZrTiO4. 

Indeed, despite the widely use of ZrTiO4 in technological application, its 

photochemical/photophysical and redox properties remain poorly 

investigated.86-89  

The purpose of this chapter of the PhD thesis is the study of the 

electronic structure of zirconium titanate, its band potentials, its 

behavior under irradiation, and the presence of surface trapping sites for 

photogenerated charge carriers. This approach is suitable to preliminary 

understand the potential of this material in terms of photoactivity and 

photocatalysis. 

Despite its potential advantages, ZrTiO4 exhibits, like TiO2 and ZrO2, a 

high band gap and thus its main limit is the absorption of the UV 

fraction only of the solar light. For this reason modifications of this oxide 

have been also investigated, namely with nitrogen and cerium, in order 

to influence the photoactivity of the system possibly with an extension 

towards visible light absorption.  

The results of this chapter will be organized as follow: first, the redox 

and photochemical properties of pristine ZrTiO4 (ZT) will be described. 
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Afterwards the feature of N-doped ZrTiO4 (N-ZT) and Ce-doped ZrTiO4 

(Cex-ZT where x is the Ce molar ratio) systems will be described and 

finally a comparison of the photoactivity of all samples will be provided.  

The investigation of these materials is supported by DFT calculations 

performed in collaboration with the research group of Prof. G. Pacchioni 

(University of Milano Bicocca). 
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1.1. Pristine ZrTiO4. 

1.1.1. Structural, morphological and optical characterizations. 

XRD analysis of ZrTiO4 powder (ZT) produce the XRD pattern reported 

in Figure 19A (black line) together with the reference lines of this 

compound (red lines). All the peaks of the diffraction pattern of the 

sample correspond the ZrTiO4 phase175 and no segregations of TiO2 or 

ZrO2 are observed.  

The surface area of the ZT sample measured by the BET method 

corresponds to 66 m2/g. 

The optical UV-Visible 

absorption of ZT is shown in 

Figure 19B. The inset of 

Figure 19B shows the Tauc’s 

plot of the optical absorption 

spectrum to evaluate the 

experimental band gap value.  

According to Tauc’s relation, 

the absorption coefficient α is 

given by 

 α(hν) = B(hν – Eg)
m        (10) 

where B is an energy 

independent constant, α is the 

absorption coefficient, Eg is 

the optical band gap energy, 

h is Planck’s constant, ν is the 

frequency of the incident 

photon, and m is an index 

that depends on the nature of 

Figure 19. Panel A: X-ray diffraction  patterns of 
ZT (black line) and reference of ZrTiO4 (red 
lines).174 Panel B: UV−Visible diffuse reflectance 
spectrum of ZT  powder. In the inset the Tauc’s 
plot is reported. 
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electronic transition responsible for the optical absorption. Values of m 

for the allowed direct and non direct transitions are 1/2 and 2, 

respectively. Direct transition occurs when the valence band maximum 

and the conduction band minimum are at the same point in the Brillouin 

zone, while a non-direct one occurs when the maximum and minimum 

are at different places. In the present case, since the calculated 

electronic bands are almost flat (Figure 20), ZrTiO4 could be considered 

a direct band gap oxide. The optical band gap energy evaluated with 

Tauc’s plot for a direct transition is 3.8 eV, which corresponds to about 

326 nm. The optically detected band gap value is intermediate between 

that of the two binary oxides of reference 

(TiO2, ZrO2) though closer to that of 

titania. 

The TEM, STEM images and EDX maps 

shown in Figure 21 and Figure 22 were 

acquired at the chemistry department of 

the Jagellonian University (Krakow, 

Poland) in collaboration with the research 

group of Prof. Z. Sojka. The TEM images 

reported in Figure 21a,b show the 

morphological and structural feature of the ZrTiO4 nanoparticles. They 

exhibit rounded shape and a rather narrow grain size distribution with 

an average diameter of about 15 nm in agreement with the Scherrer 

analysis of the XRD pattern. The nanoparticles are aggregated into 

elongated structures that form globular agglomerates of 100−200 nm 

diameter.  

The corresponding selected area electron diffraction (SAED) pattern 

shows the polycrystalline nature of ZrTiO4 sample (Figure 21c). The 

observed diffraction rings were indexed within the orthorhombic 

Figure 20. Calculated electronic 
bands of ZrTiO4. 
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structure of ZrTiO4 (space group Pbcn, reference JCPDS diffraction 

pattern No. 34−415). 

 

Figure 21. TEM images of the ZrTiO4 nanostructures (a, b) along with the polycrystalline 

electron diffraction SAED pattern (c). High resolution image of the nanocrystallites (d), 
and FFT pattern taken from the HR TEM image viewed along the [110] direction with the 
superimposed simulated single crystal diffraction pattern (e). The simulation was carried 
out taking into account kinematical (green dots) and dynamical (red dots corresponding 
to the (001) and (00-1) reflections) scattering. HR-TEM image of the orthorhombic 
ZrTiO4 nanoparticle oriented along the [110] axis (f) together with the simulated image 
(yellow rectangle) and the superimposed atomistic structure of ZrTiO4 (Zr green dots, Ti 
blue dots, O red dots). 

The HR-TEM image (Figure 21d) shows the presence of ordered lattice 

fringes that confirm a high degree of crystallinity of the ZrTiO4 

nanoparticles. Simulation of the FFT diffraction pattern (Figure 21e) 

allows the straightforward assignment of all observed diffraction spots 

and determination of the nanocrystal alignment along the [110] 

direction. The corresponding HR-TEM image was simulated (Figure 21f) 

within the extended Scherzer defocus regime and the spherical 

aberration constant Cs = 12 μm and matches perfectly with the 

experimental one. Analysis of the calculated thickness-defocus maps 

showed that the observed nanocrystal has the thickness of about 8 nm. 
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Within the applied imaging conditions, the bright spots define the 

positions of the mixed zirconium and titanium columns, whereas oxygen 

columns remain invisible. 

 
Figure 22. STEM-HAADF image of the ZrTiO4 nanostructures (a) along with EDX maps 
(b−d) showing distribution of the constituting elements Ti (red), Zr (green), and O 
(blue). EDX line profile across the ZrTiO4 aggregates (e) and the corresponding variation 
of the composition (f). 

The composition homogeneity of the sample at submicro-nanoscale was 

examined with HAADF/STEM pictures (Figure 22a) and EDX maps 

(Figure 22b-f). Despite a small fluctuations of the Ti and O content,        

(-2.5 at. %, +3.6 at. % for Ti and O respectively, left part of the plot of 

Figure 22f), the 1:1:4 stoichiometry of ZrTiO4 is well preserved. 

Summarizing, the obtained microscopic results revealed good 

homogeneity and crystallinity of the synthesized material.  

1.1.2. Band alignment. 

The alignment of the band potential of ZrTiO4 with those of the two 

binary reference oxides has been done following the procedure reported 
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by Butler 176 and based on the Mulliken electronegativity of the elements 

(Figure 23). The results obtained for both TiO2 and ZrO2 are close to 

what has been found for the same oxides in various reports.177-179 

The valence band edge of ZrTiO4 is, in this way, slightly more positive 

than that of TiO2 (0.32 eV); thus, on the basis of the energy gap value, 

the limit of the conduction band of the solid is 0.28 eV more negative of 

the corresponding one of titania (Figure 23). 

 

Figure 23. Relationship between the band structures of ZrO2, TiO2, and ZrTiO4 and redox 
potentials of water splitting. 

These results are in perfect agreement with preliminary ultraviolet 

photoelectron spectroscopy (UPS) valence band measures which were 

performed by the research group of Prof. G. Granozzi (University of 

Padova). In this case the comparison between UPS valence band 

spectra of ZrTiO4 and that of TiO2 anatase samples (Figure 24) reveals 

that the valence band maximum of ZrTiO4 is 0.35 eV more positive than 

that of TiO2 while, considering the energy gap value, the conduction 

band minimum of ZrTiO4 is 0.25 eV more negative than that of TiO2. 

Summarizing the band positions of ZrTiO4 material are almost at midway 

between those of the two reference oxides (TiO2 and ZrO2) although a 
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bit closer to that of titania. Hence, the presence of a small but definite 

increment of the reductive potential of conduction band electrons in 

ZrTiO4 with respect to TiO2 can be assumed.  

 

Figure 24. UPS valence band spectra of ZrTiO4 (blue dots) and TiO2 anatase prepared 
via sol gel method (black dots). 

1.1.3. Redox properties investigated by EPR spectroscopy. 

Annealing treatments of ZrTiO4 were performed under vacuum at 

different temperatures for 1 hour from 373 to 873 K.  

As previously mentioned (see Section 1.1.3 of Introduction chapter), in 

the case of reducible oxides, this type of treatment induces a loss of 

oxygen and generates, besides oxygen vacancies, two extra electrons 

per vacancy that normally reduce the metal.180 It is useful to remember 

that, while TiO2 is very sensitive to annealing as it forms reduced Ti3+ 

species at the early stages of the annealing process,30 ZrO2 is more 

reluctant to reduction with respect to TiO2. Furthermore, in ZrO2 the 

majority of extra electrons, formed upon annealing, are not EPR visible 

(in other words only a minor fraction of these electrons forms Zr3+ 

ions).41  
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The EPR spectra after annealing of the ZT sample are reported in Figure 

25. The behavior of ZT in the early stages of annealing is more similar 

to that of ZrO2 than to that of titania. The EPR spectrum of ZT (that 

contains tiny amount of Zr3+ defects in the starting material having g// = 

1.978 and g⊥ = 1.960, analogously to what occurs in pure ZrO2) remains 

almost unchanged upon annealing until 573 K except for the tiny 

spectral component at g = 2.003, which slightly increases with the 

annealing temperature. As in the case of the parent oxides (TiO2 and 

ZrO2) such feature is related to trapped electrons and represent only a 

minor fraction of the overall reduced states observed via EPR.30,41 

 

Figure 25. EPR spectra of ZT powder outgassed at room temperature and after 
annealing for 1 h under vacuum at the temperature indicated in the figure. All the 
spectra were recorded at 77 K at microwave power of 10 mW. 

When the annealed ZT sample is contacted with O2 after each step, no 

electron transfer to oxygen is observed, suggesting that annealing until 

this temperature does not modify the solid, which is much more 

resistant to reduction than titania. This is consistent with the computed 

oxygen vacancy formation energies, ΔE, which, in the case of of ZrTiO4 
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is equal to about 6 eV, relatively close to that of ZrO2 (7.2 eV).41,181
 At 

variance forming a vacancy in bulk TiO2 has a smaller energy cost (4.5 

eV). 

Upon annealing at 673 K, while the EPR signal is still almost unaltered 

an initial reduction in the solid has occurred, as indicated in Figure 26A. 

When the material is contacted with oxygen, in fact, the formation of 

well-known signal of the O2
–  superoxide anion (Figure 26A(b)) occurs by 

electron transfer. The material, annealed at 673 K (Figure 25), is thus 

reduced but there is no EPR evidence of the localized excess electrons 

(Ti3+, Zr3+), which must therefore be present as diamagnetic centers, 

most probably, as suggested by calculations, as VO
X neutral centers with 

two electrons in a vacancy (see Section 1.1.5). Hence, until an 

annealing temperature of 673 K, the behavior of the ZT system is close 

to that of ZrO2.  

The behavior changes upon annealing at higher temperature when the 

reluctance to oxygen release breaks down. 

Already at 773 K, but more evidently at 883 K, a broad signal (around g 

= 1.93) assigned to surface Ti3+ ions is observed.30 This evidence 

unambiguously indicates the presence of extra electrons in the solid 

produced upon O2 release. Therefore the behavior of ZT material under 

an annealing at temperature higher than 673K, is closer to that of TiO2 

since no analogous signal was ever observed for ZrO2.  

According to the computed density of states (see Section 1.1.5), the 

empty Ti 3d levels are lower in energy than the Zr 4d ones and, thus, 

excess electronic charge accumulates on titanium ions. 
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Figure 26. Panel A: EPR spectra of ZT reduced by annealing under vacuum at 673 K. 
Panel B: EPR spectrum of ZT reduced at 873 K. Spectrum (a) reduced ZT powder, 
spectra (b) reduced ZT powder after contact with 20 mbar of O2 at room temperature 
(RT). Both spectra were recorded at 77 K and with a microwave power of 10 mW. 

When the annealed solid at 873 K is contacted with oxygen at room 

temperature (Figure 26B(b)), the broad, intense signal belonging to the 

Ti3+ centers instantaneously disappears, and the signal of the superoxide 

O2
− ions arises. Analyzing the spectra before and after O2 adsorption 

(Figure 26B) in quantitative terms it can be noted that the integrated 

intensity of the EPR signal of the reduced sample (Figure 26B(a)) is one 

order of magnitude higher than that of the sample contacted with 

oxygen (Figure 26B(b)). The difference is due to the fact that the 

majority of oxygen is used to restore the O2 losses caused by annealing, 

leading to O2 incorporation in the lattice in the diamagnetic O2– form 

following equation 11.  

Only a minor fraction of the adsorbed oxygen remains partially reduced 

to superoxide O2
– that is the only paramagnetic product. 

O2 + e– → O2
– + e– → O2

2– + 2e– → 2O2–  (11) 
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 The features of the EPR 

spectrum of the superoxide 

radical (Figure 27) are 

characterized by a gz region 

with two resolved 

components indicating the 

presence of O2
− adsorbed on 

both titanium and zirconium 

tetravalent surface ions (g 

values in Table 1). The 

weaker gzz component (g = 

2.030) corresponds to 

superoxide ions adsorbed on  

Zr4+ ions, whereas the more abundant one (g = 2.022) is due to O2
− on 

Ti4+ ions.182 This indicates that both zirconium and titanium ions are 

exposed at the surface of the material.  

gzz gyy gxx description 

2.022 ± 0.002 2.010 ± 0.0005 2.003 ± 0.0005 O2
− on Ti4+ 

2.030 ± 0.002 2.010 ± 0.0005 2.003 ± 0.0005 O2
− on Zr4+ 

Table 1. g value of superoxide species adsorbed on a ZT sample extracted by simulation 
performed using SIM32 software.183 

1.1.4. Photoformation and reactivity of charge carriers followed by EPR. 

The photoactivity of ZrTiO4 has been tested by EPR under UV−Visible 

irradiation in different condition: firstly the photo charge separation has 

been investigated recording the EPR spectra under irradiation of the 

sample in vacuum since by EPR it is possible to monitor the formation 

and stabilization of both photoexcited electrons and holes. Afterwards 

the capability of the material of charge transfer to molecules adsorbed 

Figure 27. Magnification of the EPR spectrum of 
the superoxide radical formed by contacting the 
ZT sample annealed at 873 K with oxygen. The 
spectrum was recorded at 77 K and with a 
microwave power of 1 mW. 
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on the surface has been tested under irradiation both in oxygen (to test 

the electron transfer) and hydrogen atmosphere (to test the hole 

transfer) (see Section 3.1 of Material and Methods chapter for more 

details). 

In order to clean the surface of the oxide from some adsorbed impurity, 

before each experiment the sample was subjected to an activation 

process consisting in heating for 30 minutes at 773 K under vacuum and 

other 60 minutes in O2 at the same temperature.  

Irradiation under vacuum of the activated solid (showing already 

a weak trace of Zr3+ ions, Figure 28a) causes the appearance of two 

signals (Figure 28b). At higher field trapping of photoexcited electrons is 

manifested by the increase of Zr3+ and Ti3+ signals (broad lines 

amenable to surface species31). At a lower field the axial signal, 

characterized by the g components g1 = 2.005 and g2 = 2.014, 

corresponds to trapped holes (O− ions). 

 

Figure 28. EPR spectra showing the effect of UV−Visible irradiation under vacuum of 
zirconium titanate: (a) activated sample in the dark; (b) after UV−Visible irradiation; (c) 
sample after a thaw−freeze treatment (lamp off, heating at RT and cooling again at 77 
K). All the spectra are recorded at 77 K with a microwave power of 10 mW. The 
irradiation was performed in the EPR cavity at 77 K for 10 min with a UV−Visible light. 
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Spectrum c of Figure 28, which reports the sample after a thaw−freeze 

treatment (lamp off, heating at room temperature, and cooling again at 

77 K), show that the majority of holes and electrons recombine and in 

particular the electrons, stabilized on Ti3+, undergo a complete 

recombination upon temperature increasing. However part of the signals 

belonging to the holes and to Zr3+ ions are still appreciable indicating 

that a fraction of the charge trapping sites escapes recombination. Zr3+ 

ions seem, in fact, recombine less efficiently than Ti3+.  

 
Figure 29. EPR spectra of a ZT sample irradiated in O2 atmosphere: (a) activated sample 
in the dark; (b) same sample contacted with 20 mbar of O2 in dark; (c) sample in (b) 
upon irradiation with UV−Visible light at 77 K. All the spectra were recorded at 77 K and 
with a microwave power of 1 mW. 

The capability of ZT sample to transfer the photogenerated 

electrons has been tested studying the effect of the irradiation of the 

sample in oxygen atmosphere (Figure 29). Indeed, as mentioned in 

Section 3.1 of Material and Methods chapter, the formation of 

superoxide upon irradiation under O2 is the evidence the migration of 

the photogenerated electrons to the surface and of their reactivity.  

While the spectrum of the activated material (Figure 29a) does not 

change contacting the powder with of O2 (Figure 29b), after irradiation 
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with UV−Visible light in O2 atmosphere an intense signal typical of 

superoxide ions appears (Figure 29c). No evidence of Ti3+ nor Zr3+ ions 

is visible (the trace of Zr3+ already present in the starting material is not 

altered by irradiation) indicating that the electron transfer from the solid 

to the O2 molecule occurs. 

The feature of the EPR spectrum of the superoxide radical formed upon 

irradiation is strictly similar to that observed upon reoxidation (Figure 

26) and is due to two species of superoxide ion respectively adsorbed 

on Ti4+ and Zr4+ ions present at the surface of the solid. 

On the other hand, the transfer of photogenerated holes at the 

surface of ZrTiO4 has been tested irradiating the solid with UV−Visible 

light in H2 atmosphere. In this case the fingerprint of surface hole 

reactivity is the formation of reduced species (see Section 3.1 of 

Material and Methods chapter). The effects on the EPR spectra of the 

irradiation in H2 atmosphere are reported in Figure 30. The background 

spectrum (Figure 30a) does not change when the powder is contacted 

with of H2 (Figure 30b). However, upon UV−Visible irradiation (Figure 

30c) a very intense signal typical of Ti3+ arises. The formation of this 

signal is due to both trapping the photogenerated electrons and the 

injection of electrons caused by the reaction of holes with H2 molecules 

according to the following reaction scheme: 

ZrTiO4 + hν → e– + h+    (12) 

e– + Ti4+ → Ti3+     (13) 

h+ + O2– → O–              (14a) 

O– + H2 → OH– + H•       .     (14b) 

H• + Ti4+ O2– → Ti3+ + OH–            (14c) 

 By irradiation under H2, the holes reacts with hydrogen forming 

Ti3+ centers so that no more recombination is possible, as shown by the 
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fact that, upon thaw−freeze treatment, the EPR spectrum remains 

unaffected (Figure 30d). 

 

Figure 30. EPR spectra of ZT sample irradiated in H2 atmosphere: (a) activated sample 
in dark; (b) same sample contacted with 50 mbar of H2; (c) sample in (b) upon 

irradiation with UV−Visible light at 77 K; (d) sample after a thaw-freeze treatment (lamp 
off, heating at RT and cooling again at 77 K). All the spectra were recorded at 77 K and 
with a microwave power of 10 mW. 

1.1.5. DFT calculations. 

DFT calculation were performed in 

collaboration with the group of 

Prof. G. Pacchioni. The main 

results are summarized in this 

section. For more details see 

reference 184. 

Geometrical and Electronic 

Structure. Different ZrTiO4 

geometrical configurations have 

been taken into account but the 

more stable and more similar to 

Figure 31. 2x2x2 Supercell of ZrTiO4 
optimized structures. Ti atoms are in gray, 
Zr in light blue and O in red. 
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the experimental one has resulted that containing dispersed Ti and Zr 

ions in the octahedral sites without any segregation of Zr and Ti atoms 

(Table 2 and  Figure 31). 

Different O sites have been generated depending on their first 

neighbors. Most of the oxygen atoms results three coordinated (O3c) but 

the O3c directly bound to three Zr ions change their coordination sphere 

by attracting a nearby Ti ion and thus forming a distorted tetrahedron 

O4c (Figure 32). 

 a  b  c  Eg (eV) 

ZrO2 5.240  5.265  5.417  5.73 

TiO2 3.789       3.789       9.776  3.87 

 a Δ% b Δ% c Δ% Eg (eV) 

Expt 
ZrTiO4 

4.807  5.479  5.034  3.8 

Calc 
ZrTiO4 

4.860 +1.1 5.515 +0.7 5.078 +0.9 4.76  

Table 2. Mean cell parameters (Å), differences (Δ%) with respect to the experimental 
values,73 and minimum band gap of TiO2 anatase, monoclinic ZrO2 and of experimental 
and calculated  ZrTiO4  

 

Figure 32. Local structural features of simulated ZrTiO4 structure, where gray represents 
Ti atoms, light blue Zr, and red O. 

Figure 33 shows the projected density of states (PDOS) of ZrTiO4. As 

expected, the top of the valence band (VB) is characterized by O 2p 

states, whereas the bottom of the conducting band (CB) is characterized 

by the empty Ti 3d states. It is worthwhile to note that the Ti 3d states 

lie at lower energy than the Zr 4d states.  
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The experimental band gap (Eg 

= 3.8 eV) is 18% larger than 

that of TiO2 (3.2 eV, Table 2). 

The computed Eg for ZrTiO4, 

4.76 eV, is 23% larger than that 

of anatase TiO2 computed at the 

same computational level, Eg = 

3.87 eV (Table 2). The 

overestimation of the calculated 

ZrTiO4 band gap is related to 

the Ti component, whose 

computed 3d empty states lie at relatively high energies due to 

structural effects. The absolute value is too large due to the fact that 

the B3LYP functional tends, as in the case of TiO2, to overestimate the 

band gap (by about 21% in the case of TiO2, Table 2). If this correction 

is applied and the computed band gap of ZrTiO4 is reduced by 21%, the 

value of 3.8 eV is obtained, that exactly matches with the measured Eg. 

In conclusion, in ZrTiO4, the nature of VB and of the bottom of CB is 

very similar to that of TiO2 and the small increase of the band gap is due 

to geometrical effects that lead to a widening of the gap. 

Oxygen Vacancy. The nature of the oxygen vacancies (VO) and the 

fate of the two electrons left in the solid when the vacancy is created 

after thermal annealing of the material have been investigated by 

simulating several ZrTiO4−x defective structures. Different VO3c and VO4c 

have been modeled and three situations have been found. The lowest in 

energy corresponds to two excess electrons localized on Ti ions (triplet 

state). The other two configurations, higher in energy, are (i) one with 

one electron on Ti and one on Zr (triplet state), and (ii) one with two 

electrons trapped in the cavity (singlet state). It can be concluded that 

Figure 33. PDOS of ZrTiO4. O contribution to 
the DOS is represented in red, Ti contribution 
in black, and Zr contribution in blue. The 
Fermi level is set to the top of the valence 
band. 
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the defective ZrTiO4−x behaves like TiO2−x, with reduction of the Ti ions 

and formation of Ti3+ species. 

1.1.6. Conclusions. 

In this part of PhD work the zirconium titanate (ZrTiO4) system, that 

could be considered the first type of TiO2 modification, has been 

investigated. This solid, indeed, introduces an elevated concentration of 

tetravalent zirconium ions in a TiO2-like matrix being based on linked 

MeO6 octahedrons (Me = Zr, Ti) with three coordinated oxygen ions at 

the connection (scrutinyite structure).  

ZrTiO4 nanocrystals have been prepared via sol-gel method and show an 

optical band gap of 3.8 eV. This experimental value perfectly matches 

with that extract from the DFT calculations. Furthermore it was 

demonstrated (with both calculations and UPS valence band 

measurements) that ZrTiO4 exhibits an increment of the reductive 

potential of conduction band electrons with respect to TiO2. 

Upon thermal annealing in vacuum zirconium titanate behaves more 

similarly to ZrO2 (i.e. reluctant to the reduction) in weak and mild 

annealing conditions, whereas its resistance to reduction decreases at T 

> 673 K when it behaves like TiO2 forming important amounts of surface 

Ti3+ ions. The behavior of ZrTiO4 upon annealing at high temperature is 

due to the presence of tetravalent Ti ions, which are better electron 

traps than the Zr ions since their electronic energy is lower. The 

computational results nicely fit with the experimental observations 

explaining the initial resistance to oxygen loss in terms of the formation 

cost of an oxygen vacancy that, in ZrTiO4, is 1.5 eV higher than in TiO2. 

The formation of Ti3+ upon annealing at higher temperature is also 

confirmed by calculations that indicate that, after O extraction, the most 

stable solution is that with two electrons on two distinct titanium ions. 
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Under UV-Visible irradiation ZrTiO4 easily undergoes a charge separation 

and the photogenerated charge carriers easily reach the surface and 

react with molecules in the gas phase, similarly to what occurs in the 

case of titania. For this reason zirconium titanate is an oxide that could 

be potentially useful in photocatalysis. In particular, since its conduction 

band potential is more negative than that of anatase and thus a higher 

reductive potential of photoexcited electrons is expected, this material 

could be considered a possible candidate for hydrogen evolution via 

water photoreduction. 
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1.2. Nitrogen doped- ZrTiO4. 

1.2.1. Structural, morphological and optical characterizations. 

The XRD diffractogram of N-

doped ZrTiO4 (N-ZT) sample, 

with the corresponding 

computer simulation are 

reported in Figure 34A. The 

Rietveld refinement of the 

XRD pattern shows the 

formation of crystals of ZrTiO4 

beside a small fraction of 

anatase (ca. 2%) and of 

tetragonal ZrO2 (ca. 1.3%).  

The powder exhibits a specific 

surface area around 12 m2g-1, 

hence the different synthetic 

method with respect to that 

adopted for the pristine 

material leads to the 

formation of bigger particles 

(see Table 3) and thus to a 

lower surface area with 

respect to the undoped ZT. 

Figure 34B reports the UV-Visible absorption of N-ZT sample. The 

characteristic absorption edge in the UV region, due to the electron 

transfer from the valence band to the conduction band is observed. The 

optical band gap absorption obtained by the Tauc plot (Table 3) 

indicates that the optical band gap of the N-ZT sample is slightly lower 

Figure 34. Panel A: XRD pattern of a N-ZT 
sample. Black line:  experimental trace. Red 
line: computer simulation obtained by Rietveld 
refinement. Blue line: difference between 
experimental simulated patterns. Panel B: UV-
Visible diffuse reflectance spectrum of a N-ZT 
sample. In the inset the Tauc's plot is reported. 
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than that of the undoped ZT material.  Assuming a direct transition as in 

the case of pristine ZT, the band gap energy (Eg) measured by the 

Tauc's plot method is, in fact, 3.7 eV. This difference is not due to the 

presence of nitrogen but is likely the result of the different synthetic 

route that brings about the formation of bigger particles (Table 3). 

Indeed the band gap energy measured by Tauc’s plot of a zirconium 

titanate sample, prepared with the same synthetic method of N-ZT 

sample without the nitrogen source, is again 3.7 eV (Table 3). This 

phenomena could be related to some limitations resulting from the 

approximation of the Kubelka-Munk method that allow to convert 

reflectance measures into the equivalent absorbance spectra. This 

approximation depends on the absorption and scattering coefficients 

that in turn depends on the particles size. The comparison between 

solids with different particles size (Table 3) and, in particular, between 

samples with size particles heterogeneity is rather complex.185-186 

Beside this effect, the optical properties of the N-ZT material differ from 

those of the bare zirconium titanate especially for the broad absorption 

shoulder in the visible region centered at about 430 nm. The optical 

features reported in Figure 34B are similar to that of nitrogen doped 

TiO2 materials in which the doping procedure introduces intra-band gap 

states that cause light absorption in the visible wavelength range.12 

 Particles size 
(nm) 

Surface area 
(m2/g) 

Eg (eV) 

ZT1 15 66 3.8 

ZT2 50-200 12 3.7 

N-ZT 50-200 11 3.7 

Table 3. Particles size, specific surface area and band gap energy of different sample: 
ZT1 is the pristine ZT prepared with the method reported in section 1.1. ZT2 is the 
pristine ZT prepared with the same synthetic method of N-ZT.  
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Figure 35. TEM images of N-ZT sample. 

The TEM images of the N-

ZT sample, reported in 

Figure 35, indicate that, at 

variance of the ZT sample, 

this material exhibits a high 

heterogeneity from the 

point of view of the  

morphology. The particles 

are different in size, from 

50 nm to 200 nm, and form 

big aggregates. 

Furthermore they present 

different shape with cross, 

cubic and spherical aspect. 

The EDX maps reported in 

Figure 36. EDX maps of N-ZT. (a) line profile 
across the N-ZT aggregates and (b) the 
corresponding variation of the  composition. Ti 
(red), Zr (green), O (blue).  

a) b) 
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Figure 36 show that in most part of the sample the chemical 

composition is homogeneous with the expected spatial dispersion of Zr, 

Ti and O atoms. However in some parts, the stoichiometry is not 

respected and some segregation of titanium dioxide and zirconium 

dioxide are observable in agreement with the XRD evidences (Figure 

34A). 

Again the differences of this oxide with respect to the pristine ZT sample 

(described in the previous section), in terms of composition and 

morphology, is not due to the presence of nitrogen but, rather, to the 

different synthesis method used for N-ZT samples preparation. This 

synthetic method lead to big particles with high heterogeneity of shape 

and composition, however this type of preparation was the only that 

allowed the doping process. 

1.2.2. EPR characterization of N center. 

The presence of nitrogen in the N-ZT sample was confirmed by EPR 

spectroscopy. The EPR spectra of the material were performed at two 

distinct frequencies, 9.5 GHz (X-band) and 35 GHz (Q-band) (Figure 37). 

The as-prepared material shows a relatively low intensity EPR signal. For 

this reason all the spectra reported in Figure 37 were recorded after 

visible light irradiation in order to increase the signal to noise ratio (see 

Section 1.2.3 for details) and to obtain a more reliable analysis. This 

paramagnetic defect is certainly amenable to nitrogen atoms since the 

spectra of the materials containing N in natural abundance (14N-ZT) 

exhibit the typical three-line hyperfine structure (14N has nuclear spin I 

= 1 and the EPR line multiplicity is n= 2I+1= 3). 

This is also confirmed by isotopic substitution with 15N. In this case the 

signals change from three to two hyperfine lines according to the 

different nuclear spin of 15N (I=1/2, n=2). 
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Figure 37. X and Q band experimental (black) and simulated (red) EPR spectra of 14N-ZT 
and 15N-ZT samples recorded at RT. All the spectra were recorded after irradiation with 
visible light (λ>420 nm) in order to get a better signal to noise ratio, as shown in the 
following Section (1.2.3).  

The whole set of spectra reported in Figure 37 was simulated (red lines) 

on the basis of rhombic g and hyperfine A tensors having three g values 

very close to each other. The values of g and A tensor elements 

obtained by the simulation are reported in Table 4. 

The use of a higher frequency (Q-band) has the aim of increasing the 

separation between the various g features while those due to the 

electron nucleus interaction (hyperfine structure) remain constant. The 

same set of spin-Hamiltonian parameters was used in the four 

simulations reported in Figure 37 just scaling the hyperfine coupling 

constant of the expected value passing from 14N and 15N which 

corresponds to the ratio of the two nuclear gN factors of the two nuclei. 

The goodness of the fit between experimental and simulated spectra in 

the four distinct cases firmly indicates the quality of the obtained spin 

Hamiltonian parameters.  
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g tensor 14N A tensor (mT) 15N A tensor (mT) 

gz = 2.0081 ± 0.0001 Az = 0.22 ± 0.09 Az = 0.32 ± 0.09 

gy = 2.0046 ± 0.0003 Ay = 3.40 ± 0.06 Ay = 4.90 ± 0.06 

gx = 2.0038 ± 0.0002 Ax = 0.16 ± 0.01 Ax = 0.26 ± 0.01 

Table 4. g and hyperfine A tensors, 14N hyperfine coupling constants (mT) and total spin 

density of the nitrogen center in ZrTiO4 extracted by simulation of the experimental 
spectra. 

The signal is characterized by a hyperfine coupling tensor mainly 

concentrated in one direction typical of a spin density localized in a 

directional (p-type) orbital. The spin density on the nitrogen atom of the 

N center can be derived from the hyperfine matrix A (Table 4) according 

to: 

A = |

𝐴1 0 0
0 𝐴2 0
0 0 𝐴3

|  = 𝑎𝑖𝑠𝑜 + |
2𝑇 0 0
0 −𝑇 0
0 0 −𝑇

| = 1.260 + |
2.138 0 0

0 −1.040 0
0 0 −1.097

|      (15) 

where aiso is the Fermi contact term (proportional to the 2s electron spin 

density in the nuclear volume) and T is the dipolar matrix having the 

typical form of the electron-nucleus dipolar interaction for an electron in 

a p orbital (i.e., 2T, –T, –T ). The spin density in the p orbital, ρ2p, 

calculated by comparison of the experimental dipolar value with the 

corresponding atomic one (ρ = T/Tº) is ρ2p = 0.67 (Tº = 1.816 mT (ref. 

187)). The comparison of the isotropic Fermi contact term with the 

corresponding tabulated one indicates a further amount of electron spin 

density (0.020) in the 2s orbital of the nitrogen atom. The total spin 

density on the N atom of the observed species therefore amounts to 

0.69, with the larger contribution being due to a single 2p orbital.  

This analysis shows that the nitrogen hyperfine tensor does not cover 

for the whole unpaired electron spin density. Hence, a fraction of the 

A1 A2 A3 aiso T1 T2 T3  

±3.40 ±0.22 ±0.16 1.26 2.14 1.04 1.10 0.69 
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spin density is likely localized on other nuclei having zero nuclear spin. 

This evidence suggests that the nitrogen containing species strongly 

interacts with the oxide matrix as it was found in the case of N-TiO2.
188 

Comparing the EPR data of N-ZT with that of other nitrogen doped 

oxides it can be concluded that (i) in the N-ZT sample are not present 

diatomic N-species as reported for example in the case of N-MgO or N-

ZnO.108,189 (ii) The nitrogen paramagnetic center in ZrTiO4, though 

similar, is not the same observed in TiO2. In the case of ZT, in fact, the 

N hyperfine constant (hence the spin density) is higher than in the case 

of TiO2.  

For the sake of simplicity, hereafter the paramagnetic nitrogen species 

in zirconium titanate will be denoted as N•. 

In order to better understand the nature of N paramagnetic 

species some DFT calculations have been performed by the research 

group of Prof. G. Pacchioni.  

The structure of N-ZrTiO4 adopted for 

the calculation is that of ZrTiO4 already 

described in Section 1.1.5. The N• 

dopant has been inserted as a 

substitute for O, Nsub, and as an 

interstitial, Nint.  Several Nsub and Nint 

configurations have been modelled but 

the more stable have resulted that 

reported in (Figure 38) (see ref. 190 for 

more details). 

The interstitial N dopants have been inserted in the middle of the 

cavities and forming a N–O species with an O atom. 

In Figure 39 the total density of states of N and the neighboring Zr, Ti 

and O atoms of all the defective structures are reported. The Nsub dopant 

Figure 38. Local structural features of 

(a) pure ZrTiO4 (left) and Nsub- ZrTiO4 
(right), (b) Nint- ZrTiO4. Bond lengths 
are in Å. Zr atoms are represented in 
light blue, Ti in gray, O in red and N 
in blue.  
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introduces a singly occupied N 2pα state, which lies just above the O 2p 

states. The corresponding empty 2pβ component (hole state) is fully 

localized and lies about 1.2 eV below the bottom of the conduction band 

(CB) (Figure 39a,b). 

The interstitial dopant is associated with a NO p molecular orbital, as 

observed for other oxides.12,112,181 Here, the spin density (ρ) is localized 

on the p system, thus reducing the localization on N• from 0.9 (ρ in Nsub) 

to about 0.8 (Table 5). The presence of NO• species introduces singly 

occupied NO 𝜋𝛼
∗  states, which lie above the top of the O 2p valence 

band (VB) by 1 eV and that are responsible of the EPR signals. The hole 

state is localized on the empty NO• 𝜋𝛽
∗  0.5 eV below the CB (Figure 

39c,d). 

 

Figure 39. Total density of states (grey) and projected density of states of (a) Nsub-
ZrTiO4 and (b) Nint-ZrTiO4. The Fermi energy is set to the highest occupied level. In the 
inset the spin density plots are reported. 

Table 5 shows the hyperfine coupling constants (hfcc) for the N-doped 

ZT structures. The comparison between the substitutional and the 

interstitial hfcc shows small but significant differences in the T matrix 

and aiso values and those of Nint are in better agreement with the 

experimental data. This seems sufficient to assign the N doped-ZrTiO4 

species to interstitial N• dopants, that forms a N–O• species with O 

lattice atoms. 
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 A1 A2 A3 aiso T1 T2 T3  

Expt ±3.40 ±0.22 ±0.16 1.26 2.14 1.04 1.10 0.69 

Nsub-ZrTiO4 2.994 -0.684 -0.660 0.550 2.444 -1.234 -1.210 0.90 

Nint-ZrTiO4 3.369 -0.358 -0.195 0.939 2.430 -1.296 -1.134 0.75 

Table 5. Computed and experimental 14N hyperfine coupling constants (mT) and spin 
densities of all the defective structures.  

1.2.3. Photosensitivity of the N• center. 

In order to investigate the role of the N containing species on the 

photoactivity of ZrTiO4 material an EPR characterization of a N-ZT 

sample under different conditions of illumination has been performed. 

As opposite to the pristine ZT material that can absorb only UV 

photons, the optical properties indicate that the N-ZT material also 

shows some visible light absorption. For this reason, it is important to 

monitor the effect of visible light irradiation.  

Figure 40 reports the EPR intensity of signals of the N• species upon 

polychromatic visible 

light irradiation (λ > 

420 nm) in vacuum. 

Under irradiation the 

EPR signal of N• 

rapidly grows by 

about one order of 

magnitude. When 

the irradiation source 

is turned off the 

signal intensity 

decreases (following 

Figure 40. EPR signal intensity of N• species under visible 
light irradiation (λ > 420 nm). 
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an apparent exponentially decay) without recovering, in a time interval 

of one hour, the initial intensity. The described behavior is reversible, 

and the signal grows when the light is turned on again. 

The visible light (E  2.95 eV) is ineffective on bare ZrTiO4 and does not 

have sufficient energy to promote electrons from the valence band to 

the conduction band (3.8 eV). For this reason the behavior of the N-ZT 

under visible light irradiation has to be ascribed to the interaction of 

visible light photons with the electrons of the N intra band gap states. In 

more details the irradiation excites the electrons from the band gap 

state associated with the nitrogen impurity above the VB to the 

conduction band (CB). However, since the effect of the visible light 

absorption is a net increase of the EPR intensity of the paramagnetic N• 

species, the operating mechanism at the origin of such a phenomenon 

has to involve a diamagnetic counterpart (N–) of the N• center. Indeed 

the selective irradiation depopulates the N– centers causing the increase 

of the N• EPR spectra (eqn 16) 

N–() + h(vis.) → N•() + e–(CB)                      (16) 

When the irradiation source is turned off the recombination occurs (eqn 

17): 

N•() + e–(CB)  → N–()                            (17) 

The increase of N• intensity upon irradiation can be explained by only 

assuming that N– centers are more abundant than N• ones. 

It is also worth to note that after turning off the irradiation source, the 

intensity of N• centers does not recover the initial value but remains 

higher than the starting one after at least an hour. Considering that no 

other paramagnetic centers are observed during the excitation and 

relaxation steps, this implies that a fraction of the photoexcited 

electrons do not relax recovering the starting situation and remain 

trapped, after irradiation, in some diamagnetic form and so EPR silent, 
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similar to what occurs for EPR silent trapped electrons in the pristine ZT 

material. As predicted by the theoretical calculation in bare ZrTiO4, most 

probably, these centers correspond to neutral vacancies VO
x  with two 

electrons trapped in the defects. 

In order to better understand which component of the visible 

light spectrum is involved in N• photoexcitation, irradiation experiments 

with monochromatic light have been also performed. Figure 41A shows 

the EPR spectra of a N-ZT sample recorded under irradiation with two 

different monochromatic wavelengths, in the green (495 nm) and in the 

blue (430 nm) region of the visible spectrum respectively (Figure 41A(a) 

and A(b)). The first wavelength corresponds to the tail of the absorption 

band in the visible region, while the second one corresponds to the 

maximum of this absorption (Figure 34B). The effect of the two 

monochromatic wavelengths is also compared with that caused by the 

irradiation with polychromatic visible light (λ > 420 nm) (Figure 41A(c)).  

 

Figure 41. Panel A: EPR spectra of the N-ZT sample under different irradiation 
conditions: (a) irradiated with green light (λ = 495 nm), (b) irradiated with blue light (λ 
= 430 nm) and (c) irradiated with polychromatic visible light (λ > 420 nm). Spectra 
recorded at RT and with a microwave power of 1mW. Panel B: Spin counting (spins per 
gram) of the N• species after 10 minutes of irradiation with different light sources. The 
irradiance is 0.6 W m–2 and >2000 W m–2 for monochromatic light (blue and green) and 
polychromatic light (λ > 420 nm) respectively. 
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The monochromatic irradiation was performed by applying a 

monochromator to  the lamp obtaining an irradiance of 0.6 W m–2 in the 

two cases. In Figure 41B the spin count (number of spins per gram of 

material) under different irradiation conditions is also reported. 

From inspection of Figure 41 the following facts emerge. (i) The green 

light irradiation causes only a poorly increase of the intensity of N• 

species in comparison to what happens with blue light. This behavior is 

in agreement with the optical spectrum reported in Figure 34B where 

the maximum absorption occurs in the blue region. (ii) The largest 

growth in intensity of the N• effect is observed when the sample is 

irradiated with polychromatic visible light. This latter fact is due to 

various reasons. First of all the irradiance of the whole lamp (λ > 420 

nm) is much higher than that obtained using the monochromator. 

Second, the effect of the polychromatic light (that includes NIR 

frequencies) results in a complex mechanism of excitation of the 

electrons involving transitions from the valence band to nitrogen intra-

band gap states, as already observed in similar cases.12  

The simultaneous presence of 

diamagnetic (N–) and 

paramagnetic (N•) intra-band 

gap states is confirmed by 

thermal annealing under 

vacuum (773 K) and a 

reoxidation at the same 

temperature.  

Figure 42 shows the effect of 

the thermal annealing in 

vacuum at 773K which causes 

a strong decrease of the EPR 

Figure 42. EPR spectra of the N-ZrTiO4 sample. 
a) outgassed at RT. b) After annealing at 773K 
for 30 min. c) After oxidation at 773K for 60 min 
in 50 mbarr of O2. d) After oxidation at 773K for 
180 min in 50 mbar of O2. Spectra recorded at 
RT and with a microwave power of 1mW. 
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intensity of species N• (Figure 42b). As previous results demonstrated, in 

this condition oxygen deplection occurs leaving two extra electrons per 

vacancy in the solid (see Section 1.1.3.). Extra electrons are thus 

localized on the nitrogen states, that lie at lower energy than that of 

Zr3+ or Ti3+, reducing in this way the paramagnetic population in the 

solid. The whole process can be described by the equations 18 and 19.  

ZrTiO4 → ZrTiO4-X + 
X

2
 O2 + xVO

••+ 2e-  (18) 

N•(↑) + e− → N−(↑↓)                                           (19) 

X

2
 O2 + xVO

••+ 2xN−(↑↓)  → O2- + N•(↑)              (20) 

Reoxidation in oxygen inverts the phenomenon (eqn 20). Indeed, upon 

reoxidation at the same temperature, the EPR signal increases, although 

the initial intensity is not fully recovered (Figure 42c). This latter fact 

can be ascribed to the difficult oxidation of a low surface area material 

as in the case of N-ZT (12 m2/g). Indeed, performing an oxidation for a 

longer time (Figure 42d) an higher increase of the EPR signal is 

achieved. 

According to what was reported for other N-doped oxides, the N 

dopants in ZrTiO4 matrix leads to a strong decrease of the cost of 

oxygen vacancy (VO) formation (Eform). In this case the calculated Eform 

goes from 5.5 eV to 1.0 eV. This is related to the presence of N acceptor 

species that facilitates the formation of the oxygen vacancy. As a 

consequence, the two electrons associated with the VO are transferred 

to two N• states and their magnetic moment is completely quenched 

resulting in a diamagnetic center N−. The corresponding N− energy levels 

lie at about 0.45 eV above the top of the VB. 

1.2.4. Charge transfer ability.  

In order to understand if the electrons, that are promoted in the 

conduction band by the irradiation, are able to reach the surface and 
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react, the EPR spectra of the sample were performed upon irradiation of 

the sample in oxygen atmosphere.  

Surprisingly both irradiations with visible and UV-Visible light in O2 

atmosphere don’t induce the formation of superoxide species, as 

contrariwise occurs in the case of the pristine ZT sample, but cause only 

the increase of the signal of N• species as described in the previous 

experiments. 

The same result was obtained if the irradiation of N-ZT sample were 

performed in H2 atmosphere. In this case the absence of any reduced 

species (Ti3+ or Zr3+) in EPR spectra recorded under both visible and UV-

Visible irradiation clearly indicates that a hole transfer from the solid to 

the H2 molecules doesn’t occurs, as opposed to what happens in the 

case of pristine ZT. 

These results indicate that N doped-ZrTiO4, although it contains 

photosensitive nitrogen species, it is not able to transfer the 

photoformed charge carriers to molecules adsorbed on its surface. This 

behavior is unexpected and can be due to two different reasons: (i) The 

surface contamination by some byproducts of the synthesis that 

hampers the interaction with adsorbed species. This hypothesis, 

however, was excluded since an infra red investigation reveals that any 

impurities were not present on the surface of the material. (ii) The 

surface area that is too low to allow an efficient charge transfer from the 

bulk to the molecules adsorbed on the surface. 

In order to clarify the role of the last possibility, the electron transfer 

capability of N-ZT was also tested on a thermally annealed (reduced) 

material in analogy with what done on ZT material (see Section 1.1.3 

Figure 25). Three samples were used for this comparison: i) N-ZT (11 

m2/g), ii) the pristine ZT sample (ZT1) prepared by procedure described 

in Section 1.1 (high surface area, 66 m2/g), iii) a pristine zirconium 
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titanate (ZT2) prepared with the same method of N-ZT and thus with 

low surface area (12 m2/g) (see Table 3). 

Figure 43 reports the EPR spectra of the three samples upon thermal 

annealing (black spectra) and after contact with O2 (red spectra). 

The results can be summarized as follow: the annealed ZT1 (high area 

sample) is able to transfer electrons when contact with oxygen forming 

an intense signal of superoxide species as described in Section 1.1.3. 

(Figure 43C). On the contrary, the contact with O2 with the annealed N-

ZT and ZT2 (low area) samples doesn’t cause neither the abatement of 

the signal of reduced species nor the formation of significant amount of 

superoxide species (Figure 43A and B). In the case of ZT2 the amount 

of O2
•– is definitely lower with respect of the pristine ZT1. 

This results clearly indicates that the electron transfer doesn’t occurs in 

the case of low surface area samples (N-ZT and ZT2). 

 

Figure 43. EPR spectra of N-ZT(A), pristine ZT with low surface area (B) and pristine ZT 
with high surface area (C). Black spectra: sample reduced at 873 K in vacuum. Red 

spectra: reduced sample after contact with 20 mbar of O2 at room temperature (RT). All 
spectra were recorded at 77 K and with a microwave power of 10 mW and are 
normalized. The signal of superoxide species is highlighted by circles. 

In other word, this experimental evidence seems suggests that the 

absence of electron transfer in the case of N-ZT sample is related to its 

low surface area rather than to the presence of N dopant. 
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1.2.5. Conclusions. 

In this part of the work the N-doped ZrTiO4 material has been 

synthesized and investigated. The resulting solid shows a yellow color 

and the presence of a paramagnetic defect, which is due to a nitrogen-

containing species. By coupling DFT and EPR investigation, it has been 

possible to assign the observed paramagnetic nitrogen impurity to an 

interstitial form of nitrogen. In such defect, the nitrogen is bound to an 

O atom leading to a N–O species with an unpaired electron occupying a 

NO p-type localized orbital. These localized orbitals are positioned in the 

band gap of the material. In particular they lie above the valance band 

and explain the visible light absorption properties of the material. The N 

intra-band gap states can be either singly or doubly occupied with the 

formation, beside the paramagnetic species N•, of the corresponding 

diamagnetic counterpart (N–). These latter states (N–) are more than the 

paramagnetic (N•) ones. The electronic structure and the behavior of N-

ZT sample is summarized in Figure 44.  

 

Figure 44. Proposed model for the description of the electronic and paramagnetic 
properties of N-doped ZrTiO4. (A) electronic structure of bare ZrTiO4. (B) Electronic 
structure of N-ZrTiO4. (C) Effect of visible light irradiation on the paramagnetic 
population in the doped solid. (D) Effect of the thermal annealing in vacuum on the 
paramagnetic population in the doped solid. 
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Visible light irradiation affects the ratio between paramagnetic and 

diamagnetic population because electron excitation occurs from the 

more abundant doubly occupied states to the conduction band, 

increasing, in this way, the N• states (Figure 44C). Conversely, when 

excess electrons in the solid are generated via oxygen depletion, they 

are trapped by the nitrogen states decreasing the paramagnetic 

population in the material (Figure 44D).The N doped ZrTiO4 material, 

thus, is photosensitive to visible light which is suited to inject the 

electrons in the conduction band of the material. Unfortunately the low 

surface area of the material, prepared in this work, hampers the transfer 

of the charge carriers to molecules adsorbed on the surface making this 

material not yet suitable for photocatalytic application. At the moment 

my attempt to obtain high surface area sample had not success, 

nevertheless the preparation of a high surface area N-ZT sample could 

lead to interesting material for photocatalysis. For this reason further 

trials have to be performed. 
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1.3. Cerium doped - ZrTiO4. 

1.3.1. Structural, morphological and optical characterization. 

XRD analysis was performed on the Ce doped-ZrTiO4 powders (Cex-ZT 

where x is the Ce molar ratio) in comparison to that of pristine ZrTiO4  

(ZT) and the corresponding XRD patterns are reported in Figure 45A. 

 
Figure 45. Panel A: XRD patterns of pristine ZT (black line), Ce0.5-ZT (red line), Ce1-ZT 

(green line) and Ce10-ZT (blue line). Panel B: On the left an enlargement of the XRD 
patterns reported in A. On the right the lattice parameters obtained from Rietveld 
refinement of XRD patterns of samples with different percentages of cerium in ZT 
matrix. 

All the peaks of the diffraction pattern correspond to those of ZrTiO4. No 

segregation of cerium oxide is observed even in the case of the sample 

with 10% of Ce. This, in principle, suggests that cerium ions are able to 

enter in the ZrTiO4 matrix and form a solid solution. A further proof of 

this phenomenon is the progressive change of the lattice parameters 
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obtained from a Rietveld refinement of the XRD patterns of the 

materials containing different amount of cerium (Figure 45B and Table 

6). The higher the amount of cerium in the sample, the larger the lattice 

parameters deviation from that of the pure sample. This applies 

particularly for the parameters a and b.  

This change of lattice parameter is confirmed by theoretical calculation 

(performed by the group of Prof. Pacchioni). In the structure of ZrTiO4, 

modelled as in Section 1.1.5., a dopant percentage of 6.25% with 

respect to all the metal ions and of 12.5% with respect to Zr ions has 

been computed. In this model the Ce atoms were inserted both as 

substitutional to one Zr atom (CesubZr-ZrTiO4) or substitutional to one Ti 

atom (CesubTi-ZrTiO4).  The percentage differences of the computed cell 

parameters (Å) with respect to that of calculated pure ZrTiO4 (see Table 

2) are reported in Table 6 and are compared with the difference 

between experimental lattice parameter of Ce-ZT and pristine ZT 

samples. The calculated values are strictly in accordance with the trend 

obtained for the experimental ones. To conclude, XRD and DFT 

calculation provide evidence about insertion of Ce in the lattice of 

zirconium titanate. 

 ZT Ce0.5-ZT Ce0.8-ZT Ce1-ZT Ce8-ZT Ce10-ZT 

SBET [m2/g] 62 61 51 61 50 72 

a [Å] 4.76187 4.80234 4.80376 4.80527 4.8947 4.92342 

b [Å] 5.5005 5.496 5.49043 5.49343 5.43196 5.43035 

c [Å] 5.02198 5.028 5.02202 5.02703 5.0443 5.03903 

  Expt Calc (Ce6.25) 

 Ce0.5 Ce0.8 Ce1 Ce8 Ce10 CesubZr CesubTi 

Δ%a 0.84 0.87 0.90 2.71 3.28 1.13 1.66 

Δ%b -0.08 -0.18 -0.13 -1.26 -1.29 -0.38 -0.26 

Δ%c 0.12 0.01 0.10 0.44 0.34 0.11 0.88 

Table 6. Top: BET surface area and lattice parameters (Å) obtained from Rietveld 
refinement of sample with different percentages of cerium. Bottom Expt: Measured cell 
parameters difference (Δ= Ce-ZT–ZT) of cerium doped materials compared to pristine 
zirconium titanate (expressed in %). Calc: Calculated cell parameter difference for a 
given cerium composition with respect to calculated pristine ZrTiO4.  
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The specific surface area of the samples were measured by N2 

physisorption (B.E.T) and the values are reported in Table 6. 

The samples exhibit specific surface area between 50 m2/g and 70 m2/g. 

The insertion of Ce atoms in the ZT matrix, thus, basically doesn’t affect 

the specific surface area of the samples. 

 

 

 

 

 

 

Table 7. Band gap energy 
of Ce-ZT samples 

 

The optical absorption in the UV and visible region of Ce-ZT materials is 

shown in Figure 46 and the optical band gap energy evaluated by the 

Tauc’s plot method for a direct transition of the Ce-ZT samples are 

reported in Table 7. For low amount of Ce (from 0.5% to 1%) the UV-

Visible spectra differs from that of bare ZT sample only for a tail from 

350 nm to 450 nm that lends a light yellow color of the powders. For 

higher loading (8%-10%) a small but appreciable red shift of the band 

gap with respect to the bare ZrTiO4 is observable. Anyhow in all samples 

the energy edge remains in the UV region and the responsible of the 

yellow color of the solid is the tail in the visible region. 

In order to have a more precise description of Ce-ZrTiO4 systems 

and to understand the origin of the visible light optical absorption, the 

band structure of a Ce-ZrTiO4 (6.25% atoms) system has been 

computed by the research group of prof. Pacchioni. As previously 

 Eg(eV) 

ZT 3.8 

Ce0.5-ZT 3.8 

Ce0.8-ZT 3.8 

Ce1-ZT 3.8 

Ce8-ZT 3.7 

Ce10-ZT 3.7 

Figure 46. UV-Visible Diffuse Reflectance Spectra of Ce-

ZT powders. 
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mentioned the Ce atoms were inserted both as substitutional for one Zr 

atom (CesubZr-ZrTiO4) or substitutional for one Ti atom (CesubTi-ZrTiO4). In 

both cases, the 4f empty states of cerium atoms lie very high in energy 

at about 0.5 eV below the conduction band, in the energy range of 4.1-

4.4 eV (Figure 47). However, the calculated band gap of ZrTiO4 is 

overestimated of about 21% (i.e. 0.9 eV, see Section 1.1.5.). Applying 

this correction, the empty 4f states result lowered and would lie at 

about  3.2-3.5 eV, according to what reported for Ce-ZrO2 system.123  

 

Figure 47. Panel A: Band structures of the CesubZr-ZrTiO4 (left) and CesubTi-ZrTiO4 (right). 
Panel B: TDOS and PDOS of CesubZr-ZrTiO4 structure. 

The results of this calculation do not allow to explain the optical 

absorption tail in the visible range. This computational approach, 

however, is not totally reliable if electronic transitions are involved. 

Hence, in order to obtain a more rigorous description of the band 

structure when electronic transitions are involved, the calculation of 

transition energy levels between different charge states for a defective 

system has been performed using the Charge Transition Levels method. 

Through this method it is possible to calculate with more accuracy the 

position of the defect levels generated by the optical excitation from the 

VB of the material and thus, in this case, the energy related to the 

transformation of a mid-gap Ce4+ ion to Ce3+. The transition level 

ε[(q+1)/q] is defined as the Fermi level for which the formation energies 
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of defects in the charge states q+1 (in this case Ce4+) and q (Ce3+) are 

equal. For CesubZr-ZrTiO4 (Figure 48) this transition, that involves the 

excitation of one electron from the VB to a Ce ion, occurs at 2.32 eV. 

This result is now in agreement with 

the experimental observed absorption 

in the visible range of the Ce doped 

materials. 

 

The TEM images reported in Figure 49 

illustrate the morphology of a Ce10-ZT 

sample. The particles are similar in 

terms of size and shape to that of 

pristine ZT (Figure 21). They present spherical aspect, slightly elongated 

in one direction and form big aggregates. The average particle size is 

about 15 nm. 

 

Figure 49. TEM images of Ce10-ZT sample.  

Figure 48. Optical transition levels for 
ZrTiO4 systems doped with a single Ce 
atom. The position of Ce3+ states is 
reported. 
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The EDX maps reported in 

Figure 50 show that the 

chemical composition is 

homogeneous in all parts of 

the Ce10-ZT sample that 

shows a good spatial 

dispersion of Zr, Ti, O and 

Ce atoms without 

segregation of  single oxide 

phases (TiO2, ZrO2 or CeO2). 

This evidence is a further 

confirmation of the insertion of cerium atoms in the ZT matrix. 

1.3.2. Surface properties of Ce-ZrTiO4: O2 adsorption. 

After an activation process performed in order to clean the surface and 

fully oxidize the sample (thermal reduction for 30 minutes at 573 K 

under vacuum followed by oxidation for one hour at the same 

temperature in O2 atmosphere), the Ce0.5-ZT sample was investigated 

by EPR spectroscopy both in vacuum and under oxygen atmosphere. 

Surprisingly the EPR spectrum recorded in oxygen atmosphere at 77 K is 

not a flat line as expected for a fully oxidized sample but shows the 

presence of an intense EPR signal. Figure 51 reports the spectrum 

obtained for the Ce0.5-ZT sample under 2 mbar of O2. This signal, 

observable for all Ce-ZT materials, is similar to that reported for the 

CeO2/TiO2 mixed oxides and assigned to superoxide O2
– anions adsorbed 

on Ce4+ cations.122,191 In  other words the activated sample adsorbs 

oxygen in the form of superoxide. 

The superoxide signal completely disappears removing the oxygen by 

pumping at room temperature and appears again if a new dose of 

Figure 50. EDX maps of Ce10-ZT sample. Zirconium 
(a), Titanium (b), Oxygen (c) and Cerium (d) 
atoms distribution. 
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oxygen is re-adsorbed. This indicates that oxygen is adsorbed forming 

superoxide species in a totally reversible way. 

 

Figure 51. Experimental (black spectrum) and simulated (red spectrum) EPR spectra of 
Ce0.5-ZT contacted with O2 after activation of the sample. Spectrum recorded at 77 K 

with a microwave power of 10 mW. 

This peculiar reactivity must be related to the reversible transition of 

surface Ce ions from reduced (Ce3+) to oxidized (Ce4+) states. This 

hypothesis implies that Ce3+ centers are present at the surface even 

after the oxidative activation treatment. The observed phenomenon is 

described by equation 21 that outlines the existence of a (reversible) 

equilibrium at the solid/O2 interface. 

Ce3+ + O2 (gas)  Ce4+/O2
-    (21) 

The experimental spectrum reported in Figure 51 was simulated using 

the following g tensor elements: gz = 2.0256, gy = 2.0229 and gx = 

2.0118. These g values are different from those observed in the case of 

superoxide on bare CeO2 and recorded upon O2 adsorption after thermal 

annealing (g// = 2.034 and g⊥ = 2.010).192 Moreover the formation of O2
- 

on pre-reduced CeO2 is not reversible at room temperature. In the case 

of Ce-ZrTiO4, we are, thus, facing an original phenomenon that has 
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been observed in few case only in the past and that could have 

interesting implications in term of catalytic properties of the system. 

A further characterization of the reversibly adsorbed superoxide species 

at the Ce-ZrTiO4 surface comes from the spectrum recorded using 17O 

enriched oxygen. The hyperfine structure, due to the nuclear spin (I = 

5/2) of the 17O isotope, indeed, provides indications about the structure 

of the adsorbed O2
- and about the spin density distribution. Figure 52 

reports the spectrum obtained for the Ce0.5-ZT sample under 10-2 mbar 

of O2 enriched with 17O (99% atoms). The hyperfine structure, due to 

the prevailing presence of the 17O–17O isotopomer, is based on a 11-line 

structure centered at  g = 2.0229 and separated by Ay = 7.6 mT (Ax and 

Az are approximately zero). The structure of this signal clearly indicates 

the presence of two magnetically equivalent oxygen atoms in the 

superoxide species adsorbed on Ce4+, thus, the O2
- complex is a 

symmetric side-on adduct as reported in Figure 53.  

 

 
Figure 52. Experimental and simulated EPR spectra of Ce0.5-ZT sample contacted with 
17O2 (99% atoms). 
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In order to understand the adsorption ability of 

the materials and to perform a quantitative 

analysis of the amount of adsorbed O2
–, EPR 

spectra of Ce0.5-ZT and Ce10-ZT samples have 

been recorded using increasing oxygen pressure. 

The integrated area of each EPR signal has been 

compared with that of a standard solution of 2,2-

Di(4-tert-octylphenyl)-1-picrylhydrazyl (DPPH) in cyclohexane in order to 

estimate the number of O2
– radical ions adsorbed on the material. In 

Figure 54 the number of moles of adsorbed oxygen per gram of sample 

is reported as a function of oxygen pressure.  

 
Figure 54. EPR-derived adsorption isotherms of O2

– on Ce10-ZT (black line) and Ce0.5-
ZT (red line) samples. The adsorbed amount has been evaluated via double integration 
of the superoxide EPR spectra. 

Examining the results of Figure 54 (a sort of EPR-adsorption-isotherm) it 

shows up that in the case of Ce10-ZT the whole adsorption is almost ten 

times higher than that of Ce0.5-ZT, indicating that the amount of 

adsorbed oxygen is related to the amount of Ce atoms present in the 

Figure 53. Side-on 
superoxide complex. 
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material. In both samples the amount of adsorbed O2 increases with 

increasing the oxygen pressure until reaching a plateau. After that the 

adsorbed amount apparently decreases since the EPR signal is affected 

by the dipolar broadening due to increased oxygen pressure. From this 

point the integration of the EPR signal is no longer representative of the 

true amount of adsorbed O2. 

The results obtained for Ce0.5-ZT reproduce a Langmuir adsorption 

model because they can be linearized using the equation (Figure 55): 

p

n
=  

1

Keqnm
+ 

p

nm
   (22) 

Where nm is the number 

of moles adsorbed at full 

coverage, Keq is the 

equilibrium constant, p is 

the pressure and n is the 

number of adsorbed 

moles. 

From the linearization it 

is also possible to obtain the maximum amount of adsorbed oxygen on 1 

g of sample (nm) and the adsorption equilibrium constant (Keq). In the 

case of Ce0.5-ZT sample these values are nm = 2.59·10-8 mol and Keq = 

40.4 respectively. 

The Gibbs free energy of formation using the equation 23 is -2.4 kJ/mol 

ΔG0=-RTlnKeq    (23) 

The negative value of ΔG0 confirms that the formation of superoxide 

species is a spontaneous process. Its low absolute value is in agreement 

with the reversibly of the phenomenon.  

Figure 55. Linearization according to Langmuir 
isotherm of Ce0.5-ZT sample. 
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O2 adsorption on Ce10-ZT doesn’t follow a Langmuir adsorption model 

since its isotherm can’t be linearized according to equation 22. 

Langmuir‘s model involves the presence of a unique family of isolated, 

non interacting adsorption sites. The non-Langmuir trend of the Ce10-

ZT isotherm could be due to the presence of various families of sites 

(heterogeneity of the surface) and/or to the occurrence of interactions 

between the adsorbed molecules on Ce4+ sites. 

1.3.3. Photoformation and reactivity of charge carriers followed by EPR. 

Since the optical absorption spectra of Ce-ZT samples (Figure 46) show 

absorptions in the visible range, the effects of irradiation with both 

visible and UV-Visible light of Ce-ZT samples have been followed by 

EPR. Surprisingly, for all samples the visible (cut-off 400 nm) irradiation 

doesn’t cause any change in the EPR spectra indicating that a charge 

separation in this conditions doesn’t occurs. The results are not reported 

here for sake of brevity since the all spectra show no appreciable 

variation from the background. On the other hand, as in the case of 

bare ZT sample, the irradiation with UV-Visible of Ce-ZT samples causes 

a charge separation in the material.  

Figure 56 reports the EPR spectra of Ce0.5-ZT irradiated with UV-Visible 

polychromatic light. The spectrum of the sample under vacuum in the 

dark (Figure 56a) exhibits the same feature of that of pristine ZT sample 

(Figure 28a), i.e. it contains tiny amount of Zr3+ defects already before 

irradiation. Upon UV-Visible irradiation (Figure 56b) on the right-hand 

side of the spectrum the signals of Zr3+ and Ti3+ increase indicating the 

trapping of photoexcited electrons. At lower field the signal belonging to 

trapped holes (O− ions) arises. 

After a thaw−freeze treatment (lamp off, heating at room temperature, 

and cooling again at 77 K) (Figure 56c), the majority of holes and 
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electrons recombine since the spectrum is similar to that observed 

before irradiation, although a small fraction of holes are still appreciable. 

This behavior exactly reproduces that of pristine ZT sample. 

 

Figure 56. EPR spectra showing the effect of UV−Visible irradiation of Ce0.5-ZT in 

vacuum: (a) sample in the dark; (b) after UV−Visible irradiation; (c) sample after a 
thaw−freeze treatment (lamp off, heating at RT and cooling again at 77 K). All the 
spectra were recorded at 77 K and with a  microwave power of 10 mW. 

In conclusion the absorption tails in the visible region of the UV-Visible 

optical spectra are not sufficient to lead to a charge carriers separation. 

Nevertheless the photoformation of charge carriers upon UV-Visible 

light, typical of pristine ZT material, is maintained in Ce-ZT sample. 

 The reactivity at the surface of photogenerated electrons cannot 

be testes via EPR irradiating the samples in oxygen atmosphere because 

of the before described peculiar behavior of the Ce-ZT samples in 

presence of gaseous oxygen. The ability of surface hole transfer was, 

instead, tested via EPR upon irradiation in H2 atmosphere (see Section 

3.1. of Material and Method chapter for more details). While the visible 

irradiation doesn’t cause any change in the EPR spectra the effect on 

the EPR spectra of the UV-Visible irradiation in H2 atmosphere of Ce0.5-

ZT sample is reported in Figure 57. By irradiation under H2 (Figure 57b), 
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Ti3+ and Zr3+ centers are formed by both electron trapping and hole 

reactivity so that no recombination can occur upon rising the 

temperature. Upon thaw−freeze treatment (Figure 57c), in fact, the 

spectrum in Figure 57b remains unaffected. This result reported for 

Ce0.5-ZT, and reproducible for all sample of Ce-ZT, indicates that the 

UV photogenerated holes are able to reach the surface of the materials 

and react with molecules adsorbed on the surface. 

 

Figure 57. EPR spectra of Ce0.5-ZT sample irradiated in H2 atmosphere: (a) sample in 
dark; (c) irradiated with UV−Visible light in H2 atmosphere; (d) sample after a thaw-
freeze treatment (lamp off, heating at RT and cooling again at 77 K). All the spectra 
were recorded at 77 K and with a  microwave power of 10 mW. 

1.3.4. Conclusions.  

In this part of the work the Ce-doped ZrTiO4 materials with different 

percentage of cerium atoms have been synthesized and investigated. 

The solids show yellow color. Combining XRD and DFT calculations it 

was possible to demonstrate that cerium ions can be inserted in the 

ZrTiO4 matrix forming a solid solution as in the case of Ce doped-

ZrO2.
123 The presence of cerium in the structure of ZrTiO4 causes the 
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formation of intra band gap states that can localize electrons deriving 

from the VB of the solid and, thus, are responsible of the absorption in 

the visible range of the optical spectra (Figure 46). Surprisingly, all the 

Ce-ZT materials don’t present any activity under only visible light, but 

are photoactive upon UV-Visible irradiation only, as the pristine ZT 

material. The holes formed upon UV irradiation reach, at least in part, 

the surface and are reactive (irradiation under H2). The same most likely 

occurs in the case of electrons but it could not in the case of electrons, 

but it could not be directly demonstrated due to a peculiar property of 

the material i.e. the direct electron transfer to oxygen in the dark. This 

property causes the formation of superoxide species in a reversible way 

by simply contact with oxygen. The reaction is pressure dependent and 

completely reversible indicating for this solid a behavior typical of an 

oxygen carrier. For this reason these materials could be in principle 

good candidates to be employed as oxygen sensors.  
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1.4. Photoformation of  Reactive Oxygen Species (ROS) in 

solution.  

In this section two tests of photoactivity on both pristine and doped ZT 

materials (ZT, N-ZT and Ce-ZT samples) are described. The 

photoactivity of these materials has been tested, in this case, following 

the formation of two different ROS in solution. To test the reductive 

ability of the solids, the superoxide formation in solution has been 

monitored following, via spectrophotometric method, the intensity of the 

absorption of the nitroblue tetrazolium molecules. On the other hand to 

monitor the oxidative ability, the formation of OH• radicals has been 

followed by spin trapping technique using DMPO (5,5-dimethyl-pyrroline 

N-oxide) as spin trap. See Section 3.1 of Materials and Methods chapter 

for more information.  

1.4.1. Superoxide by Nitroblue tetrazolium (NBT). 

NBT molecule reacts with the photogenerated superoxide forming a 

precipitate. For this reason the decrease of absorption intensity of NBT 

solution, in the UV-Visible spectra, indicates the formation of superoxide 

species. The higher the absorption decrease, the higher the amount of 

photogenerated superoxide, thus, the higher the reductive capability of 

the photocatalyst (see Section 3.1. of Materials and Methods Section).  

The test was performed irradiating the pristine and doped ZT samples in 

NBT solution with UV-Visible light and the results are reported in Figure 

58.  

It is worthy to note that the pristine ZT sample (Figure 58A(a) and B(a)) 

is active in the formation of superoxide species in solution upon UV-

Visible irradiation. This result is in accordance to what has been 

observed irradiating the sample in oxygen atmosphere (Section 1.1.4.). 
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Concerning the N-doped ZT sample (Figure 58A(c)), its photoactivity 

results definitely lower than that of pristine ZT sample (Figure 58A(a)). 

However, as previously discussed, this decreased activity seems not due 

to the presence of nitrogen but, rather, to the low surface area of the 

sample as indicated by the similar result obtained for a pristine ZT 

sample prepared with the same method of N-ZT (Figure 58A(b)).

 

Figure 58. Absorption intensity of NBT upon UV-Visible irradiation of different samples. 
Panel A: pristine ZT with high surface area (a), pristine ZT prepared with the same 
synthetic method of N-ZT and exhibiting low surface area (b) and N-ZT (c). Panel B: 
pristine ZT (a), Ce0.5-ZT (c), Ce1-ZT (b) and Ce10-ZT (d) samples. 

As far as the photoactivity of Ce doped ZT samples is concerned (Figure 

58B), the presence of cerium atoms in the ZT matrix causes a decrease 

in the reductive ability with respect to the pristine ZT material under UV-

Visible irradiation. In particular Ce1-ZT sample (Figure 58B(b)) is slightly 

more active than Ce0.5-ZT (Figure 58B(c)) in the formation of 

superoxide species, but anyhow it remains less active than that of 

pristine ZT (Figure 58B(a)). Furthermore in presence of a high 

concentration of cerium, as in case of Ce10-ZT (Figure 58B(d)), the 

photoformation of superoxide is totally suppressed. A possible 

explanation of this behavior is that the infra band gap states, related to 
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cerium doping, act as traps of  photoexcited electrons generated by UV 

light which are no more available for reduction reactions. 

1.4.2. OH• by Spin trapping technique (DMPO). 

As described in Material and Methods chapter, the formation of OH• 

radicals under irradiation is an indirect evidence of the oxidative ability 

of the photocatalyst, since hydroxyl radicals arise from the reaction 

between photoformed holes and water. In order to detect by EPR 

spectroscopy the OH• radicals, the spin trap DMPO molecule is needed 

and the intensity of the DMPO/OH• adduct EPR signal is proportional to 

the amount of photoformed OH• radicals. 

 

Figure 59. EPR intensity of the spectra of the DMPO/OH• adduct produced by irradiation 
of a water suspension of different samples with UV-Visible light. Panel A: pristine ZT (a) 
and N-ZT (b). Panel B: Ce0.5-ZT (a), Ce1-ZT (b), pristine ZT (c) and Ce10-ZT (d) 

samples. 

The EPR intensities of the DMPO/OH• adduct formed upon UV-Visible 

irradiation of doped and un-doped ZT materials are reported in Figure 

59. In the case of N-ZT (Figure 59A) the result strictly reproduces those 

of previous experiment, namely N-ZT sample exhibits lower 

photoactivity with respect to pristine ZT sample. It can be assumed that, 

also in this case, the cause of the decreased photoactivity is the low 
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specific surface area of the doped sample that inhibits the transfer of 

the holes to the molecules adsorbed on its surface. 

Concerning the Ce-doped material (Figure 59B), the results are slightly 

different with respect to those obtained for the photoformation of 

superoxide radicals. Also in this case, the Ce10-ZT exhibits lower 

photoactivity than that of pristine ZT. As opposite, the holes activity 

(OH• formation) of Ce0.5-ZT and Ce1-ZT samples is increased with 

respect to that of pristine ZT.  

This behavior could be explained considering that the Ce4+ 4f empty 

states, that lie into the band gap of the materials, can act as electron 

traps. Therefore, for low amount of Ce atoms, the recombination 

between photogenerated holes and electrons is reduced. The holes, in 

this way, have an enhanced lifetime and, thus, exhibit high reactivity. 

However, increasing the amount of Ce atoms in the material and, thus, 

the 4f states into the band gap, the recombination process prevail, 

reducing the reactivity of both electrons and holes. 

These last two experiments however are useful to demonstrate that the 

pristine zirconium titanate is active in both electrons and holes transfer 

under irradiation, though its activity is limited to the UV-Visible light and 

not observed using visible component only. This is an essential property 

for the application of this system in photocatalysis. 
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1.5. Conclusions on zirconium titanate systems. 

In this Section of the thesis three different zirconium titanate based 

systems have been prepared and studied, namely pristine ZT, nitrogen 

doped-ZT (N-ZT) and cerium doped-ZT (Ce-ZT). Table 8 summarize the 

photoactivity of the different ZT systems under UV and visible light. 

Table 8. Activity of different zirconium titanate systems under UV and visible light 
(λ>400nm) 

Pristine zirconium titanate turned out to be an interesting material since 

it exhibits band potentials rather suitable to induce redox photochemical 

reactions. In particular its conduction band is more negative than that of 

titanium dioxide and thus a higher reductive potential of photoexcited 

electrons is expected. Furthermore it is active in generating charge 

carriers under UV-Visible irradiation and in transferring them to 

molecules adsorbed on its surface. 

The purpose of doping zirconium titanate with heteroatoms would be 

that of improving the absorption of the material and its photoactivity in 

the visible range. Both kinds of doped materials, N-ZT and Ce-ZT, show 

absorption in the visible range of the optical spectra, indicating that the 

doping influences the optical properties of the pristine material. 

In the case of N-ZT the shoulder absorption centered at 430 nm is due 

to the presence of nitrogen infra band gap states. These states make 

 

Charge 
separation 

under vacuum 

Surface reactivity 
in O2 (e

–) 
Surface reactivity 

in H2 (h
+) 

ROS generation 
in liquid phase 

(UV-Vis) 

UV-Vis vis  UV-Vis vis  UV-Vis vis  O2
– OH• 

ZT YES NO YES NO YES NO YES YES 

N-ZT YES YES NO NO NO NO NO NO 

Ce-ZT YES NO – – YES NO NO 

Ce0.5-1 
YES 

Ce10 
NO 



The zirconium titanate systems 

109 

the N-ZT material photosensitive to some visible frequencies suited to 

promote electrons from the nitrogen states to the conduction band. The 

photoactivity of this material, however, is compromise by its low specific 

surface area that inhibits the transfer of the photogenerated charge 

transfer to any adsorbed molecules. 

Concerning Ce-ZT materials the absorption tail present in the visible 

region of the optical spectra is due to the presence of Ce 4f states that 

lie into the band gap of the solids. However the visible light is not 

capable to induce any charge separation probably because of the 

recombination process. This result is somehow surprising in that, in the 

case of Ce doped zirconia, with a similar electron structure, a clear 

photoactivity in the visible is observed.123 These Ce-ZT materials show 

some photoactivity under  UV-Visible light only.  The activity of Ce-ZT, in 

particular, is different in the case of reduction (e–) or oxidation (h+) 

reactions and depends on the cerium loading. In the case of reduction 

reaction (electron transfer to oxygen molecule), all Ce-ZT samples are 

less active than the pristine ZT sample. This result was also confirmed 

by hydrogen evolution tests, performed on Ce1-ZT sample under UV-

Visible irradiation (performed as described in Section 2.2), in which the 

photoreduction of proton from water was not satisfactory.  

Conversely the oxidative activity of the samples with lower amount of 

cerium results increased compared to that of pristine ZT, while is 

demolished in the case of samples with high concentration of dopant. It 

can be assumed, hence, that few infra band gap cerium states could act 

as electron traps increasing the hole reactivity, but, in presence of high 

amount of cerium states, the recombination process are enhanced. 

Nevertheless all Ce-ZT samples show a peculiar property that is the 

formation of absorbed superoxide species in a reversible way by simply 

contact with oxygen (oxygen carrier activity). 
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Summarizing the doping of zirconium titanate has not provided any hints 

in the photoactivity under visible light. However the pristine zirconium 

titanate remains an interesting material because of its photoactivity 

under UV light. In addition, its band potentials positions are, 

theoretically, rather suitable for some redox reactions such as hydrogen 

evolution reaction (HER). For this reason zirconium titanate material, 

combined with other co-catalysts, have been employed, as reported in 

the next section, in HER under UV-Visible illumination.  
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2. Surface anchoring of (inorganic) hydrogen 

evolution co-catalysts (HEC) and hydrogen 

production. 

Aim of this PhD project is to find new materials that, in principle, exhibit 

good reductive properties. For this reason, in the present section the 

hydrogen evolution tests performed on zirconium titanate and on titania, 

as reference, will be discussed. However, to test the activity of the 

various samples in H2 photoproduction it is convenient to add a co-

catalyst to facilitate the H2 evolution reaction (HER) at the surface. 

Platinum, as a H2 evolution co-catalyst, is a natural and well 

experimented choice for a preliminary investigation while for practical 

application the selection of different systems containing hearth 

abundant elements is mandatory. An alternative to platinum as HER co-

catalyst, for example, can be represented by copper species. Talking 

about co-catalysts, in this case, could result ambiguous since copper 

species evolve during the photoreaction and are not directly involved in 

the HER. Anyhow the modification of the semiconductor surface with 

these species leads to an increasing of the semiconductor activity in HER 

154,158,164 and thus such copper species can be assimilated to hydrogen 

evolution co-catalysts. 

Therefore, in this part of the work, Pt nanoparticles or copper in 

different forms have been inserted at the surface of TiO2 and ZrTiO4 and 

the resulting materials have been tested in H2 evolution. Platinum 

nanoparticles-oxide is a well-known system which provides the best 

performance in HER, for this reason the modification with platinum was 

used, in this work, as a comparison for the other modified systems.  

In the following paragraphs the structural and optical characterization of 

the sample modified with Pt and copper, the photocatalytic H2 evolution 
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tests and a study under illumination of the copper modified samples will 

be reported. 

2.1. Structural and optical characterization. 

2.1.1. XRD and DRS characterization of Pt-modified samples. 

In order to obtain a preliminarily HER test, the well know HEC 

constituted by the platinum nanoparticles has been interconnected to 

ZrTiO4 and to TiO2.  

Figure 60 reports the XRD patterns and the diffuse reflectance UV-

Visible spectra of Pt-T and  Pt-ZT (where T and ZT represent TiO2 and 

ZrTiO4 respectively) in comparison to those of bare T and ZT. 

 
Figure 60. XRD diffractrogams (A and B) and diffuse reflectance UV-Visible spectra (C 
and D) of the bare oxides (a) and the corresponding Pt modified materials (b). Panels A 
and C: TiO2 based samples. Panels B and D: ZrTiO4 based samples. 
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Anchoring the Pt nanoparticles doesn’t influence neither the XRD 

patterns (Figure 60A and B) nor the surface area of the oxides as 

indicated in Table 9. The crystallographic structure of the modified 

materials remains that of bare oxides namely anatase and scrutinyite 

ZrTiO4 structure. Furthermore, all the XRD patterns don’t show any peak 

ascribable to the Pt nanoparticles. The Dynamic Light Scattering 

technique reveals that Pt nanoparticles show an average hydrodynamic 

diameter of 10 nm.  

The UV-visible reflectance spectra (Figure 60C and D) of the modified 

samples differ from those of bare ones only for the presence of an 

absorption in the whole visible region which is due to the plasmonic 

effect of the Pt nanoparticles.193 The band gape edge in the UV region of 

the pristine oxides is preserved in the modified ones (see Table 9). 

 

 

 

 

 

 

 

Table 9. Structure, BET specific surface area and energy gap values of TiO2 and ZrTiO4 
modified with various HEC. 

 

 

 

 

 

Sample Support Structure 
B.E.T. 

Area (m2/g) 
Eg (eV) 

T 100% TiO2 anatase 66 3.22 

Pt-T 100% TiO2 anatase 66 3.22 

Cu2+-T 100%TiO2 anatase 59 3.21 

Cu2O-T 100%TiO2 anatase 59 3.21 

ZT 100% ZrTiO4 scrutinyite 62 3.81 

Pt-ZT 100% ZrTiO4 scrutinyite 61 3.81 

Cu2+-ZT 100% ZrTiO4 scrutinyite 58 3.82 

Cu2O-ZT 100% ZrTiO4 scrutinyite 59 3.81 
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2.1.2. XRD, DRS and EPR characterization of Cu-modified samples. 

In the last few years different forms of copper were found to be a valid 

alternative to platinum as HER co-catalyst.21,24,153-154,160,164,194-195 Copper 

was thus inserted at the interface of TiO2 (T) an zirconium titanate (ZT) 

in two different forms. The first type of material was prepared by a wet 

impregnation of the oxides starting from a Cu(NO3)2 solution followed by 

a calcination in air. In this case copper is mainly present as Cu2+ ions 

dispersed on the surface of the supporting oxide (TiO2 or ZrTiO4) even 

though it cannot be excluded the presence of a fraction of Cu+ in the 

materials. These materials are labelled as Cu2+-T and Cu2+-ZT. The 

second type of material prevalently contains Cu2O nanoparticles 

anchored on to TiO2 or ZrTiO4 prepared by a Cu(II) chemical reduction 

(benedict reaction leading to Cu2O nanoparticles) followed by deposition 

on the supporting oxides. In this case the copper, therefore, is mainly in 

Cu(I) oxidation state. These material are labelled as Cu2O-T and Cu2O-

ZT. 

Figure 61 reports the XRD and the UV-Visible DRS characterization of 

the two set of Cu modified samples compared with the same data of the 

corresponding pristine materials. XRD diffractograms indicate that, for 

both oxidic supports (Figure 61A and B), the procedures adopted for the 

surface modification with copper do not alter the crystallographic 

features of the oxide. Also the surface area is not affected by the two 

modification procedures (Table 9).  

It is worth to note that the presence of the additional fraction of copper 

species can be detected by XRD technique in the case of the materials 

decorated with the Cu2O particles only. Both Cu2O-T and Cu2O-ZT 

samples, indeed, show a very weak additional diffraction peak at about 

θ= 36.5° due to the (111) reflection of the Cu2O lattice. This indicates 

that, even though the Cu loading adopted for the two surface 
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modification procedures is the same (0.5%w/w), the surface distribution 

of the copper is different in the two kind of materials. In the case of 

materials prepared via wet impregnation (Cu2+-T and Cu2+-ZT) copper is 

homogeneously dispersed on the oxides surface, whereas in the case of 

the Cu2O-T and Cu2O-ZT samples it can be assumed the formation of a 

heterojunction. 

 
Figure 61. XRD diffractrogams (A and B) and diffuse reflectance UV-Visible spectra (C 

and D) of the bare oxides and the corresponding Cu modified materials. Panel A and C: 
a) T, b) Cu2O-T and c) Cu2+-T. Panel B and D: a) ZT, b) Cu2O-ZT and c) Cu2+-ZT. The 
highlighted features which correspond to the (111) reflection of the Cu2O are also 
reported in the insets of panel A and B. 

The UV-Visible reflectance spectra of all modified samples (Figure 61 C 

and D) show, beside the band gap transition in the UV region, typical of 

the two oxides, further absorptions in the visible region. The two surface 

impregnated samples (Cu2+-T and Cu2+-ZT, spectra C(c) and D(c) 

respectively) show two new absorptions. The former is in the range of 
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wavelength between 600-800 nm and is related to the d-d transition of 

Cu(II).19,22 The second show up in the range between 400-500 nm and 

can be seen like an absorption partially overlapping the main VB→CB 

transition. It can be ascribed to the charge transfer from the valence 

band (VB) of the oxides to the surface Cu(II) species.159 

The two sample decorated with Cu2O particles (Cu2O-T C(b) and Cu2O-

ZT D(b)) show a stronger absorption in the range 400-600 nm typical of 

Cu2O particles.21,130,196 Also in this case in the 600-800 nm region the 

absorbance is slightly higher than that of the bare materials. This 

second feature seems suggest that, beside the Cu2O particles, also a 

small fraction of Cu(II) is present in these two samples. 

Cu2+ ions (3d9) bear one unpaired electron and for this reason 

can be directly monitored by means of the EPR technique.  

The EPR spectra of the whole set of copper modified samples recorded 

at low temperature (77 K) under vacuum are shown in Figure 62.  

 

Figure 62.  EPR spectra of the Cu modified samples recorded at 77 K under vacuum. a) 
Cu2O-T, b) Cu2O-ZT, c) Cu2+-T and d) Cu2+-ZT.   



Surface anchoring of (inorganic) H2 evolution co-catalysts and H2 production 

117 

All samples show EPR signals that appear as the typical fingerprint of 

Cu2+ species. These are more intense in the case of the materials 

prepared via wet impregnation (Figure 62c and d). A typical Cu2+ signal 

exhibits an axial g tensor splitted in 4 hyperfine lines since the Cu 

nucleus has nuclear spin I=3/2 and the line multiplicity is n= 2I +1 = 4. 

In all samples the EPR spectrum is characterized by similar 

spectroscopic features based on the overlap of a broad and asymmetric 

signal, which dominates the spectrum, with a second Cu(II) species 

having the hyperfine structure partially resolved in the parallel 

component (g// = 2.35 and A// = 13.4 mT and non-resolved in the 

perpendicular one). The first species (broad, unresolved signal) indicates 

the presence of a family of Cu2+ ions mutually interacting with each 

other via dipolar interaction. These species are probably associated to 

disordered structures as expected for materials prepared via wet 

impregnation in mild condition as in the present case.159 The second 

kind of paramagnetic species is usually ascribed to isolated Cu(II) ions. 

Values of the parallel hyperfine coupling constants similar to that found 

in this case (from 10 to 16 mT), were found also in the case of surface 

Cu2+ species on TiO2 in an amorphous phase, while, in the case of Cu2+ 

incorporated in the TiO2 matrix, the A values reported are smaller (8-9 

mT).197-198 The Cu2+ ions present in all samples, thus, are traceable to 

Cu2+ species (isolated or mutually interacting) dispersed on the T and ZT 

surface. 

Peculiar is the fact that in Cu2O modified samples (Figure 62a and b), in 

principle expected to contain Cu(I) ions only, the presence of Cu(II) ions 

is also observed.  Since the EPR spectrum of bare, unsupported, Cu2O 

particles doesn’t show any Cu2+ signal (data not shown for sake of 

brevity), it can be inferred that the EPR signals of Cu2O-T and  Cu2O-ZT 

samples are not due to Cu2+ defects in the Cu2O nanoparticles, but, 
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rather to a fraction of the starting Cu(I) ions that is unavoidably oxidized 

during the preparation procedure.  

Combining XRD, DR-UV-Visible (Figure 61) and EPR results it can been 

assumed that the samples prepared by wet impregnation (Cu2+-T, Cu2+-

ZT) contain a inhomogeneous dispersion of Cu(II) species on the 

surface of the oxides supports. At variance, the Cu2O modified samples 

exhibit, in addition to a small amount of Cu(II) dispersed on the surface 

of the supported oxides, small particles of Cu2O anchored on the main 

oxide (T or ZT) and , thus, origin a solid-solid interface (heterojunction).  

The electronic structure of the modified materials can be modelled 

according to the schemes reported in Figure 63. Both the modification 

procedures induce the formation of surface isolated Cu2+ species (whose 

reductive potentials are positioned at +0.16 eV respect to the H2 

potential)159 more abundant in the case of the solids prepared via wet 

impregnation. The materials decorated with Cu2O nanoparticles are also 

characterized by a Cu2O/oxide heterojunction. 

 

Figure 63. Band structure alignment of bare and Cu modified samples. The case here 
reported is that of TiO2 (T). in the case of zirconium titanate (ZT) the situation is 
analogous. 
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2.2. Photocatalytic H2 evolution. 

Figure 64 reports the hydrogen evolution rates (mmol g-1 h-1) for the 

whole set of Pt and Cu modified samples compared with the 

corresponding bare materials. These preliminary tests were performed 

in the Faculty of Chemistry of Gdansk University and have been adopted 

as a way to compare the activity of TiO2 and ZrTiO4 systems and the 

effect of modifications of the oxides with co-catalysts on H2 production. 

Since the experimental setup was not preliminary optimized, the 

absolute values of H2 production are here less important.  

 

Figure 64. Hydrogen evolution rate (mmol g-1 h-1) of different samples. Panel A: TiO2 
based samples. Panel B: ZrTiO4 based samples. a) bare oxides, b) Cu2+-oxides, c) Cu2O-
oxides and d) Pt-oxides. 

Analyzing the results in Figure 64 some considerations can be proposed: 

- For both the bare oxidic matrices (T and ZT) the H2 evolution is 

basically negligible (Figure 64 panel A and B, line a)). In all the other 

cases the modified TiO2 samples show a better photocatalytic activity 

in H2 evolution with respect to the corresponding ZrTiO4 ones.  

This result could be considered as unexpected considering the slightly 

more negative potential of the conduction band of ZrTiO4 in 
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comparison to that of TiO2. That could make this material more 

inclined to the photoevolution of hydrogen.  

- For both TiO2 and ZrTiO4 systems, the maximum activities are found 

for the samples modified with Pt (almost 0.9  and 0.2 mmol g-1 h-1 for 

Pt-T and Pt-ZT respectively) (Figure 64d panel A and B). Platinum is 

the best co-catalyst for hydrogen production since it is able, 

according to some authors,150-151,199-200 to trap the photogenerated 

electron, reducing the overpotential for H2 generation. This 

modification with platinum was used as reference for other modified 

systems. 

- As far as the modifications with copper are concerned, the presence 

of copper induces an increase in the photoactivity of the bare oxide. 

In particular Cu2O  contained materials allows the best performances.  

As for the Cu modified TiO2 samples (Cu2O-T and Cu2+-T) both 

materials show H2 evolution after 30 minutes of irradiation. Cu2O-T 

however shows the higher evolution already in the starting minutes 

of irradiation whereas the Cu2+-T sample shows an increase in H2 

evolution rate after 30 minutes. Moreover, after 1.5 hours, the H2 

evolution rate for the Cu2O-T sample reaches a constant value while 

the H2 evolution rate for the Cu2+-T sample still increases in 

continuous way along the whole experiment. Differently, in the case 

of the two Cu modified ZrTiO4 samples (Cu2O-ZT and Cu2+-ZT), both 

start to generate H2 only after 30 minutes of irradiation without 

reaching a plateau. 

2.2.1. Conclusions. 

The hydrogen evolution tests show that, despite a moderate activity in 

HER of ZrTiO4 systems, they remain less active than TiO2 based 

systems. This observation opens a discussion on some concepts 
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concerning photoactivity and photocatalysis. The only value of band gap 

energy and flat band potential are not exhaustive in determining the 

activity properties. The electrochemical potential value is only one of the 

parameters that is expected to influence the hydrogen evolution. Several 

other parameters including, for example the e–- h+ recombination ability, 

the density of states in the conduction band, the nature of the surface 

sites, etc. should be considered for an extended systematic analysis. 

Concerning the effect of the different modifications of the oxides, 

platinum nanoparticles remain the best HER co-catalyst. Nevertheless, 

the presence of copper on the surface of the oxides influences in 

positive way the H2 evolution rate. This occurs especially by anchoring 

at the surface small particles of Cu2O which become a good alternative 

to the expensive Pt co-catalyst. 

In other to better understand the mechanism behind the increased 

photoactivity of the copper modified samples some EPR and DRS 

experiments under irradiation have been performed. Indeed, as 

previously described, the Cu2+ species are diamagnetic and for this 

reason can be directly monitored by EPR. The reduced form of copper 

(Cu+ and Cu0), on the contrary, are diamagnetic but can be identified by 

DRS. Combining EPR and DRS, thus, it can become possible to study the 

role of the Cu oxidation state changes and the charge separation 

occurring during the H2 evolution process. These results will be reported 

in the next Section. 

 

 

 

 



Results and discussion 

122 

2.3. Study of Cu oxidation state changes and charge carriers 

separation during HER. 

2.3.1. EPR characterization under irradiation. 

Previous studies have shown that Cu(II) centres in TiO2 can act as 

electron traps and the same behaviour occurs in the samples 

investigated in the present work.19,194,201 Upon UV irradiation in vacuum 

at 77 K (red spectra in Figure 65) for the whole set of samples the EPR 

intensity of the Cu(II) species decreases due to the reduction of the 

paramagnetic Cu2+ centres to diamagnetic forms of copper (Cu+/Cu0).  

 

Figure 65. EPR spectra of the as prepared Cu modified samples in dark (black spectra), 
upon UV-Vis irradiation in vacuum at 77 K (red spectra) and after turning off the light 
(blue spectra). Panel A and C: Cu2O modified samples. Panel B and D: Cu2+ modified 
samples. All the spectra were recorded at 77 K with a microwave power of 10 mW. 

It is worthy to note that, turning off the irradiation source (blue spectra 

in Figure 65), the behaviour of the two samples modified with cuprous 
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oxide (Cu2O-T and Cu2O-ZT, Figure 65A and C respectively) differs from 

that of the samples prepared via wet impregnation (Cu2+-T and Cu2+-ZT, 

Figure 65B and D respectively). In this second case after turning off the 

light, the Cu(II) EPR intensity is fully recovered and no new signals are 

photoformed. In the case of Cu2O-T and Cu2O-ZT samples, at variance, 

the starting intensity of the Cu(II) signal is not fully recovered and a 

new weak signal (gaverage= 1.93), more intense in the Cu2O-T sample, 

appears. This signal is unambiguously ascribed to Ti3+ centres. Such 

difference indicates that the effect on charge carriers separation is 

remarkably different in the two cases and, in the case of Cu2O modified 

samples, a longer lifetime of the separated charge carriers is observed. 

In order to better understand the fate of the charge carriers and 

the role of the Cu species during H2 evolution, EPR measurements were 

performed, at regular intervals, during irradiation of samples suspension 

in a 10% v/v methanol/water solution (same condition of the H2 

evolution test). The irradiation experiment, having a duration of one 

hour, was stopped at intervals of 5 minutes and an EPR spectrum was 

recorded after each stop. The EPR spectra of the Cu-containing samples 

during H2 evolution are reported in Figure 66. Only three spectra (t = 0, 

5 and 30 minutes) are shown for clarity. In the successive figure (Figure 

67) the integrated intensities of the EPR signals, of Cu(II) and Ti3+ 

species, monitored in the whole experiment (60 minutes) are reported. 

Differently from the case of the irradiation under vacuum, all samples 

show the formation of Ti3+ centres because the methanol, acting as hole 

scavenger, enhances the life time of the photoformed electrons. 

Inspection of Figure 66 and Figure 67 also indicates that, in the case of 

TiO2 based samples, after 5 minutes the Cu(II) species completely 

disappear (Cu2O-T), whereas, for Cu2+-T, it reaches a minimum in 

intensity. 
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Figure 66. EPR spectra of the as prepared Cu modified samples in methanol/water 
solution suspension prior irradiation (black spectra), after 5 minutes (red spectra) and 
after 30 minutes of UV-Visible irradiation at RT (blue spectra). Panel A and C: Cu2O 
modified samples. Panel B and D: Cu2+-oxides samples. All the spectra were recorded at 
77 K with a microwave power of 10 mW. 

In the case of ZrTiO4 based samples the intensity trend of the two 

paramagnetic species (Cu(II) and Ti3+) is similar to that of the previous 

case, but shifted of about 5 and 15 minutes later for Cu2O-ZT and Cu2+-

ZT respectively.   

As far as Ti3+ centers formation is concerned, the kinetic is different 

comparing the two types of materials (T, ZT). For both Cu2O-T and 

Cu2+-T, Ti3+ grows after 5 minutes of irradiation in parallel to the Cu(II) 

decreasing. In the case of the ZT based samples, Ti3+ centers show up 

later when the Cu(II) species tend to its a minimum intensity. In the 

case of the Cu2O-ZT Ti3+ begins to grow up after 10 minutes of 

irradiation and for the Cu2+-ZT after 20 minutes of irradiation.  
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Figure 67. EPR intensities of Cu2+ (straight lines) and Ti3+ species (dashed lines) at 
different times of UV-Visible irradiation of Cu2O-oxides (panels A and C, red lines) and 
Cu2+-oxides (panels B and D, blue lines) in methanol/water suspension. 

Summarizing, during the irradiation in liquid phase, the presence of an 

hole scavenger (CH3OH) emphasizes the role of photogenerated 

electrons. The working photocatalysts is rich of trapped electrons that, 

firstly, reduce Cu2+ ions and only later Ti4+ cations to Ti3+. Ti3+ centers, 

in fact, show up only when the Cu(II) are exhausted or reaches a 

minimum in intensity. 

2.3.2. UV-Visible DRS characterization under irradiation. 

Figure 68 reports the same experiment shown in Figure 66 which is, in 

this case, followed by optical spectroscopy. The effect of irradiation on 

the oxidic materials (bare and Cu-modified), in presence of a 

methanol/water solution (10% v/v), is shown after 30 and 60 minutes 

(curves b and c in Figure 68). The presence of the solution causes the 

onset of two absorption bands, ascribable to the infra-red active groups 
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of the water/methanol solution, centered at about 1000 nm and 1200 

nm which will not be further discussed in the following. 

 

Figure 68. DR-UV-Visible spectra of the different systems in presence of methanol/water 
solution (10% v/v). a) as prepared samples, b) after 30 minutes of UV-Visible irradiation 
and c) after 60 minutes of UV-Visible irradiation. 

As far as the bare materials (T and ZT in Figure 68) are concerned a 

continuous absorption in the visible and NIR regions grows along the 

irradiation process which is due to Ti3+ ions formation.202 Zirconium 

titanate appears, as it is already known, less reducible than titanium 

dioxide. 

Concerning Cu modified samples the spectra obtained during irradiation 

are complex due to the presence of copper species in various oxidation 

states (see Section 2.1.2.). More in detail, in the case of the Cu2O 

containing samples (Cu2O-T and Cu2O-ZT in Figure 68) the starting 
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spectroscopic features of the Cu2O particles, in the region between 400 

nm and 600 nm, are preserved after irradiation as indicated by the 

specific absorption at 475 nm. Simultaneously, after 30 minutes of 

irradiation, a further absorption peak at about 580 nm clearly appears. 

Such feature correspond to the Surface Plasmonic Resonances (SPR) of 

metallic copper particles203-204 and unambiguously indicates that the 

reduction of the Cu species proceeds until the zero oxidation state. Since 

the EPR spectra (Figure 66A and C) indicate that the Cu2+ species 

undergo a reduction during irradiation, the formation of metallic copper 

occurs at the expense of Cu2+ species dispersed on the surface of the 

samples. This implies the migration and the aggregation of isolated Cu 

species. The process is favored by the reduction to a neutral (Cu(0)) 

species not affected by the surface electric fields. 

In the case of Cu2+-T and Cu2+-ZT samples, after each irradiation step, a 

new absorption feature arise in the region between 400 nm and 600 nm 

similar to that reported for the Cu2O decorated materials. This feature 

suggests that the reduction of Cu(II) to Cu(I) occurs.205 This does not 

necessarily mean that true Cu2O particles are formed. Most likely the 

isolated Cu2+ species are reduced to similar Cu+ ones. Furthermore, it is 

worth to note that after 60 minutes of irradiation, also in this case, the 

formation of metallic copper occurs.  

A further confirmation of the reduction of Cu(II) to Cu(I) and Cu0 during 

the photocatalytic reaction is provided by an “ad-hoc” performed 

experiment of thermal annealing of the Cu2+-T sample at different 

temperature under vacuum. In such condition (as previously described) 

the material undergoes a progressive reduction. The results of 

consecutive vacuum annealing on EPR and DRS spectra of Cu2+-T 

sample are reported in Figure 69. Annealing at 373 K (Figure 69 b, red 

spectra) causes a slight decrease of the Cu(II) EPR signal and, 
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simultaneously, an absorption typical of Cu(I) species205 grows in the 

DRS spectra. This behaviour is more accentuated after annealing at 473 

K (Figure 69 c, blue spectra). After annealing at 773 K (Figure 69 d, 

green spectra) the Cu(II) EPR signal completely vanishes and the 

reduction process of Cu(II) continues until the formation of metallic 

copper as indicated by the peak at 580 nm in the DRS spectrum. At this 

temperature, beside the formation of reduced forms of copper, the 

formation of Ti3+ ions also occurs (Figure 69, Panel B). 

 

Figure 69. UV-Visible DRS (Panel A) and EPR spectra recorded at 77K (Panel B) of Cu2+-
T sample outgassed at room temperature (a, black spectra)and after annealing for 1h 
under vacuum at  373 K(b, red spectra), 473 K (c, blue spectra) and 773 K (d, green 
spectra). 

To conclude, the combination of the EPR and UV-Visible DRS 

measurements clearly demonstrates that the irradiation induces a radical 

transformation of the as prepared materials in more complex systems. 

In particular, when the Cu containing photocatalysts produce hydrogen 

and reach a composition nearly constant as a function of time, they are 

in a reduced state with respect to the starting systems. Metallic Cu 

aggregates are formed (with reduction and migration of isolated Cu2+) in 

the case of Cu2+-T and Cu2+-ZT and, likely, in the same way in the case 

of Cu2O-doped samples. In the latter case a second phenomenon of 

Cu2O particles reduction to Cu(0) cannot be excluded but at least a 

fraction of the original Cu2O particles remains unaffected. The working 



Surface anchoring of (inorganic) H2 evolution co-catalysts and H2 production 

129 

system also contains reduced Ti3+ ions which are more abundant in T 

samples, more reducible than ZT ones. 

2.3.3. Charge carriers dynamics during H2 evolution reaction. 

On the basis of the EPR and optical results obtained in Sections 2.3.1 

and 2.3.2, the chemical modifications occurring during irradiation at the 

surface of the catalysts and the hydrogen evolution mechanism can be 

proposed according to the scheme reported in Figure 70 and Figure 71 

respectively. 

Since the experimental results suggest that the behavior of the ZT 

based samples is basically the same observed for the T based samples, 

although overall less effective, in the following the two sets of material 

(T and ZT based samples) will be discussed together.   

All the investigated Cu-modified samples show, upon irradiation with UV 

light, an higher hydrogen evolution than the corresponding bare 

materials and the mechanism operating on the two kinds of modified 

materials is very likely different in the two cases considering the 

different chemical nature of the copper in the starting samples (mainly 

Cu(II) in Cu2+-T/ZT and mainly Cu(I) in Cu2O-T/ZT).  

Concerning the Cu2+ containing samples the EPR characterization shows 

that Cu2+ is easily consumed upon irradiation under vacuum (Figure 65) 

and, even more efficiently, in the operative conditions of the 

photocatalytic reactions (Figure 66). It is worth to note, furthermore, 

that the Ti3+ ions can be photogenerated only when the Cu(II) amount 

is reduced to a minimum value (Figure 67). When the reaction reaches a 

steady state, Cu(II) is nearly absent in the systems. For this reason, the 

enhanced activity of the Cu2+-T/ZT samples, with respect to the bare 

materials, has to be ascribed to other copper species forming during the 

irradiation. The optical spectroscopy experiments indicate, indeed, that 
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reduction of copper to Cu(0) occurs. Therefore, it is possible to suggest 

that the isolated Cu2+ species are progressively photoreduced to form, 

after migration on the surface, small Cu(0) aggregates (see Figure 70).  

 

Figure 70. Chemical modifications occurring at the surface of the different Cu modified 
samples during H2 evolution reaction. 

 

Figure 71. Model of H2 evolution mechanism occurring on Cu2+-oxides (panel A) and 
Cu2O (panel B) oxides respectively. The band position are reported on the basis of the 
energy values reported in refs 195,206. 

This occurs in particular in the case of Cu2+-materials but also in those 

containing Cu2O particles that also contain a non-negligible 

concentration of Cu2+. In the latter case, though a formation of a further 

amount of Cu(0) particles at the expenses of Cu2O ones cannot be 
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excluded, a fraction of Cu2O aggregates remains unaffected at the 

surface, as indicated by the specific absorption at 475 nm (Figure 68). 

The Cu2+- and Cu2O-materials differs therefore, in operative conditions, 

in terms of the presence of a Cu2O-oxide interface that is not present in 

the case of Cu2+-T and Cu2+-ZT systems. This specific composition and 

the role of Cu2O are, likely, the reason of the superior activity of these 

kind of materials with respect to those prepared by wet impregnation 

and Cu2+ surface dispersion.  

The mechanism of H2 evolution in the described photocatalysts 

can be tentatively discussed on the basis of the previously illustrated 

composition of the working systems and also considering the electronic 

energies of the species involved (Figure 71). During H2 evolution the 

solids contain negligible amount of Cu2+. This is because cupric ions act 

as electron traps being at lower energy than the oxide conduction band. 

Ti3+ ions, in fact, are photogenerated only when the Cu(II) amount is 

reduced to a minimum value. Thus, the formation of metallic copper by 

reduction of Cu2+ under irradiation is the key step to explain the 

increased catalytic activity of Cu2+-T and Cu2+-ZT materials with respect 

to the bare oxides (Figure 71A). The role of metallic copper as a co-

catalyst for H2 evolution remain an open question. Cu(0) particles, in 

fact, are not among the most prominent hydrogenation co-catalysts 

such as Pt and Pd ones even if they take part to important process such 

as methanol synthesis from CO and H2.
207-208 The fact remains, however, 

that several Authors report that metallic Cu can act as a co-catalyst for 

hydrogen production.166-169  

In the case of Cu2O containing materials, which are more active than 

those based on Cu2+, a plausible mechanism is as follows. The 

irradiation causes a charge separation in both the Cu2O particles and the 

oxidic supports. Because of the relative position of the band potentials, 
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the electrons transfer from the Cu2O conduction band to the oxides 

conduction band occurs (Figure 71B). Simultaneously the photoformed 

holes in the valence band of T or ZT move to the Cu2O valence band 

inhibiting the charge carrier recombination. This mechanism explains the 

fact that the Ti3+ ions formation upon irradiation in vacuum (Figure 65) 

is observed in this kind of materials and not in the samples prepared via 

wet impregnation (Cu2+). Summarizing, the synergic effect of the 

presence of the Cu2O/oxide heterojunction and metallic copper leads to 

a H2 evolution rate definitely higher than that obtained on Cu2+-T and 

Cu2+-ZT samples that contains copper metal particles only. 

2.3.4. Conclusions. 

In this Section the photochemistry of the copper containing 

photocatalysts has been investigated leading to a detailed picture of the 

composition of the various systems in working conditions. In parallel a 

possible mechanism of H2 evolution has been proposed. 

The results obtained via the joint use of EPR and UV-Visible DRS 

spectroscopies clearly indicate that, during the irradiation, all the as 

prepared solids undergo a chemical transformation and metallic copper 

is generated. Consequently, the real photocatalyst involved in the H2 

evolution reaction is different from the starting material in particular for 

the photocatalysts prepared via wet impregnation. Furthermore, in the 

materials decorated with Cu2O particles, the charge carriers separation 

is more efficient because of the presence of an heterojunction which is 

preserved during the reaction. The better performance in H2 evolution 

for this kind of material, should be due to the synergic effect of these 

two forms of copper (Cu0 and Cu2O). A second difference is between T-

type and ZT-type materials. In the former case the different reducibility 

of the TiO2 matrix favors the presence of higher amounts of 
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photoformed Ti3+ in operative conditions. Also this parameter seems to 

be critical for the photocatalytic activity as the T samples are 

systematically more active than ZT ones.  
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3. Hydrogenase-TiO2 hybrid systems. 

The purpose of this chapter is to report about the investigation of hybrid 

systems formed by the combination of hydrogenase and modified 

titanias. In this case, the protein has the role of co-catalyst for hydrogen 

evolution while TiO2 acts as “producer” of photoelectrons available for 

the protein. The use of modified titanias arises from the need to extend 

the photoactivity of the pristine TiO2 (limited to the UV part of the solar 

light) to the visible range. These materials, indeed, are doped anatase 

polymorphs capable of harvesting some visible components of the solar 

spectrum.  

In particular, comparing the results with those of a sample of bare 

anatase, two kind of modified TiO2 have been employed: i) N-doped 

anatase, a yellow material, and ii) a substoichiometric reduced anatase 

which shows a deep blue color.  

In N-doped TiO2 (N-TiO2) the presence of nitrogen defects in the lattice 

of the oxide generates intra band gap energy that origin the yellow color 

of the powder.10,12-13,209 

The substoichiometric TiO2 (rd-TiO2) is prepared via a particular 

synthetic route that lead to a partially reduced, blue oxide (TiO2-x) which 

is stable in air and shows the presence of stable Ti3+ ions. The color in 

this case is due to the tail of a broad absorption centered in the infrared 

region and typical of reduced titanias.210-216 

My attention was paid not only to the efficiency of the hydrogenase-TiO2 

materials in hydrogen production but also to the mechanism of 

interaction of the protein with the solid and to the effect of irradiation 

on the hybrid materials. All this has been monitored by EPR 

spectroscopy.  

The EPR experiments of the present work have been performed in 

aqueous solutions containing thionine and triethanolamine (TEOA). 
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TEOA molecule acts as a buffer and as sacrificial electron donor (or 

scavenger of the photogenerated holes) for TiO2.
133 Thionine plays the 

role of stabilizing the oxidized form of the H-cluster (named Hox state) 

characterized by a diamagnetic [4Fe4S]2+ sub-cluster.145 

The results of this activity will be organized as follows: firstly the 

characterization of the oxide supports will be reported. Afterwards the 

effect of the irradiation on the thionine-TEOA aqueous solution and on 

the suspension of the various bare supports in the same solution will be 

described on the basis of the EPR spectra recorded in the absence of the 

enzyme. Then the same approach will be followed for the suspension 

containing the hydrogenase/oxide nanohybrids. Finally, the hydrogen 

production ability under solar irradiation of the three hybrid systems in 

TEOA solution will be compared. 

3.1. Oxide characterization. 

XRD analysis was performed on the three distinct support oxides 

namely: bare TiO2, N-TiO2 and rd-TiO2. 

The corresponding XRD patterns are reported in Figure 72A. All the 

diffraction pattern are characterized by peaks at the same position that 

correspond to those of the anatase polymorph. However, while TiO2 and 

N-TiO2 exhibit the same linewidth, the pattern of rd-TiO2 shows much 

narrower peaks since this oxide possesses significantly larger crystallites. 

This result is also confirmed by the surface area measurements (BET 

method), indicating about 80 m2/g for TiO2 and N-TiO2 and about 10 

m2/g for rd-TiO2. 

 Figure 72 B compares the diffuse reflectance UV-Visible spectra 

of TiO2 (black line), N-TiO2 (red line) and rd-TiO2 (blue line) powders. 
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The spectra of TiO2 and N-TiO2 

differ for an absorption shoulder in 

the visible region centered at 

about 450 nm and due to intra 

band gap energy states which are 

present in the case of N-TiO2 

(magnification in the inset of 

Figure 72B).10,12-13  

At variance, the rd-TiO2 presents a 

strong continuous absorption in all 

visible region that is extended also 

in the NIR and which is typical of 

substoichiometric materials 

containing excess electrons 

localized on Ti3+ centers or 

delocalized in the conduction 

band.210 The band gap values, 

calculated with the Tauc method, 

are 3.2 eV for TiO2 and N-TiO2 

and 2.88 eV for rd-TiO2. These 

values indicate that the visible absorption and the consequent yellow 

color of N-TiO2 sample are due to the absorption shoulder centered at 

450 nm and not to a band gap transitions which correspond to UV 

wavelengths. As opposite the band gap transition of rd-TiO2 oxide 

occurs in the visible region. 

3.2. Effects of irradiation followed by EPR spectroscopy. 

H2 production upon irradiation of the various hydrogenase-TiO2 hybrid 

systems is based on the light-induced charge separation (electrons and 

Figure 72. Panel A: X-ray diffraction 
patterns of a) TiO2, b) N-TiO2 and c) rd-TiO2 
powders. Panel B: UV-Visible diffuse 
reflectance spectra of TiO2 (black line), N-
TiO2 (red line) and rd-TiO2 (blue line) 
powders. In the inset a magnification of the 
visible absorption of N-TiO2 and TiO2 is 
reported. 
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holes). While the holes are scavenged by TEOA, the electrons are 

transferred, via the series of Fe-S-clusters,139-140 to the active site of the 

enzyme where the reduction of water protons into molecular hydrogen 

occurs.  

The EPR experiments under irradiation of the hybrid systems are useful 

to understand the electron transfer between the protein and the support 

oxides. All the EPR experiments have been performed in a water 

solution of TEOA and thionine. The latter is needed to stabilize the Hox 

state of the protein that is the only diamagnetic state of the H-cluster. 

Hence with the presence of the thionine in the solution we are able to 

detect the active site of the enzyme by EPR technique.   

In order to investigate the photoinduces process on the hybrid 

system, a preliminary EPR experiments has been performed on the 

thionine-TEOA solution in order to understand the possible interference 

of these molecules with the results of the successive experiments 

involving irradiation of the hybrid systems. For this experiment a water 

solution of TEOA (25 mM) and thionine (1.39 mM) was prepared, and 

gradually frozen at 77 K for EPR measurements.  

Figure 73 shows the effect of the UV-Visible irradiation of this thionine 

solution. The spectrum of the as prepared thionine in TEOA solution in 

dark (Figure 73a) shows a very weak signal centered at g = 2.005. This 

signal however increases upon irradiation (Figure 73b) and disappears 

by heating the sample at room temperature in dark (Figure 73c). The 

isotropic signal at g = 2.005 is due to the formation of small amounts of 

the thionine radical cation,217-218 and is not observed irradiating a 

solution containing TEOA only. The radical species is stable keeping the 

sample at 77 K and is destroyed raising the temperature. 
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Figure 73. EPR spectra of the thionine - TEOA solution: (a) as prepared solution in dark, 
(b) under UV-Visible irradiation at 77 K, (c) after thaw-freeze treatment (lamp off, 
heating at RT and cooling again at 77 K). All spectra are recorded at 77 K and with 
microwave power of 10 mW. 

A second preliminary investigation consists in the EPR study 

under irradiation of the suspensions of the three solid supports (TiO2, N-

TiO2, rd-TiO2) in the absence of the surface anchored protein. This 

experiment is essential for a comparison with the results of irradiation of 

the hybrid systems in the same conditions 

The samples have been irradiated by UV-Visible light at 77 K. The 

results are reported in Figure 74 which also reports (spectrum a, for 

each material) the spectrum of the dry powder prior formation of the 

suspension. 

The TiO2 powder in air (Figure 74A(a)) is EPR silent, and the spectrum 

of the as prepared TiO2 suspension in dark (Figure 74A(b)) shows very 

weak signals including that at g = 2.005, due to the presence of 

thionine. The irradiation with UV-Visible light of the suspension (Figure 

74A(c)) causes, beside the increase of the thionine radicals signal 

(marked by an asterisk), the formation of a broader signal centered at  
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g = 1.93 and unambiguously due to Ti3+ ions in anatase.30 This 

experiment indicates that the electrons formed upon irradiation remain 

in the solid where they are trapped by Ti4+ ions which are reduced to 

Ti3+.26,31 The formation of the thionine radical ion is a side-effect of the 

process and will be no longer discussed in the following. 

 
Figure 74. EPR spectra of TiO2 (A), N-TiO2 (B) and rd-TiO2 (C) systems recorded under 
different conditions. (a) powder material in air, (b) suspension of the powder in TEOA-
thionine solution; (c) UV-Visible irradiation of the suspension. The asterisk indicates the 
signal of the thionine radical cation. All spectra are recorded at 77 K and with microwave 
power of 10 mW. 

The same experiment was performed also for the N-doped and the 

reduced TiO2 materials. 

In the former case the final result is the same observed for bare TiO2 

that is the formation of Ti3+ centers upon irradiation of the suspension 

(Figure 74B(c)). The spectra before irradiation Figure 74B(a) and Figure 

74B(b) are affected by the presence of nitric oxide (NO) which is a 

byproduct of the N-TiO2.
13 The NO EPR signal is no more visible after 

irradiation probably because the NO molecule reacts with the 

photoformed charge carriers.  

In the case of the substoichiometric TiO2 (rd-TiO2) the spectrum of the 

powder (Figure 74C(a)) show, beside of an isotropic signal at g = 2.003, 
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possibly connected with electron trapped at grain boundaries defects, 

one narrow signal centered at g = 1.992 ad a broader one centered at g 

= 1.93 typical of bulk and surface Ti3+ ions in anatase respectivelly.26,30 

The suspension of the rd-TiO2 in TEOA-thionine solution (Figure 74C(b)) 

maintain the same EPR feature of the powder, while the UV-Visible 

irradiation (Figure 74C(c)) causes few modification essentially due to the 

thionine radical cation. Is more difficult, in this case, to appreciate the 

change in intensity of the broad signal of Ti3+ centers because the 

sample already contains structural Ti3+ center prior irradiation. 

The same kind of EPR experiments performed on TiO2 

suspensions have been carried, in the same experimental conditions, on 

the three oxide impregnated with the protein (CpHydA). Figure 75(A), 

(B) and (C) reports the EPR spectra of TiO2-CpHydA, N-TiO2-CpHydA 

and rd-TiO2-CpHydA respectively. For the sake of comparison, the first 

spectrum (a) is always that of the Hox state of CpHydA alone in TEOA-

thionine solution. 

 

Figure 75. EPR spectra of TiO2-CpHydA (A), N-TiO2-CpHydA (B) and rd-TiO2-CpHydA (C) 
hybrid systems suspended in TEOA-thionine solution. In all cases the spectrum (a) is 
that of the CpHydA protein reported for comparison. (b) as prepared oxide-CpHydA 
hybrid systems in dark; (c) the same system upon irradiation (15 min with UV-Visible 
light); (d) upon thaw-freeze treatment in dark (lamp off, heating at RT and cooling again 
at 77 K). The signals marked by an asterisk are due to the presence of the thionine in 
the solution. All spectra are recorded at 77 K and with microwave power of 10 mW. 
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The spectra of the first and second hybrid systems and their behavior 

under irradiation are similar, at least in qualitative terms and will be 

discussed together. 

The EPR spectra of the as prepared oxidized hybrid systems in dark, 

Figure 75A(b) and Figure 75B(b), are dominated by the signal of Hox, 

(compare with Figure 75a, red spectrum). In addition a weaker signal of 

the Hox-CO species is visible. This particular species represents a 

byproduct, commonly observed in [FeFe]-hydrogenases spectra, due to 

the decomposition of the protein: the CO ligands, dissociated from 

damaged H-clusters, probably bind as free CO molecules to intact H-

clusters forming the Hox-CO species.219 The typical g values of CpHydA 

(Hox state) are g1 = 2.0892, g2 = 2.0363 and g3 = 1.9954 while for Hox-

CO the main values are at g// = 2.075 and g = 2.008.170  

The fact that the spectra observed for the surface-anchored protein 

strictly correspond to those of the free protein, clearly suggests that the 

active site is not strongly perturbed by the interaction with the oxide 

and that it preserves its local geometry and chemical environment (at 

least the part of the H-cluster that is detectable by EPR) during the 

impregnation process and the related treatments. 

Irradiation of the two hybrid systems (TiO2, N-TiO2) with UV-Visible light 

(Figure 75A(c) and Figure 75B(c)) causes small but significant changes 

in the EPR spectra. The weak signal due to the Hox-CO species 

decreases in intensity, in agreement with previous studies,219-220 while a 

new small signal, having a component clearly appreciable at g = 1.93, 

appears. This signal corresponds to that of the reduced [2Fe2S]+ 

clusters, with is 

characterized by g values g1 = 2.0227 and g2 = 1.936. This center is 

peculiar of this type of hydrogenases and it is paramagnetic in reductive 

conditions.221-222 This signal is also detectable upon irradiation of the 
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protein alone and thus it is not an evidence of electron transfer from 

TiO2 to the protein. The features of this spectrum are stable when the 

lamp is turned off maintaining the sample at 77 K (data not shown) 

while, after thaw-freeze (RT-77 K) the signal due to the reduced 

[2Fe2S]+ disappears and the EPR spectrum becomes the same observed 

before irradiation.  

However the most important feature of the sequence reported in Figure 

75A and B is that the broad EPR signal, typical of reduced Ti3+ centers in 

irradiated-TiO2 and N-TiO2 suspensions (Figure 74), is not observed 

upon irradiation of the same samples containing the anchored protein. 

This is a clear evidence of an electron transfer from TiO2 to the protein 

under irradiation. The photoexcited electrons, in this case, are not 

stabilized by the matrix as Ti3+ ions, but are transferred from the oxide 

to the protein. 

In the case of the rd-TiO2-CpHydA material things are in part different. 

Also in this case the main features of the spectrum of the as prepared 

hybrid system (Figure 75C(b)) are those of the Hox state of the protein. 

In the right side of this spectrum weak signal of Ti3+ ions is observed. 

However this Ti3+ signal is clearly less evident than that of rd-TiO2 in 

suspension (Figure 74C(b)). This indicates that, upon contact with the 

protein, the reduced Ti3+ centers have been nearly completely 

scavenged by the protein. In Figure 76 the comparison between the 

spectrum of the rd-TiO2 suspension alone and that of the hybrid system 

rd-TiO2-CpHydA is reported. It clearly evident that the features of Ti3+ in 

the hybrid system are drastically suppressed. This result is quite 

amazing if one keeps in mind that the Ti3+ centers of rd-TiO2 are stable 

in air (i.e. not oxidized by O2). The electron scavenging ability of the 

anchored hydrogenase is therefore rather strong. 
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Figure 76. EPR spectra of rd-TiO2 suspension (a) and rd-TiO2-CpHydA systems (b). All 
spectra are recorded in dark at 77 K and with microwave power of 10 mW. 

The UV-Visible irradiation of the rd-TiO2 sample (Figure 75C(c)) has 

effects similar to those exhibited by the two other samples. In fact the 

reversible formation of the signal of reduced [2Fe2S]+ clusters (g = 

1.936) is observed again.  

In all hybrid systems tested upon irradiation a slight decrease of the Hox 

signal intensity is observed suggesting, for a fraction of the protein, a 

reduction of the active site to an EPR silent form. 

The EPR results can be summarized as follows. 

a) Irradiation of a suspension of TiO2 materials, in the presence of 

TEOA and thionine, cause the formation of Ti3+ centers in the solid 

since the photogenerated electrons are trapped by Ti4+ sites. The 

holes photogenerated in parallel are annihilated by TEOA. In the 

case of the rd-TiO2 sample (which already contains structural Ti3+ 

center even before irradiation) it is more difficult to appreciate the 

change in intensity of the Ti3+ centers. 

b) The anchoring of the hydrogenase on oxidic supports doesn’t cause 

any change in the features of active site (H-cluster) of the protein, 
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monitored in terms of EPR spectra of its oxidated form (Hox). 

Moreover, in the case of rd-TiO2, the intensity of the Ti3+ signal 

decreases just upon simple contact with hydrogenase suggesting 

that a large fraction of the excess electrons in the system are 

scavenged by the protein. 

c) Irradiation of titania supported hydrogenase causes a (low) 

decrease in intensity of the Hox signal and, most important, does not 

induce the formation of reduced Ti3+ centers in the solid, as 

contrariwise occurs in the case of the bare oxides.                            

These three facts converge in indicating that the electrons generated by 

irradiation of the solid are scavenged by the protein and become 

potentially available for H+ reduction. 

With this in mind the photocatalytic activity of the various hybrids in the 

production of hydrogen under solar irradiation can now be compared. 

3.3. Photocatalytic H2 evolution. 

In order to obtain an evaluation of the photocatalytic activity, the 

hydrogen evolution of the three TiO2-based hybrid systems were tested 

under direct solar light irradiation for 60 minutes in TEOA water solution. 

The corresponding blank tests were performed in the same condition 

using the oxide supports only. 

Figure 77 reports the H2 evolution rates of the three TiO2-CpHydA hybrid 

systems in comparison with those of the TiO2 powders alone.  

The control experiments performed both in the dark and in the absence 

of TiO2 did not show any detectable H2 production (data not shown). 

Figure 6 clearly shows that all the hybrid systems exhibit a significantly 

higher activity in H2 evolution with respect to that observed for the TiO2 

powders alone. 
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Figure 77. H2 evolution tests. Different TiO2 powder systems (1 mg/ml) impregnated 
with CpHydA (50 nM) or alone in TEOA solutions irradiated with natural sunlight. Left 
hand side: hybrid systems. Right hand side: only oxide. The error bars refer to triplicate 
standard deviation. 

The amount of H2 after 1h of solar light exposure for the three different 

systems (1 mg/ml) are: 496.3 nmol for TiO2-CpHydA, 744.3 nmol for N-

TiO2-CpHydA and 39.4 nmol for rd-TiO2-CpHydA while for the TiO2 

system without the protein the amount is not relevant in comparison 

with the hybrid systems. 

The turnover frequency numbers (TOF) for these systems are: 2.8 ± 0.2 

s-1 (TiO2-CpHydA); 4.1 ± 0.1 s-1 (N-TiO2-CpHydA) and 0.6 ± 0.1 s-1 (rd-

TiO2-CpHydA).  

Comparing the activity of the three hybrid systems it is worth to notice 

that (i) the system based on bare TiO2 (white) shows an intermediate 

activity between that of the two colored materials, (ii) the activity of rd-

TiO2 is lower than that of the other materials also taking into account 

the lower surface area, (iii) N-TiO2 sample show the better  

photocatalytic performance. This increased photoactivity with respect to 

pure TiO2 is due to the presence of nitrogen intra band gap states in the 
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TiO2 band gap that allow to some photons of the visible region 

contribute to the photoexcitation. 

The poor activity of rd-TiO2, despite its intense blue color, indicates that 

the simple coloring does not automatically imply a high photoactivity 

with visible light. The poor activity of the rd-TiO2 sample could due to 

the presence of the high defectivity typical of this kind of reduced 

materials. Defects, in fact, can represent recombination centers 

detrimental for the photoactivity limiting the number of electron 

available for the protein. 

3.4. Conclusions. 

In this part of PhD thesis another type of TiO2 modification has been 

investigate with the purpose to make the titania more active in H2 

evolution. Three different TiO2-hydrogenase hybrid systems have been 

studied: TiO2-CpHydA, N-TiO2-CpHydA and rd-TiO2-CpHydA. 

I was mostly interested in understanding the interaction between the 

oxidic supports and the protein, hence I have characterized for the first 

time by EPR spectroscopy the behavior of three different TiO2-

hydrogenase hybrid systems under irradiation. 

The EPR experiments have demonstrated that anchoring the enzyme on 

the TiO2 powders does not affect the H cluster geometry and the 

catalytic ability of the protein. 

Furthermore, the hydrogenase in the hybrid system is a scavenger of 

photoexcited electrons under irradiation, in fact, these are no more 

trapped by Ti4+ centers as it occurs in the case of the oxide supports in 

the absence of the protein. This result is relevant since it definitely 

shows an electron transfer from the TiO2 to the anchored hydrogenase 

allowing the H+ reduction. 



Results and discussion 

148 

The photocatalytic H2 production tests have demonstrated that the N-

TiO2-CpHydA sample exhibits the highest activity among the other 

hybrid systems. This is due to the presence of intra band gap that are 

available to excite the electrons of the valence band to the conduction 

band even under visible light. This allows the use of a fraction of 

photons present in the solar light which are not effective in the case of 

bare TiO2. 

The photocatalytic activity of these systems, especially that obtained for 

the N-TiO2-CpHydA sample, are in good agreement with values 

observed for other TiO2-[Fe-Fe]hydrogenase photosensitized with a 

ruthenium dyes and irradiated with visible light.133 The comparison of 

the photocatalytic H2 evolution between the materials investigated in this 

work and other systems usually employed for water photosplitting tests  

is not straightforward, since the operating conditions adopted for tests 

are, most of the case, different from each other. 

Anyway, in terms of photocatalytic H2 evolution, the present work 

remains a proof of concept. In spite of a quite modest production of H2, 

however, the hybrid system could have a strong potential in this field 

since the functionalization of TiO2 with the protein sustains an H2 

evolution rate at least one order of magnitude higher than that of the 

bare TiO2 powders. Hydrogenases, therefore, though delicate to be 

handling, offer an interesting alternative as low cost co-catalysts to 

replace expensive co-catalysts based on expensive noble metals. 
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General conclusions. 

The present thesis reports an investigation on a series of systems that 

can be considered as modifications of the universally known titanium 

dioxide matrix. This oxide has been modified in composition introducing 

substantial amounts of Zr4+ ions in its bulk attaining the composition of 

ZrTiO4 (zirconium titanate). This was done with the main goal of 

verifying if a modification of the flat band potential of the TiO2 

conduction band (moving it at a more negative value owing to the 

insertion of Zr ions) is able to improve the reduction capability of the 

solid in photocatalytic reaction e.g., in particular, of H2 formation by 

photoreduction of water. The relatively less known ZrTiO4 matrix was 

then modified in order to induce a visible light sensitivity in this oxide 

whose band gap corresponds to ultraviolet energy. Two types of dopant 

have been used that have attracted increasing interest in photocatalysis 

in the last period. These are nitrogen (a non metallic impurity) and 

cerium in the form of tetravalent ions.  

The other modifications here explored concerned co-catalysts for 

hydrogen evolution. Co-catalysts are usually coupled to a photoactive 

oxide for water photosplitting to decrease the activation energy of 

hydrogen and oxygen evolution reactions (HEC and OEC respectively). 

In this work, two different types of HEC co-catalysts were investigated 

in order to find alternative systems to the well-known (and expensive) 

catalysts based on Pt supported nanoparticles. In the first case an 

enzymatic catalyst (Fe-Fe hydrogenase) was anchored at the surface of 

pristine and modified titanium dioxide powders. In the second one, a 

variety of copper-based systems were supported on TiO2 and ZrTiO4 

according to two different chemical methods. The two types of 

preparation have been compared in order to shed light on the role of 
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both cuprous oxide and metallic copper particles in the process of 

hydrogen evolution. 

Although the systems based on zirconium titanate show an appreciable 

photoactivity upon UV-Visible irradiation and a conduction band energy 

more negative than that of TiO2, they remain less active than this classic 

benchmark of photocatalytic systems in the reaction of hydrogen 

evolution.  This confirms that the flat band potential is just one of the 

parameters to be considered for understanding the photoactivity and the 

catalytic performance of different semiconductors. It can be inferred 

that other properties determining the better qualities of TiO2 (at least in 

comparison with ZrTiO4) are its higher reducibility (i.e. the propensity to 

form reduced Ti3+ states) and the higher density of states in the 

conduction band (based on 3d orbitals of Ti4+ and not both 3d and 4d 

like in the case of zirconium titanate). 

The doping of ZrTiO4 with nitrogen and cerium ions was 

proposed to improve the photocactivity of this matrix in the visible 

range. Surprisingly the doped materials did not show appreciable activity 

upon irradiation with visible light only. In the case of N-ZrTiO4, this 

result was due to its low surface area that inhibits the transfer of the 

photogenerated charge transfer to any adsorbed molecules. The 

inactivity of Ce-ZrTiO4 upon visible irradiation was also quite surprising 

considering that, in the case of Ce doped zirconium dioxide, a system 

with similar electronic structure, a non-negligible photoactivity in the 

visible range was observed.123 

The HER co-catalyst tested in this work, namely hydrogenase 

and the copper based systems, have proved to be valid alternatives to 

replace expensive Pt nanoparticles. Indeed, although H2 evolutions are 

not comparable to each other since the experimental conditions adopted 

for tests are different, both the systems have provided an H2 production 
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rate definitely higher than the bare supporting oxides. The enhanced H2 

evolution on the materials modified with hydrogenases is attributed to 

an efficient electron transfer from the TiO2 to the protein. In the case of 

copper-modified material, instead, this work has demonstrate that, 

beside the favorable effect of the Cu2O-oxide heterojunction, the 

formation of metallic copper during the irradiation is fundamental to 

reach a good H2 photoevolution. 
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Appendix A: Didactic Activities. 

Presentations 

• Flash presentation: “Titanium oxide modification for photocatalytic 

applications: the TiO2-[Fe-Fe] Hydrogenase hybrid system.” – 

National school “New Materials and Sustainable Energies” – 

Bressanone (Italy), 14 July 2015.  

• Poster: “Protein-support interaction, electron transfer and hydrogen 

evolution in [FeFe]-hydrogenase-TiO2 hybrid systems prepared using 

modified-TiO2.“ – EFEPR conference” –  Turin (Italy), 4-8 September 

2016  

• Oral presentation: “Find a sponsor.” – Winter school – Bardonecchia 

(Italy) , 2 February 2016 

PhD schools attended 

• Summer School “New Materials and Sustainable Energies”, 

Bressanone (Italy), 10-14 July 2015 

• Winter school  “Molecule@surface”, Bardonecchia (To), 31 January -5 

February  2016.  

Classes, seminars, conferences attended 

Graduate school courses 

• “Solid state NMR: basics and applications”, Università di Torino, April-

May 2015.  

•  “English writing and communication skills”, Università di Torino, 16 

March-18 April 2015.  

• “CRISDI School: Introduction to crystallography”, Università di 

Torino, 25-27 May 2015.  
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• “CRISDI School: Diffractometric crystallography”, Università di Torino, 

28-29 May 2015.  

• “CRISDI School: Instrumentation used for X-Ray diffraction”, 

Università di Torino, 28-29 May 2015.  

• “CRISDI School: X-Ray diffraction methods: polycrystalline”, 

Università di Torino, 9-12 June 2015.  

• “CRISDI School: Use TEM-EDS for characterization of inorganic 

phases”, Università di Torino, 15-18 June 2015.  

• “CRISDI School: Spectroscopic and combined techniques for 

structural determination”, Università di Torino, 26-29 June 2015.  

• “Experimental techniques for gas-solid adsorption studies: 

comparison between microgravimetric and microcalorimetric 

techniques”, Università di Torino, 19-23 October 2015.  

• “Advanced microscopy-techniques for the characterization of 

materials”. Università di Torino, 10-11 December 2015.  

• “The Evolution of Heterogeneous, Homogeneous and Enzymatic 

Catalysis. Key Processes and Scientists.” Prof Adriano Zecchina. 

Università di Torino, 25-28 February  2016. 

Seminars  

• “Luminescent Ru(II) complexes in liposomes and nano discs: impact 

of environment on photophysical properties.” (Prof. Rosenberg), 

Torino, 11 November 2014.  

• “Metallic Glasses-recent results on formation and properties in 

general context of glassy systems.” (Prof. A. L. Greer), Torino, 25 

November 2014.  

• “Fundamental interactions at the mineral/liquid interface: a key to 

address environmental, energetic and medical challenges.” (Prof. 

Raffaella Demichelis), Torino, 16 December 2014.  
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• “Porous scaffolds for tissue engineering: from polymers to graphene.” 

(Prof. Marta Cerruti), Torino, 26 February 2015.  

• “Catalysis” (Prof. Zecchina), Torino, 16 April 2015.  

• “Light and nanomaterials: see, understand and care.” (Prof. Luisa De 

Cola), Torino, 29 September 2015.  

Conference and workshop 

• Conference “FIRB Meeting”, Torino, 12-13 February 2015.  

• Conference + workshop “Hybrid and Organic Photovoltaics 

International Conference (HOPV)”, Roma, 10-14 May 2015. 

• Workshop “Measure of Z-potential of solid surface.” (Prof. Marta 

Cerruti), Torino, 14 September 2015.  

• Workshop “EPR in catalysis: from model to real system.” Torino, 26-

27 November 2015.  

• Conference “Italian-French days”, Avignon, 25-26 April 2016.  

• Workshop  “International workshop on N2O abatement”, Cracow, 4-6 

May 2016.  

• Conference “EFERP European Federation of EPR groups 2016”, 

Torino, 4-8 September 2016.  

• NIS Colloquium "Keywords: environment, water, sustainable 

materials, circular economy. Towards 2018-20 European proposals", 

Torino 20-21th April 2017.  

• National Congress “Società Chimica Italiana XXVI”, Paestum 10-14th 

September 2017.  

Didactic activities: 

• Assistance to the laboratory of " Introduction to Inorganic 

Chemistry". Dott. Stefano Livraghi, Torino, January 2015, 2016, 

2017.  
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Appendix B: Periods Abroad. 

• 1 May- 2 June 2016  

 TEM investigation of ZrTiO4 based oxides. – Cracow (Poland), 

Jagellonian University, Chemistry department. Supervisor: Prof. 

Zbigniew Sojka. 

• 1 October- 23 October 2016  

Photocatalytic  tests (SFERA project). Title of the project: ”Innovative 

Oxide materials for the Solar Photocatalytic Degradation. – Almeria 

(Spain), Plataforma Solar. Supervisor: Prof. Sixto Malato. 

• 6 May – 10 June 2017 

Photocatalytic tests of hydrogen evolution. – Gdansk (Poland), 

Department of Environmental Technology, Faculty of Chemistry, 

University of Gdansk. Supervisor: Prof. Adriana Zaleska-Medynska 
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Appendix C: Publications. 

1. V. Polliotto, E. Albanese, S. Livraghi, G. Pacchioni, Elio Giamello, “The 

photoactive nitrogen impurity in nitrogen-doped zirconium titanate (N-

ZrTiO4): a combined electron paramagnetic resonance and density functional 

theory study”, Journal of Materials Chemistry A, 2017, 5, 13062–13071. 

2. V. Polliotto, E. Albanese, S. Livraghi, P. Indyka, Z. Sojka, G. Pacchioni, E. 

Giamello, “Fifty−Fifty Zr−Ti Solid Solution with a TiO2‑Type Structure: 

Electronic Structure and Photochemical Properties of Zirconium Titanate 

ZrTiO4”, Journal of Physical Chemistry C,  2017, 121, 5487−5497. 

3. V. Polliotto, S. Morra, S. Livraghi, F. Valetti, G. Gilardi, E. Giamello, 

“Electron transfer and H2 evolution in hybrid systems based on [FeFe]-

hydrogenase anchored on modified TiO2.”, International Journal of 

Hydrogen Energy, 2016, 41, 10547 -10556. 

4. E. G. Panarelli, S. Livraghi, S. Maurelli, V. Polliotto, M. Chiesa, E. Giamello, 

“Role of surface water molecules in stabilizing trapped hole centres in 

titanium dioxide (anatase) as monitored by electron paramagnetic 

resonance.”, Journal of Photochemistry and Photobiology A: Chemistry, 

2016, 322–323,  27–34. 

5. M.C. Paganini, D. Dalmasso, C. Gionco, V. Polliotto, L. Mantilleri, P. Calza 

“Beyond TiO2: cerium doped zinc oxide as new photocatalyst for the 

photodegradation of persistent pollutants.“ Chemistry Select, 2016, 1, 

3377–3383. 

6. V. Polliotto, S. Livraghi, Adriana Zaleska-Mendynska, Elio Giamello, “Cu 

oxidation states and charge carriers separation mechanism during 

photocatalytic hydrogen evolution on copper modified TiO2 and ZrTiO4”, in 

preparation. 

7. V. Polliotto, S. Livraghi, E. Albanese, G. Pacchioni, E. Giamello, “Oxygen 

adsorption properties of Cerium doped-ZrTiO4”, in preparation. 
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photoactive nitrogen impurity in nitrogen-doped zirconium titanate (N-
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