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This chapter is comprised of results deriving from different techniques used to 

characterize nanosized titanium dioxide obtained in powdery form. While 

some methods are commonly adopted, other types of measurements are 

definitely less routinely applied to TiO2 or less used in general. A separate 

chapter (chapter 4) is dedicated to a particular class of characterization 

techniques, namely electrochemical ones, for their relevant, quite unusual 

and extensive use in this thesis. 

Depending on the nature of the samples and according to specific purposes, 

not all the techniques presented have been applied to all classes of home-

made TiO2 materials. As for instance, the synthesized series of Pr-doped 

titania with different Pr amounts has been widely characterized with the final 

aim of assessing the location of the dopant species into the TiO2 lattice, which 

is one of the debated aspect concerning the doping of TiO2.  

For such a reason, this chapter, rather than tracing a structural classification of 

all the employed methods, is more focused on the different types of TiO2 

samples, giving for each of them a detailed description of peculiar aspects. 

Starting from titania materials obtained via template and microemulsion 

routes (paragraphs 2.2 and 2.3, respectively), doped samples are explored, 

with a more thorough study performed on N-TiO2 nanoparticles. 

First of all, the main structural and morphological features of the two 

commercial samples used in the present thesis for comparison with selected 

home-made samples are summarized in Table 3.1 and compared with a home-

made undoped sample (ƭŀōŜƭŜŘ ŀǎ ά¢έΣ see paragraph 2.1.1 for the synthetic 

procedure). Hombikat UV100 (Sachtleben) is a high purity anatase powder, 

characterized by the highest surface area among all the samples presented in 

this thesis. The commercial P25 (Evonik), very often used in the TiO2 literature 

as a benchmark, is a mixed anatase-rutile TiO2 powder with a surface area 

much lower than the home-made samples, the largest crystallite size and 

highly dispersibility in both aqueous and polar organic solvents.  
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Sample % A % B % R 
<Danat> 

(nm) 

SBET 

(m2g-1) 

Vpore 

(mL g-1) 

P25 75 - 25 30.0 ± 0.3 50 0.26 

Hombikat UV100 100 - - 10.0 ± 0.3 354 0.35 

T 66 37 - 4.8 ± 0.1 150 0.44 

Table 3.1. Phase composition (A=anatase, B=brookite, R=rutile), average diameter of 

the anatase crystallites (XRPD), specific surface areas and pore volumes (BET-BJH 

analysis) for two commercial samples and a home-made one obtained by sol-gel 

synthesis (see paragraph 2.1.1.).  

3.1. Density functional theory  

In this thesis, density functional theory (DFT) calculations have been 

performed by a theoretical chemistry group (Dr. M. Ceotto, Università degli 

Studi di Milano) with different purposes, namely to reproduce EXAFS results 

for pristine TiO2 and N-doped TiO2 over the whole N/Ti molar range of the 

experimental samples (chapter 3), to quantify the primitive cell distortion 

under Pr doping ς see comparison with XRPD outcomes ς (chapter 3) and 

finally to study the Density of States (DOS) and evaluate the Fermi and quasi-

Fermi level of undoped, N-doped, and Pr-doped titania (chapter 4). 

Solid-state calculations DFT based on the atom-centered linear combination of 

Gaussian-type functions (LCGTF) have been performed by Dr. L. Lo Presti 

(Università degli Studi di Milano) to optimize the geometrical crystal structure 

of both pure and defective TiO2 anatase (chapter 3, EXAFS analysis). 

DFT is a quantum mechanical modeling method used 

in physics and chemistry to investigate the electronic structure of many-body 

systems, in particular atoms, molecules, and the condensed phases. With this 

theory, the properties of a many-electron system can be determined by 

using functionals, namely functions of the electron density. 

Although DFT has its conceptual roots in the ThomasςFermi model, DFT was 

put on a firm theoretical footing by Hohenberg and Kohn1 and further 

developed by Khon and Sham.2 The many electron Schrödinger equation can 

be very much simplified if electrons are divided in two groups: valence 

electrons and inner core electrons. The electrons in the inner shells are 

strongly bound and do not play a significant role in the chemical binding 
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of atoms, thus forming an almost inert core with the nucleus. Binding 

properties are almost completely due to the valence electrons, especially in 

metals and semiconductors. This separation suggests that inner electrons can 

be ignored in a large number of cases, thereby reducing the atom to an ionic 

core that interacts with the valence electrons. The use of an effective 

interaction, a pseudopotential, that approximates the potential felt by the 

valence electrons, was first proposed by Fermi in 1934 and Hellmann in 1935. 

In spite of the simplification pseudopotentials introduce in calculations, they 

ǊŜƳŀƛƴŜŘ ŦƻǊƎƻǘǘŜƴ ǳƴǘƛƭ ǘƘŜ ƭŀǘŜ рлΩǎΦ  

During recent years, the development in electronic structure theory has lead 

to dramatically improved possibilities for calculations even on large molecular 

systems. However, despite recent improvements, there are still difficulties in 

using density functional theory to properly describe intermolecular 

interactions, especially van der Waals forces (dispersion), charge transfer 

excitations, transition states, bandgap in semiconductors, global potential 

energy surfaces and some other strongly correlated systems. Its incomplete 

treatment of dispersion can adversely affect the accuracy of DFT (at least 

when used alone and uncorrected) in the treatment of systems which are 

dominated by dispersion or where dispersion competes significantly with 

other effects. The development of new DFT methods designed to overcome 

this problem, by alterations to the functional3 or by the inclusion of additive 

terms4 is a current research topic.  

In the literature, there are several theoretical papers devoted to the study of 

the electronic structure and some physico-chemical properties of the doped 

oxide by using different computational methods, such as the full-potential 

linearized augmented plane wave (FP-LAPW) method,5 and the 

pseudopotential plane wave (PPW) method,6,7 and the B3LYP hybrid Hartreeς

Fock (HF) density functional theory method.8 

These calculations have given the possibility to obtain new information on the 

nature and processes of defect formation and the structural transformations 

occurring in the doped material. However, most of the calculations carried out 

in the near-Fermi region of the electronic spectrum of doped TiO2 are in poor 

agreement with the experimental results, especially if dealing with bandgap 

arguments.  

In the present context, since the excess charge localization and the strongly 

correlated nature of the occupied Ti 3d states seriously challenges DFT 
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calculations, the electronic structure calculations were conducted using both 

the GGA (Generalized Gradient Approximation) and the GGA + U method 

(GGA associated with the use of the Hubbard empirical U parameter, see the 

following),9 which can lead to a good description for the reduced TiO2, as 

shown in previous works.10-12 The DFT + U approach introduces an on-site 

correction in order to describe systems with localized d and f electrons, which 

can produce better bandgap and midgap states energetics in comparison with 

experimental results. As already mentioned, the main disadvantage of the 

methods used in calculations of titanium dioxide is an inaccurate estimate of 

the bandgap. The use of the methods based on the electron density functional 

theory (such as the linear combination of atomic orbitals (LCAO), localized 

spherical wave (LSW), and pseudopotential methods) leads to an 

underestimation of the band gap, whereas the calculation performed within 

the HartreeςFock approximation results in a substantially overestimated band 

gap as compared to the experimental value. In order to more accurately 

describe the electronic spectrum and optical properties, it is necessary to take 

into account the exchangeςcorrelation interactions. In the present work, 

effective on-site Coulombic interactions U (U = Uǋ - J) for Ti 3d were used. Uǋ 

and J represent the energy cost of adding an extra electron at a particular site 

and the screened exchange energy, respectively. 

3.2. Template titania: structure and morphology  

Besides the possible promotion of a controlled pore network, the presence of 

an amphiphilic molecule can intervene in different ways by tuning the sample 

final morphology. Very interesting is, for instance, the  recent work by Chen et 

al.,13 where three-dimensionally ordered arrays of mesoporous titania spheres 

have successfully been synthesized through opal (ordered closed-packed face-

centered cubic lattice of silica  or latex spheres) template and triblock 

copolymer (Pluronic P123) as a mesopore-directing agent. The mean diameter 

of the titania spheres has been observed to be ca. 165 nm with a narrow 

distribution of the mesopore size in the range 2-6 nm. 

Fig. 3.1 reports the relative phase enrichment (histograms) at different 

surfactant concentrations of samples submitted to a hydrothermal growth 

step in the presence of the DPC and GS3, subsequently calcined at 600 °C. The 
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polymorph composition appears to be directly dependent to the 

concentration of the surfactant in the solution adopted for the ageing. When 

such concentration corresponds to the existence of non-aggregated surfactant 

units (1, 10 mM for DPC and 1, 2.5 mM for GS3), the anatase polymorph is 

prevalent; the crystallite sizes (Table 3.2) appear to be smaller than those in 

the absence of surfactant.  

 

Figure 3.1. Relative phase enrichment in anatase (white part of histograms) and rutile 

(black part of histograms) TiO2 polymorphs of samples grown in surfactant solutions 

(DPC, a, GS3, b) and subsequently calcined at 600°C.  

The specific surface areas of the calcined oxide remain approximately the 

same (Table 3.2, last column).  

By increasing the surfactant concentration at values larger than the CMC (>25 

mM for DPC and >5 mM for GS3), the amount of anatase decreases and the 

anatase and rutile structures are almost equally promoted. The formation of 

rutile comes along with larger crystallite sizes and lower surface areas (Table 

3.2).  

Moreover the presence of GS3 at higher concentrations seems to preserve the 

surface area (11-14 m2g-1) and to limit the increase in rutile crystallite sizes 

(~75 nm) with respect to the DPC surfactant (5-8 m2g-1 and >85 nm, 

respectively).  
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Sample <DA> (nm) <DR> (nm) SBET (m
2g-1) 

no SURF 28 - 18 

D
P

C 

1 mM 20 - 19 

10 mM 22 - 19 

25 mM (~CMC) 24 - 16 

50 mM 32 86 8 

100 mM 41 >100 5 

G
S

3 

0.1 mM 23 ½ 20 

2.5 mM 30 54 16 

5 mM (~CMC) 37 63 13 

10 mM 44 73 14 

30 mM 43 76 11 

Table 3.2. Anatase (A), rutile (R) domain sizes and BET surface area for all titania 

samples obtained by surfactant template route. 

 

These results are considered to be significant since after a calcination at 600 

°C both the surface area and the total pore volume are still appreciable at 

variance with samples prepared by template-free procedures.14-16  

The trend in Fig. 3.1 is in agreement with the generally reported lower surface 

energy of anatase with respect to rutile17,18 and with the consistent finding 

that the phase transformation to rutile occurs after the anatase grains have 

grown to a certain threshold size, of about 30-40 nm.19 Actually, during the 

hydrothermal step particle growth through Ostwald ripening can be expected 

to occur.20 When the growth occurs in the presence of a non-aggregated 

surfactant, the surface of the precursor particles is shielded from the 
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deposition of soluble Ti species by the presence of the surfactant film. The 

growth is slightly depressed, the particles remain smaller and stable 

supporting the formation of anatase. At higher concentrations, the micelles 

may act as carriers for the soluble Ti containing species promoting the growth. 

Further, the micelles may be, also, adsorbed at the surface of different 

particles and may therefore promote bridging phenomena leading to larger 

particles.  

These considerations are closely mirrored by the particle morphology shown 

in SEM micrographs (Fig. 3.2). In the case of the sample prepared in the 

absence of the surfactant (Fig. 3.2a) small spheroidal particles with an average 

size of about 30 nm grouped in raspberry-like aggregates can be appreciated. 

Instead, in the case of the sample grown at high DPC concentration (Fig. 3.2b) 

the particles are much larger, with sizes ranging from about 100 nm (single 

crystals) and to about 200-300 nm as the result of sintering between 

crystallites. The large particles in Fig. 3.2b reveal a particularly smooth surface. 

This effect is presumably the result of a surface annealing provoked by the 

heat released during the surfactant combustion. In the case of titania particles 

grown at high GS3 concentration, the shape of the aggregates remains 

spheroidal, characterized by a diameter of ~ 60-70 nm.  
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Figure 3.2. SEM micrographs of titania particles hydrothermally grown in absence of 

surfactant (a) and in presence of high concentration of (b) DPC (100 mM) and (c) GS3 

(30 mM), subsequently calcined at 600°C. 
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Mesoporosity 

The mesoporosity induced by micelles and further three-dimensional 

organization of both surfactants can be appreciated by the hysteresis loop of 

the nitrogen adsorptionςdesorption isotherm (Fig. 3.3), with respect to the 

reference material prepared without surfactant. The hydrothermal treatment 

in the presence of DPC micelles (cDPC = 25 mM, Fig. 3.3a) leads to titania 

particles with bottle-neck shaped pores mainly in the range of 6< d <10 nm 

(Fig. 3.4a), comparable with the average diameter of the globular DPC micelles 

(~ 4 nm).21  

 
Figure 3.3. N2 adsorptionςdesorption isotherms of TiO2 samples aged in different 

surfactant solutions and calcined at 600°C. a) DPC, b) GS3  
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When the particles are grown at surfactant concentrations higher than CMC, 

in the case of DPC the shape of hysteresis loops is similar to the reference 

sample, the total pore volume increases, but the fraction of desired 

mesopores is not significantly large. On the other hand, the presence of GS3 

cylindrical micelles and three-dimensional hexagonal arrangements (sketches 

in Fig. 3.4b) produces an increase of total pore volume at increasing surfactant 

concentration (Fig. 3.4b), especially the fraction of mesopores with diameters 

in the range 6< d <20 nm. The shape of the hysteresis loop is typical of open-

ended slit-shaped pores (Fig. 3.3a).  

 
Figure 3.4. Pore volume distribution of TiO2 samples after a) DPC and b) GS3 ageing as 

a function of surfactant concentration and calcined at 600°C. Insets: possible 

surfactant three-dimensional aggregations. 

 

A typical pore size distribution curve for the hydrothermally treated TiO2 in 

the presence of three-dimensional GS3 hexagonal arrangements is shown in 

Figure 3.5a. A fairly narrow size distribution, 6-20 nm, is achieved for the 

present sample at variance with the untreated one (calcined at 600 °C), which 

shows almost no porosity. This result indicates that the hydrothermal 

template treatment of the TiO2 particles leads to their aggregation with 

evolution of a mesoporosity probably arising from the template structure, 

which is successively thermally decomposed.  
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Part of the mesoporous structure can be appreciated in the HRTEM image of 

Figure 3.5b. 

 

 

Figure 3.5. Pore size distribution curve of (a) TiO2 bare particles and (b) after GS3 

ageing (30 mM) calcined at 600 °C (a). HRTEM image of GS3 hydrothermally treated 

and calcined sample (b). 

 

These results, together with the surface and morphological aspects, could be 
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ensuing calcinations step to large heats of combustion, particle sintering and 

an almost un-controlled mesoporosity. In the case of gemini, instead, the 

relevant surfactant/oxide interactions allow the templating function of the 

surfactant to significantly occur. Possible ordered hexagonal GS3 

arrangements may lead to lower surfactant/oxide ratio in the template 

growth, inherent in the rods vs globule structure, even if the GS3 surfactant is 

formed by double aromatic ring. This leads to a lower heat of combustion and 

to controlled particle shape, size and mesoporosity.  

3.3. Microemulsion-mediate titania: structure and 

morphology 

As expected, the crystallite size is slightly increased at increasing the 

calcination temperature (from ca. 8 nm to ca. 16 nm raising the temperature 

from 400 °C to 500 °C). All values are reported in Table 3.3, 2nd column. The 

qualitative phase identification shows the presence of anatase (mainly) and 

brookite in all specimens, with a low amount of rutile for some samples due to 

the calcination temperature higher than 400 °C. All diffraction lines(not 

shown) do not differ from those of sol-gel undoped sample (in the cases 

where a low amount of rutile is present, it is not detectable from the 

diffraction profile). 

Fig. 3.6a shows the comparison among three selected hysteresis loops relative 

to a sample obtained with LUTENSOL TO389 (T_L0.9), one obtained with 

TWEEN 80 (T_TW0.6L) and another one obtain by using TRITON X-100 

(T_TX1.2). The three isotherms are surely affected by the type of nitrogen 

source, though are all ascribable to type IV and the hysteresis loops seem to 

be H4 type (predominant slit-shaped pores), as in the case of undoped sol-gel 

sample named T and urea-doped samples (see paragraph 3.3.3). 

Because of sintering phenomena related to the calcination temperature (500 

°C) specific surface areas and pore volumes are lower than those obtained for 

samples calcined at 400 °C (see T_400N, T_TX1.2 and compare to samples 

presented in other sections): the only value well above 100 m2 g-1 refers to the 

sample obtained with TRITON X-100 which was calcined at 400 °C owing to 

the complete decomposition of the surfactant at that temperature. An easy 

comparison is that between samples T_400N and T_500N, which simply differ 

for the annealing temperature: the specific surface area drops from 136 down 
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to 68 m2g-1 when reaching 500 °C during calcination. Out of this trend is 

sample T_L0.3, which is indeed hardly comparable with the others owing to 

the high pore volume and significant presence of macropores (Fig. 3.7b). As 

for the pore size distribution, it is possible to observe from Fig. 3.7b that 

micropores are only present in samples calcined at 400 °C, while they almost 

disappear when the calcination temperature is 500 °C. Also the type of 

surfactant deeply affects the pore size distribution: apparently, TRITON X-100 

leads to oxides with very few macropores (>20 nm), which, in turn, are 

present in a large fraction in the samples obtained with either LUTENSOL 

TO389 or TWEEN 80. This result indicates that such microemulsion route leads 

to particle aggregation with evolution of a mesoporosity probably arising from 

the interparticle space. 

 

Table 3.3. Specific surface areas and total pore volumes (BET-BJH analysis), anatase 

crystallite size and phase composition (XRPD measurements - A=anatase, B=brookite, 

R=rutile) of titania samples obtained via reverse microemulsion route. 

Sample 
SBET 

(m2 g-1) 

Pore vol. 

(mL g-1) 

dA
101 

(nm) 
% A % B % R 

T_400N 136 0.301 8 66 34 - 

T_500N 68 0.208 16 77 23 0 

T_L0.3 89 0.468 12 94 4 2 

T_L0.6 68 0.205 14 88 10 2 

T_L0.9 71 0.179 12 97 0 3 

T_TW0.9 48 0.129 13 87 9 4 

T_TW0.6L 75 0.279 12 72 23 5 

T_TW0.8L 45 0.118 14 94 6 0 

T_TW0.09L 79 0.237 13 87 13 0 

T_TX1.2 125 0.218 8 77 23 0 
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Figure 3.7. N2 adsorption-desorption isotherms for selected samples (a) and pore size 

distribution of all titania samples (b) obtained via reverse microemulsion route. 

 

TEM images of TiO2 obtained by microemulsions are reported in Fig. 3.8 for 

selected samples (T_TX1.2 and T_TW0.6L). It can be observed that particles 

are fairly spherical, with a narrow size distribution that well agrees with the 

above mentioned results.  
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Figure 3.8. TEM images of samples T_TX1.2 and T_TW0.6L, obtained by a 

microemulsion route using a respectively a single surfactant, TRITON X-100, and two 

surfactants, namely TWEEN 80 and LUTENSOL TO389. 

3.4. N-doped TiO2  

Nowadays, nitrogen incorporation can be achieved by both physical and wet-

chemical synthetic methods (such as sol-gel synthesis, chemical treatments of 

the bare oxide, titanium nitride oxidation, sputtering with Ar-N2 gas, N ion 

bombardments at high energies, molecular beam epitaxial growth, chemical 
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vapor deposition, post-treatment by NH3 gas at elevated temperatures, spray 

pyrolysis and other super-critical methods).22-24 Given such a jungle of 

synthetic routes, materials with largely different properties are produced. 

Therefore, direct comparison and unifying photocatalytic conclusions are 

difficult to draw. 

In the following, XRPD and EXAFS detailed analyses will be presented for N-

TiO2 doped with triethylamine as N source, whereas, further on, a comparison 

among three different N sources (triethylamine, ammonia and urea) will be 

made focusing on the role of effect of the aging time (from the freshly 

synthesized powders to aged ones ς up to two months) on the prepared 

titania doped materials. 

The actual N contents in all N-doped samples presented hereafter were 

determined to be in the range 0.06ς0.09 wt.% (corresponding to 0.003-0.005 

molar ratio),  based on the CHN analysis; such values are comparable to those 

reported by Silija et al.25 It should be noted that the N/Ti atomic ratios 

determined by XPS analysis elsewhere26 range around 0.015ς0.022. These 

values are much lower (one order of magnitude) than the starting molar ratios 

adopted in the different synthetic routes and a little higher than those 

obtained by CHN analysis, thus indicating that most of the nitrogen is lost 

during the sample preparation. Triethylamine as a tertiary amine theoretically 

provides less nitrogen atoms to titania than the other adopted sources. As 

affirmed by Ananpattarachai et al., this information would suggest that the 

chemical composition (N content) of N-doped TiO2 largely depends on the 

molecular structure of the nitrogen dopant and the accessibility of nitrogen 

atoms to react with the titania precursor.27 However, more or less the same 

amount of N was found in all N-doped samples, lying in the range mentioned 

above. 

3.4.1. Structural features  

·wt5 ƛǎ ǿƛŘŜƭȅ ŀǇǇƭƛŜŘ ŦƻǊ ǘƘŜ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ ƳŀǘŜǊƛŀƭǎΩ ǎǘǊǳŎǘǳǊŜ ŀƴŘ 

microstructure. The Rietveld method28,29 and the WPPM (Whole Powder 

Pattern Modelling)30 are the state of the art tools for quantitative phase 

analysis and for microstructure studies. In close analogy to the structural 

refinement provided by the Rietveld analysis, WPPM is a general technique for 

microstructure refinement which consists in a simultaneous modeling of all 
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peak profiles of the diffractogram from single or multi-phase polycrystalline 

materials, without using arbitrary profile functions.  

A direct link between the chemical nature of the bulk nitrogen and the 

characteristics of the XRPD patterns has never been reported in the literature, 

probably because of the inherent difficulty in extracting reliable cell 

parameters for a mixture of nanopowders. To overcome this limitation, high-

resolution synchrotron radiation XRPD will be employed here, as they 

combine a high signal/noise ratio with a negligible instrumental contribution 

to the diffraction profiles. The analyzed samples are those doped with 

triethylamine with different initial N/Ti molar ratios (0.01-0.05-0.1-0.2-0.4-

0.5). 

Ti K-edge XAS data will also be employed in the following to get an 

independent experimental evidence about the environment of Ti in the 

lattice.  

Synchrotron Radiation XRPD data allowed a large portion of the reciprocal 

space to be accessed. This is of paramount importance for the analysis of 

nanocrystalline TiO2. Anatase and brookite were the only identified phases: 

the latter gradually reduces from 25% in the undoped sample to 10 % in the 

TN_0.50 one (Table 3.4). In Table 3.4 also morphological features (specific 

surface area and pore volume) taken from a previous work are listed.  

Sample % A % B SBET  (m
2 g-1) Pore vol. (mL g-1) 

T 75 25 171 0.44 

TN_0.01 77 23 163 0.28 

TN_0.05 77 23 130 0.48 

TN_0.10 77 23 120 0.10 

TN_0.20 83 17 98 0.02 

TN_0.40 84 16 90 0.01 

TN_0.50 90 10 87 0.04 

Table 3.4. Phase composition (XRPD measurements - A=anatase, B=brookite), specific 
surface areas and pore volumes (BET-BJH analysis) for the series of titania samples 
doped with triethylamine. 
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An example of X-ray powder diffraction pattern (sample TN_0.10) is shown in 

Fig. 3.9, with raw data and result of the WPPM. 

 

Figure 3.9. Powder X-ray diffractogram of sample TN_0.10: experimental points in 

black, the corresponding WPPM fitting curve in red and the point-by-point difference 

ōŜǘǿŜŜƴ άƻōǎŜǊǾŜŘέ ŀƴŘ ŎŀƭŎǳƭŀǘŜŘ ƛƴǘŜƴǎƛǘƛŜǎ ƛƴ ōƭǳŜΦ 

Microstructure (WPPM) model parameters were refined directly on the XRPD 

pattern assuming the domains being spherical and lognormally distributed. 

Dislocations were also considered to account for the observed anisotropy in 

the line profile broadening. Even if the fitting quality (see Fig. 3.10) is not 

extreme, residuals are well-centered around the peaks and they average to 

zero, i.e., cell parameter and intensity are fully matched, whereas the 

size/shape distribution is not perfect. The results suggest that the anatase 

domains increase with the N/Ti molar ratio and the brookite ones decrease, 

after reaching a maximum at nominal N/Ti=0.10 (Fig. 3.10). The domain size of 

anatase gradually increase from 4.8 nm for the undoped material to 5.8 nm 

for the TN 0.50 sample, while it seems that brookite reaches very small values 

ŦŦƻǊ ƴƻƳƛƴŀƭ bκ¢ƛ җ лΦнΦ  
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Figure 3.10. Average domain size for anatase <Da> and brookite <Db> as a function of 

the N/Ti initial molar ratio. 

High-resolution transmission electron microscopy (HR-TEM) pictures reported 

in a previous paper26 confirms the XRD conclusions in terms of average size 

and size uniformity. The tendency toward agglomeration increases by 

increasing the nitrogen content, showing a high particle superposition. 

Domains are well crystallized, even if the effects of the deformation field 

caused by the presence of dislocations can be observed. Quantities of 

dislocations in the powders are displayed in Fig. 3.11. The maximum is 

reached at nominal N/Ti = 0.1. This finding can be considered a possible 

explanation of the higher photocatalytic activity of sample TN_0.10, as found 

in a previous work.26  

 
Figure 3.11. Amount of edge dislocations found in N-doped powders by WPPM 

analysis of XRPD measurements as a function of the initial N/Ti molar ratio. 
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Cell parameters were also extracted from the WPPM analyses and are 

reported in Table 3.5. Some correlation seems to exist between cell 

parameters and refined eccentricity of the capillary. However, forcing the 

eccentricity to be the same, reduces the number of parameters (thus the 

correlations). The overall trend of the data is qualitatively similar: the largest 

variations occur for the c axis that initially shrinks and then elongates reaching 

a quasi-plateau for a nominal doping N/Ti greater than 0.2.  

Sample aanat 

(pm) 

canat 

(pm) 

abrook 

(pm) 

bbrook 

(pm) 

cbrook 

(pm) 
T 378.98(2) 944.7(2) 915.9(3) 545.8(2) 517.7(1) 

TN_0.01 379.06(2) 944.6(2) 915.7(2) 544.8(1) 517.80(9) 

TN_0.05 379.01(1) 945.7(1) 915.0(2) 545.2(2) 517.9(1) 

TN_0.1 378.88(1) 947.50(6) 916.0(2) 545.7(1) 517.77(9) 

TN_0.2 379.06(1) 948.51(6) 913.3(5) 543.6(4) 521.3(3) 

TN_0.4 379.05(1) 948.55(4) 920.1(1) 531.1(5) 526.8(6) 

TN_0.5 379.02(1) 949.08(4) 914.0(7) 543.3(5) 522.5(4) 

Table 3.5. Cell parameters of N-doped powders obtained by WPPM analysis of XRPD 

measurements: aanat and canat refer to anatase, while abrook, bbrook, and cbrook refer to brookite. 

Trend of the cell volume vs content of nitrogen is plotted in Fig. 3.12a,b for 

anatase and brookite, respectively. 
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Figure 3.12. Anatase (a) and brookite (b) cell volume as a function of the N/Ti initial 

molar ratio. 

The initial shortening of the c axis of the cell may be therefore attributed to a 

substitutional N-doping. Adding more nitrogen, promotes the transition to an 

interstitial position, expanding the cell along c. Saturation is eventually 

reached and a plateau is shown for the experimental data.  

In order to assess these conclusions on a secure footing, Ti K-edge XAS was 

successfully employed (see the following), though abundant line defects might 

have been problematic for the analysis of the EXAFS signal. 

3.4.2. N location in N-doped TiO2  

A challenging open question recurring in literature31 concerns the location of 

nitrogen in the lattice of N-TiO2. It is in fact still under debate whether the N 

anion in titania, generically labelled as Nb όάōέ ǎǘŀƴŘƛƴƎ ŦƻǊ ōǳƭƪ
32), is 

interstitial (Nint) or substitutional, i.e., it replaces an oxygen vacancy (N@O). 

While experimental characterization techniques failed in determining the 

exact location of N,31 DFT calculations,33 based on thermodynamic 

considerations under oxygen-rich conditions, have suggested N atoms to be 

preferably interstitially located in the lattice. However, these calculations have 

never been backed by experimental results. Also, it is still under debate 

whether other chemical species like NOx or NHx are present in bulk and why, 

in some cases, the photocatalytic performances become poorer by increasing 

N content, even if visible light absorption increases. Overall, the experimental 
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solid state picture of the N-doped titania remains scanty because detailed 

information about the crystal structure and the nature of the photoactive 

centers are still missing. 

A clear understanding of these issues is necessary to build up focused 

syntheses and to get future improvements of N doped titania photocatalytic 

performances. It is essential to know whether Nb is primarily interstitial or 

substitutional because the very different behavior of N in these sites will 

accordingly affect the material photocatalytic properties. Fig. 3.13, based on 

DFT calculations, helps in understanding this concept. It schematically 

represents the electronic structure of substitutional (left side) and interstitial 

(right side) N-doped titania.32 In the first case, after suitable irradiation, both A 

and B compounds are oxidized, whereas in the second case, only A is oxidized. 

Electron-hole recombination is more likely to occur in the interstitial case, 

because of the apparent band-gap narrowing induced by the N states, and any 

beneficial effect may vanish in this way. For these reasons, a rational 

comprehension of the synthetic route with the target of improved 

photocatalytic properties may be devised only if one is able to determine 

exactly the nature of the synthesis products, i.e., the location of the N atom 

within the lattice.  

 
Figure 3.13. Schematic photocatalytic oxidations with substitutional (left) and 

interstitial (right) N-ŘƻǇŜŘ ǘƛǘŀƴƛŀΦ ά!έ ŀƴŘ ά.έ  ŀǊŜ ƳƻƭŜŎǳƭŜǎ ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ŜƭŜŎǘǊƻƴƛŎ 

ŜƴŜǊƎȅ ƭŜǾŜƭǎΦ ¢ƘŜ ǎǳōǎŎǊƛǇǘ άhȄέ ǎǘŀƴŘǎ ŦƻǊ άhȄƛŘƛȊŜŘέ ŦƻǊƳ ŀƴŘ άwŜŘέ ŦƻǊ άwŜŘǳŎŜŘέ 

one. The dashed arrow indicates electron-hole recombination.  
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Several experimental techniques have been employed to understand where 

nitrogen is located in titania, reaching only partial conclusions. For example, X-

ray photoelectron spectroscopy of the N 1s electron is quite noisy due to the 

low dopant concentration and presents questionable attribution of poorly 

resolved peaks, which are the convolution of more than one signal 

component. Then, this technique is representative of the outer part (surface 

and subsurface electronic states) of the material, rather than the actual bulk 

one. On the other side, electron paramagnetic resonance, which can detect 

very low paramagnetic species concentrations, is not able to discriminate 

between interstitial and substitutional doping. The spin density on N indicates 

that both doping models may account for the observed species.33 X-ray 

Absorption Spectroscopy (and in particular EXAFS) is a promising alternative 

for the localisation of N, as it provides information on the local site symmetry 

and bond lengths. However, its potential in the field of doped titania has not 

been fully exploited yet.  

 

An introduction to EXAFS technique  

The dominant process in the X-ray absorption - at photon energies below 100 

keV - is the photoeffect, whereby the absorbed photon transfers its energy to 

the ejected photoelectron. The X-ray absorption coefficient for the 

photoeffect decreases smoothly with increasing photon energy. However, 

when the photon energy reaches one of the deep inner-shell ionization 

energies of the atom, a sharp jump (absorption edge) appears and marks the 

opening of an additional photoabsorption channel. Immediately above the 

absorption edge, in a range up to 1000 eV, a precise measurement of 

absorption shows rich fine structure superimposed onto the smooth energy 

dependence. This is the so called Extended X-ray Absorption Fine Structure 

(EXAFS), and the information is stored in the resulting oscillations, which 

derive from constructive and destructive interference seen as local maxima 

and minima.  

EXAFS spectrum measured above the absorption edge of a selected type of 

atoms contains scalar information on their local structure.34 This is due to the 

fact that at high energy in the continuum of electrons participating in EXAFS, 

the effect of neighboring atoms becomes small and electron states 

approximate to spherical waves that are simply scattered by such atoms.  
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In particular, EXAFS provides information about distanceǎ ōŜǘǿŜŜƴ άŎŜƴǘǊŀƭέ 

and neighboring atoms, local atomic coordination, the nature of neighboring 

atoms (chemical/oxidation state), as well as changes in central-atom 

coordination with changes in experimental conditions. Besides the advantage 

that it applies to any element, it works at low concentrations, thus a minimal 

amount of sample is required. 

By Fourier transformation (FT) of the measured EXAFS structure, the 

contributions of individual shells of atoms are separated visually. The peaks in 

FT magnitude spectra appear at the corresponding position of the i atom, ri. 

To obtain quantitative information on the local environment, i.e., number and 

species of neighboring atoms in a given shell, their distance from the 

absorbing atom and their thermal or structural disorder, the peak of interest is 

analyzed.  

Contrary to XRD, which provides long-range geometric information, EXAFS is a 

local probe. That is why it is often so useful to compare XRD and EXAFS 

results. However, this comparison should not be misleading: first of all, XRD 

measures interplanar spacing, while EXAFS - interatomic distances, and they 

are absolutely not the same if disorder is present.  

Absorption spectroscopy has seldom been used for the analysis of doped 

titania.35,36 For this oxide, literature works usually identify the presence of 5-

fold-coordinated species in the nanostructured anatase and rutile surfaces, 

with a shortening of the Ti-O first shell bond distance,37,38 which in some cases 

is identified as a result of the presence of Ti hydroxyl groups at the surface.37 

Pioneering tests on mesoporous N-TiO2 have shown that accurate average 

distances can be obtained between Ti and the octahedrally coordinated 

neighbors:35 a significant variation in bond distances was not found, even if 

the Ti coordination number effectively increased.35  

It has to be said that EXAFS analyses are not routine ones, mostly because of 

the complexity of the elaboration of raw data and to the source they require 

(usually synchrotron light). Especially for systems like nanocrystalline 

semiconductor oxides (i.e., TiO2, ZnO, etc.), they are definitely not among the 

most commonly used types of characterizations.  

Moreover, it should be stressed that the EXAFS amplitudes depend on several 

factors, other than the relative phase concentrations, such as the average 

coordination number (that may be different with respect to the 

crystallographic bulk structures), the amplitude reduction factor, and the 
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relative thermal motion of the neighboring atoms with respect to the probe 

element. As each of these parameters can assume different values for 

different phases, great care should be paid in providing quantitative estimates 

for the relative abundances of each phase from the EXAFS fitting results alone. 

In this thesis, the chemical environment surrounding the (heavy) Ti atoms is 

studied for a series of N-doped samples by combining Ti K-edge EXAFS with 

DFT calculations. Indeed, the N-doping effects to the bulk geometry have been 

computationally explored at different levels of theory.  

This can represent a general method for bulk characterization based on DFT 

and EXAFS joint approach, which can be extended to several systems. The 

main finding, as will be elucidated in the following, is that nitrogen substitutes 

oxygen at low levels of doping, whereas interstitial sites are preferred at 

higher concentrations. The possibility of achieving these results, together with 

results themselves, may pave the way to reinterpret photocatalytic data and 

properties in view of tailored syntheses with different N content and N lattice 

sites.  

Home-made titania nanoparticles synthesized via wet chemistry with nominal 

N/Ti molar ratio ranging from 0 to 0.5 have proved to posses photocatalytic 

activity that changes dramatically according to the initial N content. Such a 

wide concentration range is necessary for catching how gradually doping sets 

in.  

 

DFT 

In order to have a fair comparison between EXAFS results and DFT 

calculations, first principles periodic boundary supercell calculations were 

performed by Dr. M. Ceotto (Università degli Studi di Milano) and arranged in 

such a way to reproduce the whole N/Ti molar range of the experimental 

samples. A realistic supercell arrangements for DFT calculations ranged from 

48 up to 162 atoms. For the Ti54O108 supercell, reciprocal space sampling was 

restricted to the ɱ-point, which is justified due to the rather large size of the 

used simulation supercells. For the Ti16O32 one, instead, a 5³5³5 Monkhorst-

Pack39 k-point mesh was adopted. In a symbiotic EXAFS and DFT approach, it 

was advisable to switch from the usual point of view based on a primitive or 

crystallographic cell to a less common one, where the fundamental unit is 

represented by Ti (the scatterer) and its nearest neighbors (oxygen and 
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nitrogen). In anatase, these atoms make up a Ti-centered octahedron. In order 

to put theory on a solid footing, DFT calculations were performed with PAW as 

well as LCGTF bases.  

 

Atom centerd Gaussian DFT (all-electron and pseudopotential)  

Solid-state calculations based on the atom-centered linear combination of 

Gaussian-type functions (LCGTF) were performed by Dr. L. Lo Presti 

(Università degli Studi di Milano) to optimize both pure and defective 

TiO2 anatase. CRYSTAL06 code was adopted with triple-zeta basis sets 

previously optimized for calculations of inorganic solids40,41 and both spin-

polarized B3-LYP42-44 and PBE045,46 hamiltonians. To speed up convergence, the 

frozen-core Stuttgart-Dresden ECP10MDF pseudopotential47 was applied to Ti 

atoms in all the Nint interstitial solid state optimizations. Eventually, the 

starting electron populations on Ti, O and N were always chosen so that the 

crystal cell was always electrically neutral. The crystal structure (atom 

coordinates and lattice parameters) was iteratively refined until a minimum 

was found on the potential energy surface, i.e., until the root-mean-square 

(RMS) of gradients and estimated atomic displacements, as well as their 

absolute values, fall below a given threshold. An 8x8x8 Monkhorst-Pack k-

mesh was adopted for undoped TiO2, whereas a broader net of 4x4x4 points 

was employed for defective structures.  

For all the Nint_p interstitial calculations, the frozen-core Stuttgart-Dresden 

ECP10MDF pseudopotential47 was applied for Ti atoms, while the all-electron 

basis sets reported above were always applied to lighter non-metal N and O 

atoms. Other program specifications remained the same as for the all-electron 

calculations, with the only exception of the tolerances on the maximum 

atomic displacement and the corresponding root mean square parameter. It 

should be noted that such a choice significantly (~ 50 %) reduces the 

computational time required for crystal structure optimizations, providing on 

the other hand structural results of comparable quality with respect to the all-

electron ones. In other words, adopting a Stuttgart-Dresden pseudopotential 

for Ti in TiO2 can be a reasonable strategy to significantly reduce the 

computational cost without losing accuracy. The results discussed in the main 

text are relative to the all-electron outcomes, with the only exception of 

B3LYP and PBE0 optimizations of the interstitial N-doped structure in Pm 
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symmetry, where the pseudopotential approximation was chosen to speed up 

the convergence up to an affordable time.  

More details on this part of the computational setup can be found in the 

related published paper.48  

 

XANES vs XPS analyses 

Pre-edge X-ray absorption near-edge structure (XANES) features are known to 

be sensible to the local environment of the absorbing species. The pre-edge 

part of the XAS spectra and the X-ray Photoelectron Spectroscopy (XPS) 

techniques can be both employed to gain insight into the different oxidation 

states of the metal present in the examined specimens.  

 
Figure 3.14. Ti 2p XPS region for TN_0.10 and TN_0.50 samples. 

The combined inspection of the XPS and the pre-edge part of the XAS spectra 

enables to conclude as follows: (i) the so-called A2 features, i.e., shoulders 

among peaks A1 and A3 just below the Ti K-edge, are clearly visible in all our 

samples. In the Literature, they are usually related to the presence of surface 

5-coordinated Ti;49,50 (ii) this evidence is consistent also with the picture 

provided by XPS spectra, where a broad shoulder in the 455-458 eV range is 

detected for the TN_0.50 sample, indicating the occurrence of defective Ti(IV-
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)ɻ species - interestingly, the TN_0.10 spectrum does not show any feature 

attributable to Ti3+ species (Figure 3.14); (iii) due to the occurrence of 

significant lattice distortions, in turn ascribable to various reasons, a trend is 

not clearly recognizable in the intensity of the XANES signals, i.e., no obvious 

relationships there exist that allow to correlate the intensity of the pre-edge 

peaks with the amount of nitrogen content (Figure 3.15). In any case, as the 

A2 feature is clearly already present in the undoped specimen, it is likely not 

directly related with bulk nitrogen dopant. On the other hand, post-edge 

EXAFS fitting, together with PAW and LCGTF periodic simulations, provided 

satisfying and more detailed information on the nature of bulk nitrogen in 

anatase. 

 
Figure 3.15. Normalized Ti K-edge absorption curves in the pre-edge (XANES) region of 

the spectra for six TiO2 samples with various N/Ti nominal molar ratios. Specific 

absorption features are labeled according with the literature
49

. 

 

EXAFS analysis 

Figure 3.16 summarizes, both in the real and k spaces, the overall matching 

among data and least-square model functions.  
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Figure 3.16. Fitted magnitude of the forward EXAFS Fourier transform (left) and 

corresponding fitted k
2
-weighted Ti K-edge EXAFS spectra (right) of six TiO2 samples 

with various initial N/Ti molar ratios. Blue curves: experimental data; red curves: least-

squares fitting; green curves: least-square estimate of the background.  

Fig. 3.17 shows the normalized background-corrected Ti K-edge absorption 

curves for the whole set of specimens. The pre-edge peaks are the same in all 

cases and are compatible with the presence of anatase. 
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Figure 3.17. Background-corrected and normalized Ti K-edge absorption curves for 

undoped and several N/Ti  molar ratio. 

 

To obtain accurate information on the nearest neighbors of Ti (oxygens), the 

EXAFS data were modeled both considering just the first scattering paths (O 

and Ti nearest neighbors) and extending the analysis by including 22 

scattering paths. An average anatase cell geometry was employed because of 

the similar electronic structure of oxygen and nitrogen. Analogous results 

were obtained in both cases for the first-neighbor distance, the errors being 

lower with the larger set of paths.  

Figure 3.18a shows the final estimates for the average axial and equatorial 

first shell Ti-O distances in the anatase structure (scheme in Fig. 3.18b ς 

oxygen atoms are numbered as in the following figures, namely Fig. 3.19 and 

Fig. 3.20). The numerical entries corresponding with data reported in Figure 

3.18a can be found in Table 3.6, whereas the complete list of the fit results, 

together with final statistical agreement factors, can be found in the 

Supplementary Materials of ref [48]. Even if the estimated standard deviations 

are quite high with respect to the observed range of variation, especially for 

<Ti-O>axial distances, a clear trend appears. In particular, <Ti-O>equatorial remains 

basically constant throughout the overall doping range, whereas <Ti-O>axial 

undergoes a ca. 0.1 Å reduction when the doping nitrogen exceeds the 

nominal 0.1 N/Ti molar ratio. Then, it remains constant up to the maximum 

dopant concentration.  
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Figure 3.18. a) Average axial (blue triangles) and equatorial (red circles) Ti-O distances 

within the first coordination shell of titanium as a function of the N-doping extent. The 

error bars correspond to 1 estimated standard deviation; b) Crystallographic 

tetragonal unit cell of the TiO2 anatase structure, with the distorted octahedral 

coordination of oxygen atoms (red spheres) around the Ti ions (grey spheres) 

highlighted.  

 

N/ Ti  

molar ratio 
0.00 0.05 0.10 0.20 0.40 0.50 

<dTi-O>axial  1.99(5) 1.99(3) 2.03(3) 1.97(3) 1.92(3) 1.92(3) 

<dTi-O>equatorial  1.82(1) 1.83(1) 1.80(1) 1.83(1) 1.84(1) 1.83(1) 

Table 3.6. Ti-K edge EXAFS estimates of the average Ti-O distances (in Å) within the 

first coordination shell in pristine and N-doped nanostructured crystalline TiO2 

samples (anatase phase). Estimated standard deviations are reported in parentheses. 

 

In other words, it is possible to distinguish between a low N/Ti doping regime 

from a high one, by inspecting the average distances of the Ti first 

coordination shell. The first doping region goes from pure TiO2 to 0.10 N/Ti 

molar ratio: here, the ligand geometry around Ti is invariant with respect to 

the pure sample. The other relevant region appears when 0.4 ¢ N/Ti nominal 

¢ 0.5, and it is characterized by a significant reduction of the average Ti-O axial 

distances with respect to the low doping regime. In details, the average value 

a) 
b) 
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of the Ti-O distance (<dTi-O>axial) among 0 and 0.1 N/Ti nominal molar ratio 

(first three columns of Table 3.6) is as large as 2.03(3) Å, to be compared with 

the axial distance evaluated by averaging the entries among 0.4 and 0.5 N/Ti 

doping concentrations (last two columns in Table 3.6), 1.92(3) Å. The entry in 

Table 3.6 corresponding to the 0.2 N/Ti ratio appears to be somewhat 

intermediate between these two limit situations, with <dTi-O>axial = 1.97(3) Å.  

It should be stressed that the values reported in Figure 3.18a and Table 3.6 

are not directly comparable with crystallographic results, since EXAFS, as said 

before, is sensible to the local environment around titanium and it is not able 

to provide information on the long-range structure. In this context, we use 

this technique to estimate the relative, average degree of distortion with 

respect to the undoped nanostructured material. As the presence of brookite 

is taken into account in the fitting procedure of the experimental signals, such 

local distortions of the anatase structure should be indirectly related to the 

amount of lattice nitrogen, and most importantly, to the preferential doping 

type (substitutional or interstitial) of N atoms for each specific doping 

concentration.  

 

Titania DFT modeling 

Possible substitutional and interstitial N-doping of the octahedron are 

represented in Fig. 3.19. The calculated distances between Ti and neighbors in 

stoichiometric anatase are reported in the second column of Table 3.7. The 

axial oxygen atoms are at 2.00 Å distance, while all the equatorial ones are at 

1.94 Å. Then, it was possible to simulate how the shape of the octahedron 

changes under both substitutional and interstitial doping.  
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Figure 3.19. Nearest titanium neighbors: (a) and (b) for substitutional N doping, (c) 

and (d) for interstitial ones. 

 

Even if (a) and (b), as well as (c) and (d), geometries look different for a single 

octahedron, they are potentially the same in a supercell periodic framework. 

Actually, the (a) substitution is equivalent to (b) (and (c) to (d)) when the 

neighboring Ti atom is taken as the octahedron center. Substitutional doping 

preserves the octahedral symmetry and the bond distances of the original 

anatase phase, as shown in Fig. 3.19.  

Distances are reported in Table 3.7 (3rd column) for the equatorial oxygen 

atom substitution and (4th column) for the axial one, at three different levels 

of DFT calculations. In all cases the Ti neighbor-atom distances are almost 

unchanged: equatorial ones are on average equal to 1.94 Å and the axial ones 

are on average equal to 2.03 Å.  

Despite the well-known differences among the LCGTF and PAW approaches, it 

is important to note that the LCGTF perfectly reproduces the PAW DFT and 

the experimental findings on the coordination geometry around Ti.  

The picture changes dramatically in the case of interstitial doping. On panel (c) 

of Fig. 3.19, the interstitial doping occurs at the equatorial region. The 

octahedral symmetry is broken and the distances, except one, are increased, 

with an average value around 2.00 Å. The exception is due to the O3 atom, 

which is trans-equatorial with respect to O4 and quite distant from the 

interstitial nitrogen. Therefore, it is less affected by changes of the bonding 

network around titanium.  

As reported in Fig. 3.19d, axial distances are very much elongated, whereas 

equatorial ones are left almost unchanged. This geometry could resemble the 

undoped one. However, it should be noted that geometry reported in panel 

(d) of Fig. 3.19 is the same as (c), if taken from another point of view. In other 
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words, both geometries are present in the case of interstitial N-doping. Thus, 

the octahedral is broken for the geometry in panel (d) of Fig. 3.19 as well.   

Bond Undoped N @ O eq. N @ O ax. Nint eq. Nint ax. 

Ti-O1 
2.00/2.00

/1.981 

2.01/2.04/

2.02 

2.03/2.03/ 

2.00 

2.00/2.04/  

2.02 

1.89/1.85/ 

1.85 

Ti-O2 
2.00/2.00

/1.98 

2.01/2.01/

1.99 
- 

1.97/1.96/ 

1.94 

2.37/2.38/ 

2.35 

Ti-O3 
1.94/1.95

/1.94 
- 

1.93/1.94/ 

1.93 

1.90/1.91/ 

1.90 

1.94/1.96/ 

1.95 

Ti-O4 
1.94/1.95

/1.94 

1.94/1.94/

1.92 

1.93/1.94/ 

1.93 

2.12/2.13/ 

2.11 

1.94/1.96/ 

1.94 

Ti-O5 
1.94/1.95

/1.94 

1.93/1.94/

1.93 

1.94/1.95/ 

1.94 

1.98/2.04/ 

2.02 

1.94/1.95/ 

1.94 

Ti-O6 
1.94/1.95

/1.94 

1.93/1.94/

1.93 

1.95/1.95/ 

1.94 

1.99/1.99/ 

1.98 

1.94/1.95/ 

1.94 

Ti-N - 
1.96/1.98/

1.96 

2.08/2.10/ 

2.09 

2.08/2.06/ 

2.04 

2.33/2.48/ 

2.42 

N-O - - - 
1.34/1.37/ 

1.36 

1.34/1.37/ 

1.36 

Table 3.7. Ti nearest neighbors DFT distances. 
1
First PAW calculations with PBE, 

second and third for LCGTF with B3-LYP and PBE0 Hamiltonians, respectively. άŜǉΦέ 

ŀƴŘ άŀȄΦέ ǎǘŀƴŘ ŦƻǊ άŜǉǳŀǘƻǊƛŀƭέ ŀƴŘ άŀȄƛŀƭέΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ The last four columns refer 

to cases a,b,c,d of Fig. 3.19.
 

For a more realistic modeling, one needs to consider the effect of the 

presence of vacancies in the local geometrical arrangement. Then, the 

purpose is to see how the original octahedral geometry changes by placing a 

vacancy at one of the oxygen atoms both with and without the presence of N-

dopant. The arrangement where both O-vacancy and dopant are located in 

the same octahedron is quite rare, because the actual dopant bulk 

concentration has been estimated to be very small. Nevertheless, such an 

eventuality cannot be excluded, as in nanostructured materials the surface-to-

bulk atom ratio is significantly higher with respect to conventional bulk 
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compounds. Moreover, the eventuality that some kind of defect clustering51 

could take place within the lattice cannot be a priori neglected.  

Figure 3.20. Nearest Ti neighbors in the presence of an oxygen vacancy: (a) and (b) for 

axial and equatorial substitutional N doping, respectively; (c) and (d) for the equatorial 

and axial interstitial N doping, respectively. Geometries (e) and (f) for undoped axial 

and equatorial vacancy, respectively. 

Figure 3.20 reports the PAW-DFT equilibrium geometries for the concomitant 

occurrence of N-doping and O-vacancy around the same Ti ion, as well as for 

only O-vacancy. In geometries (a) and (b), the N-dopant atom is located 

respectively at equatorial and axial substitutional location, while the oxygen 

vacancy is respectively axial and equatorial. In geometry (a) the original 

octahedral shape is preserved, whereas in (b) the Ti-N axis is tilted with 

respect to the original octahedral axis in such a way to compensate for the 

equatorial oxygen vacancy. Geometries (c) and (d) represent the interstitial 

type of doping: in (c) the dopant is originally located at the equator and the 

vacancy at the axes, in (d) viceversa. From Fig. 3.20c, one can see how, during 

the DFT optimization procedure, the NO moiety (see Fig. 3.19c) migrates to 

compensate the O-vacancy by placing the oxygen next to the axial vacancy. 

Similarly, in Fig. 3.20d, the original axial NO moiety (see Fig. 3.19d) has 

arranged in a way to place the oxygen next to the equatorial vacancy. In 
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geometries (e) and (f) no dopant is present and the vacancy is located in axial 

and equatorial location, respectively. 

For a better comparison, the distances between the central Ti atoms and the 

nearest neighbor-atoms are reported for the undoped (Fig. 3.20e-f) and 

doped (Fig. 3.20a-d) cases in Table 3.8. For the undoped defected octahedron 

(Fig. 3.20e-f and 2nd, 3rd columns of Table 3.8), the axial distances are reduced 

and are quite similar to the equatorial ones, which are left unchanged. In 

these cases one would observe a single set of distances, located at the 

equatorial anatase value. On the 4th column, the distances of the geometry in 

Fig. 4.20a for a substitutional doping at equator are reported: the equatorial 

distances are left unchanged, while the axial one is greatly reduced. As 

reported on the 5th column of Table 3.8, the axial distance is left invariant and 

the average equatorial one is slightly shorter, because the dopant is 

substitutionally located at the equator and an O-vacancy at the axis. Thus, in 

the case shown in Fig. 3.20b, the two sets of distances of the original anatase 

are almost unchanged. When the interstitial doping occurs, one can observe 

shorter equatorial and unchanged axial distances when the vacancy is placed 

on the axes, as reported in the 6th column of Table 3.8. Finally, in the last 

column the distances of Fig. 3.20d are almost identical with the ones of the 

last column in Table 3.7: the equatorial distances are unchanged, while the 

axial one are elongated in the case of Ti-N distance and shortened for Ti-O. 

Bond 
Undoped 

ax. vac. 

Undoped 

eq. vac. 

N@O 

eq. 

N@O 

ax. 
Nint eq. Nint ax. 

Ti-O1 X1 1.92 X 2.03 2.03 1.88 

Ti-O2 1.86 1.96 1.88 - X X 

Ti-O3 1.93 X - 1.93 1.93 1.93 

Ti-O4 1.92 1.81 1.90 1.93 1.93 1.93 

Ti-O5 1.90 1.92 1.94 1.81 1.81 1.94 

Ti-O6 1.90 1.91 1.94 X 1.81 1.94 

Ti-N - - 1.90 1.90 1.90 2.24 

NO - - - - 1.46 1.46 

 

 
Table 3.8. Ti nearest neighbors PAW-DFT distances for oxygen defected octahedron. 
1
· ƛƴŘƛŎŀǘŜǎ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƻȄȅƎŜƴ ǾŀŎŀƴŎȅΦ άŜǉΦέΣ άŀȄΦέΣ ŀƴŘ άǾŀŎΦέ ǎǘŀƴŘ ŦƻǊ 

eǉǳŀǘƻǊƛŀƭέΣ άŀȄƛŀƭέΣ ŀƴŘ άǾŀŎŀƴŎȅέΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ ƭŀǎǘ ŦƻǳǊ ŎƻƭǳƳƴǎ ǊŜŦŜǊ ǘƻ ŎŀǎŜǎ 

a,b,c,d of Fig. 3.20. 
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A rare configuration is achieved by placing both N doping and oxygen vacancy 

at equators. Would the picture have changed? Specifically, if both the N 

substitutional doping and oxygen vacancy had been equatorial, this would 

correspond to originally have two nearest neighbor vacancies. Instead, if the 

interstitial doping and oxygen vacancy had been equatorial, then the nitrogen 

would migrate into the vacancy (as can be seen from DFT calculations) and the 

arrangement would be equivalent to a substitutional equatorial doping. 

 

EXAFS and DFT comparison / joint discussion  

When trying to compare the EXAFS results with the DFT calculations, it should 

be remembered that EXAFS signals contain an average picture of the 

specimen, accounting for both doped and undoped regions. Thus, for a more 

realistic modeling, Table 3.9 reports the average equatorial versus axial 

distances values calculated from the PAW-PBE results in Table 3.7 and 3.8, 

since EXAFS results clearly allow us to make the equatorial-axial distinction. As 

ŦƻǊ ƛƴǎǘŀƴŎŜΣ ǳƴŘŜǊ ǘƘŜ ŎƻƭǳƳƴ ƭŀōŜƭŜŘ άbϪhέ ǘƘŜ ŀǾŜǊŀƎŜ ƻŦ ŀƭl PBE 

equatorial Ti-nearest neighbor atoms taken from the 3rd and 4th columns of 

Table 3.7 is reported. This would be the EXAFS result if all Ti centers 

experienced a nearest-neighbor substitutional doping. Surely this is never the 

case and the EXAFS signal would presumably be an average (with different 

weights) among all possible scenarios reported in Table 3.9. The point is to see 

how the weight of each scenario changes with N content. 

Distances (Å) Undoped N@O Nint 

Undoped 
and  

O-vac. 

N@O  
and 

O-vac. 

Nint   

and 
O-vac. 

<Ti-O(N)>equatorial 1.94 1.94 1.98 1.90 1.91 1.90 

<Ti-O(N)>axial 2.00 2.03 2.11 1.91 1.94 2.05 

Table 3.9. Averaged Ti nearest neighbors (including N) from PAW-DFT distances in 

Tab. 3.7 and 3.8. άǾŀŎΦέ sǘŀƴŘǎ ŦƻǊ άǾŀŎŀƴŎȅέ 

 

Table 3.9, 3rd column, reinstates that the original octahedral distances are 

invariant when substitutional doping is predominant. Instead, if the interstitial 

doping prevailed, one should observe elongated axial distances (see 4th 

column). The creation of O-vacancies strongly affects the original octahedral 
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geometry, since distances become almost degenerate, as reported in the 5th 

column. Then, taking into consideration that doping happens to be within the 

same octahedron where an O-vacancy has been created, then the equatorial 

and axial distances are about the same when the doping is substitutional (6th 

column). Instead, last column, axial distances are elongated and equatorial 

ones shortened when it is the interstitial to share the same Ti center as the O-

vacancy. As said above, a realistic picture includes all the different kind of Ti 

centers presented in Table 3.9. However, column 6th and 7th  are clearly less 

frequent because they refer to a doping scenario where the dopant N atom 

and the O vacancy are both located near the same Ti atom. Although such a 

situation cannot be excluded a priori even if the O vacancies are few and 

randomly distributed, it is clear that it should become really significant only 

when the concentration of vacancies is very high. Therefore, columns 6th and 

7th of Table 3.9 should be considered as limiting scenarios, corresponding 

respectively to (i) predominant substitutional N and (ii) predominant 

interstitial N together with the presence, in both cases, of high vacancy 

concentration. 

The averaging over all possible scenarios confirms that the original anatase 

octahedral distances are unchanged only when substitutional doping prevails. 

Instead, the starting geometry would not be preserved if interstitial doping 

became dominant or O-vacancies concentration is significantly increased with 

respect to the original undoped sample. EXAFS averaged distance results show 

that there are much less Ti centers that experience a nearest-neighbor O-

vacancy than a stoichiometric arrangement in the undoped sample, as 

reasonable. The original anatase octahedral geometry is preserved for doping 

below or equal to ca. 0.1 N/Ti initial molar ratio. By comparing the EXAFS 

results with all possible DFT scenarios in Table 3.9, one can safely deduce that 

N-doping is either superficial or bulk substitutional up to ca. 0.1 N/Ti initial 

molar ratio.  

Instead, the scenario at higher dopant concentration is more complex. By 

increasing the dopant content, this geometry is significantly changed because 

some distances are elongated. Thus, with the help of theoretical calculations, 

it can be concluded that the doping is mainly substitutional at low 

concentration and then gradually interstitial sites are filled. This is in 

agreement with the conclusions reached using XRD data and related DFT 

considerations. 
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The decrement of axial distance observed by EXAFS can be explained by DFT 

calculations by assuming an indirect N-doping effect which increases the 

number of O-vacancies. According to DFT calculations, only the generation of 

O-vacancies can induce such an average axial distance shrinking (see the 

'Undoped and O vacancy' column of Table 3.9). The same calculations allow 

for a concomitant N-doping increase: this can be either substitutional or 

interstitial, since both the N@O and Nint scenarios (see the 3rd and 4th columns 

of Table 3.9) are possible when O-vacancies predominate. At this level it is not 

possible to distinguish if the N-content is either substitutional or interstitial. 

The contemporary occurrence of a nitrogen atom and an oxygen vacancy near 

the same metal center (last two columns of Table 3.9) are considered quite 

remote possibilities.  

In the light of theoretical simulations, EXAFS results point towards a picture 

where N-dopant atoms are present together with higher concentration of 

oxygen vacancies as doping increases. This finding is in line with results 

obtained by an independent set of experiments about electronic features of 

titania:52 as it will be exposed in the following chapter, quasi-Fermi levels are 

almost invariant under N-doping and the amount of N-dopant, that acts as an 

electron acceptor, is always less than the O-vacancy concentration. The 

confirmation of the presence of O-vacancies can be supported also by XPS 

analyses in the Ti 2p region, with the presence of Ti3+ as a shoulder of the Ti4+ 

main component for the case of TN_0.50 (Fig. 3.14).  

As far as photocatalysis is concerned, EXAFS data allowed us to have a direct 

interpretation of previous mineralization results of methylene blue.26 In this 

case, the 0.05 N/Ti sample generated a 33 % improvements and the 0.1 a 133 

% one, given the same surface area. Therefore, it can be safely asserted that 

only moderate interstitial N doping can considerably improve photocatalysis 

of methylene blue under solar irradiation.  

 

Influence of the polymorphs 

One may wonder if this distance change detected by the EXAFS experiments 

can be induced by a change of composition ratio between anatase and 

brookite that N doping generates.  

Actually, brookite geometry is such that the Ti-O distances of the octahedron 

Ŏŀƴ ōŜ ŘƛǾƛŘŜŘ ƛƴǘƻ ǘƘǊŜŜ ƎǊƻǳǇǎΦ ¢ǿƻ ŘƛǎǘŀƴŎŜǎ ŀǊŜ ŀǊƻǳƴŘ мΦус *Σ ƻǘƘŜǊ ǘǿƻ 
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ŀǊƻǳƴŘ мΦфр * ŀƴŘ ǘƘŜ ƭŀǎǘ ǘǿƻ ŀǊƻǳƴŘ нΦло *Φ ²Ŝ ŜȄŎƭǳŘŜ ǘƘŀǘ ǘƘŜ ōǊƻƻƪƛǘŜ 

component is inducing the reported distances change because its component 

gradually decrease from 23 % in the undoped samples to a 10 % in the 0.5 

N/Ti sample. If the brookite component was highly influencing the EXAFS 

analysis, clear axial and equatorial distances for the undoped sample should 

have been found. It is possible that part of the brookite signal was taken as 

part of the background signal included in the modeling for the undoped 

samples and this limited any spurious effect. This change could not justify the 

observed drastic change in the EXAFS signal, not only because it is of the order 

of the reported error bar, but also owing to the fact that the EXAFS signal 

changes abruptly at nominal 0.1 N/Ti, while the change in brookite content is 

modest and gradual. 

Rutile polymorph content is excluded based on the relative low calcination 

temperatures. 

 

Thermodynamics considerations 

Can thermodynamics predict the sequence where first substitutional doping is 

followed by the interstitial one?  

{ƻƳŜ ŀǳǘƘƻǊǎ ŎƭŀƛƳ ǘƘŀǘ ǘƘŜǊŜ ŀǊŜ άǎƻƳŜ ŜǾƛŘŜƴŎŜǎ ŦƻǊ ŀ ǇǊŜŦŜǊŜnce for 

ƛƴǘŜǊǎǘƛǘƛŀƭ ǎƛǘŜǎέ33 and that interstitial doping may occur first, based on 

theoretical thermodynamics considerations.22,32,33 However, these calculations 

take the crystal titania as the thermodynamic reference, while this is not the 

case in the majority of the syntheses. Actually, inclusion of  nitrogen is 

concomitant with TiO2 synthesis, which already starts during the gel formation 

at room temperature. Subsequent calcination at T = 400 °C is not able to 

reinstate a full thermodynamic equilibrium to a perfect crystal and to validate 

the above energetic considerations. 

By DFT calculation it was possible to determine the N-doped titania formation 

energy starting from stoichiometric titania.  

In the case of a perfect crystal semiconductor, energy differences and the 

molecular oxygen and nitrogen chemical potentials involved by theoretical 

DFT calculations using both a 2x2x2 and a 3x3x3 supercell were evaluated. 

Since nanoparticles were calcined under O2(g) stream, oxygen rich conditions 

have been taken for evaluating the oxygen chemical potential. Considering 

that doping is thermodynamically inefficient, the interstitial doping resulted to 

be the more probable one by 0.42 eV for a 2x2x2 set-up and 0.84 eV for a 
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3x3x3 primitive supercell. Remarkably, the Stuttgard-Dresden pseudopotential 

LCTGF calculations on a 2x2x2 primitive supercell also find the interstitial 

doping scenario to be the most favorable one by 1.96 eV (2x2x2 primitive 

supercell, PBE0 hamiltonian).  

The same conclusions do not necessarily apply to the more realistic defected 

crystal as starting point. In this case, however, the interstitial doping is still 

found to be more probable by both plane wave (0.41 eV for a 2x2x2 set-up 

and 0.84 for a 3x3x3 one) and LCTGF (1.96 eV) methods. Still, referring to a 

sol-gel synthesis to which is added the N source, it is not correct to consider 

the reactant as perfect or partially defected crystals. Indeed, inclusion of 

nitrogen is concomitant with TiO2 formation, when it is under a gel phase. 

Subsequent 400 °C calcination may not be able to reinstate a full 

thermodynamic equilibrium and validate the above energetics considerations. 

The reasons why the substitutional doping should be favored, even under 

oxygen rich conditions,22,32 may lay on the kinetic barrier involved in breaking 

the octahedral shape. In other words, interstitial doping pays a higher kinetic 

price than substitutional one, as contemplated by the EXAFS data up to ca 0.1 

N/Ti nominal molar ratio. A set of DFT calculations on vacancies, interstitial 

and substitutional nitrogen migration has shown that kinetic barriers change 

drastically depending on the bulk set-up.53 As far as the oxygen vacancies 

creation is concerned, these are favoured under N doping likely because of 

the electron transfer from an F center (or Ti3+ state) to a midgap N electronic 

state.52,54-56  
 

3.4.3. Morphology and structure of N-TiO2 from different N sources 

X-ray diffraction data show the presence of anatase and brookite polymorphs 

for all samples, with the former as the predominant one (Table 3.10, 2nd and 

3rd columns). From the most intense reflection (101) of the TiO2 anatase 

phase, the average diameter of the crystallites, dA101, (Table 3.10, 4th column) 

was estimated to be about 7-8 nm, thus not differing significantly for undoped 

and doped samples.26  
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Sample % A % B dA
101 (nm) SBET (m

2 g-1) Pore vol. (mL g-1) 

T 70 30 7 165 0.34 

TN_TEA 78 22 8 114 0.04 

TN_urea 74 26 7 162 0.30 

TN_NH3 77 23 8 149 0.20 

Table 3.10. Specific surface areas and pore volumes (BET-BJH analyses), average 

diameter of the anatase crystallites and phase composition (XRPD - A=anatase, 

B=brookite) for N-TiO2 from three different N sources (triethylamine, ammonia and 

urea, nominal N/Ti molar ratio = 0.1). 

 

Fig. 3.21a and 3.21b shows the HR-TEM images of undoped and TEA-doped 

TiO2, respectively. The latter has been selected as representative for all N-TiO2 

samples since no significant differences could be detected among the doped 

oxides. The micrographs show only a few isolated particles in the powders, 

which indeed show some degree of aggregation. As reported in a previous 

work,26 the tendency to superposition is noticeable. All domains are well 

crystallized, though the presence of defects (dislocations mainly) and the 

related deformation field effects are not entirely negligible. Fig. 3.21b exhibits 

that NςTiO2 particles are approximately in the range of 5-8 nm, similar to the 

NςTiO2 made by solςgel method by other authors.57 Caratto et al.58 found the 

shape of ammonia-doped TiO2 to be more angular and a little more elongated 

respect to the undoped, without evidence that the increase of the NH3 

concentration modifies the crystallization process, the shape and dimensions 

of nanoparticles.  
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Figure 3.21. HR-TEM images of bare TiO2 (a) and TN_TEA (b) as representative sample 

for nitrogen doping. 

5 nm

a)

b)

5 nm



 

117 3.     Basic Characterizations 
 

BET-BJH analysis 

Unlike the above mentioned features of our doped powders, the shape of the 

N2 adsorption-desorption hysteresis loops is deeply affected by the type of 

nitrogen source (Fig. 3.22a): they change from H4 type (predominant slit-

shaped pores) in the case of the undoped and urea-doped samples, as also 

found by other authors,25,59  ǘƻ ŀ ǇǊŜǾŀƛƭƛƴƎ ΨΨōƻǘǘƭŜƴŜŎƪΩΩ ǎƘŀǇŜ όIнύ ŦƻǊ ōƻǘƘ 

the TEA and NH3 derived samples. However, the isotherms obtained for all 

samples are ascribable to type IV.  

Interestingly, the isotherms of the undoped and urea-doped titania show 

similarities as for both the shape and the total amount of pores. When TEA 

and ammonia are used, the hysteresis loop becomes narrower implying a 

lower degree of porosity. At the same time, for such dopants, the maximum 

adsorbed volumes drop by about 50 % indicating a decreased surface area, as 

can be noticed by the values reported in Table 3.10, 5th column. The results of 

the BJH pore size statistics, i.e., the pore size distribution curves, are shown in 

Fig. 3.22b, which was derived from the desorption branches of the isotherms, 

and the total pore volumes are summarized for each sample in Table 3.10, 6th 

column. Also these data partly support such differences among the three N-

doped samples. The oxide showing the largest pore volume is the one derived 

from urea (TN_urea), the increase concerning the smallest pore sizes (<6 nm), 

while the sample obtained from triethylamine (TN_TEA) shows a significant 

collapse of the total pore volume.  

 

0

20

40

60

80

100

120

140

160

180

200

0 0,2 0,4 0,6 0,8 1

V
a
d
s
/ 

m
L

 g
-1

(S
T

P
)

p/p0

TN_ammonia TN_urea

TN_TEA T

TN_NH3

TN_TEA

TN_urea
T

a)



 

118 3.     Basic Characterizations 

 
Figure 3.22. N2 adsorption-desorption isotherms with relative hysteresis loops (a) and 

pore size distribution (b) of the N-doped samples. 

3.4ΦпΦ ά!ƎƛƴƎέ ŜŦŦŜŎǘǎ ƻƴ ǘƘŜ ŘǊȅ ǇƻǿŘŜǊǎ 

Structural, morphological - and optical, as demonstrated hereafter - 

characterizations have pointed out that the fresh N-doped samples not only 

differ from undoped TiO2, thus attesting that the promotion by the non-metal 

element has occurred, but also show different features depending on the 

nitrogen source adopted in the synthesis.  

In the following it will be shown that significant differences exist not only 

among the adopted N-ŘƻǇŜŘ ǇƻǿŘŜǊǎΣ ōǳǘ ŀƭǎƻ ōŜǘǿŜŜƴ άŦǊŜǎƘέ ŀƴŘ άƻƭŘέ 

ƻƴŜǎ όǎŀƳǇƭŜǎ ŀǊŜ ƴŀƳŜŘ άƻƭŘέ ƛŦ ǘƘŜȅ ŀǊŜ ǎƛƳǇƭȅ ǎǘƻǊŜŘ ƛƴ ŎƭƻǎŜŘ Ŧƭŀǎƪǎ ŦƻǊ 

months in the dark and under ambient atmosphere). This is valid not only in 

term of physico-chemical properties but also for the final photocatalytic 

performances, as it will be shown in chapter 5. Hereafter, samples have been 

studied also after several days from preparation mainly by means of EPR and 

5w{ ǘƻ ŜȄǇƭƻǊŜ ǘƘŜ άǘƛƳŜ ŜŦŦŜŎǘέ ƻƴ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ǇŀǊŀƳŀƎƴŜǘƛŎ ǎǇŜŎƛŜǎ 

and on the optical features, respectivelyΦ ¢ƻ ǘƘŜ ŀǳǘƘƻǊΩǎ ōŜǎǘ ƪƴƻǿƭŜŘƎŜ ƴƻ 

studies are present in the open literature on the topic of the stability of 

defects induced by the addition of nitrogen doping. 
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DRS analysis 

To gain information on the light absorption features of the various samples, 

experimental data of diffuse reflectance were collected (Fig. 3.23a) and 

presented in derivative form (Fig. 3.23b) to better highlight the differences 

among the samples. The former figure permits a comparison of the shape of 

the diffuse reflectance spectra (DRS) according to the different N dopants. The 

undoped T sample presents the traditional sigmoidal form of the pure oxide, 

while in the visible region (l >400 nm, hn <3.1 eV) all doped samples show a 

marked absorption which differs depending on the N source. Indeed, the 

spectra of TN_urea and TN_NH3 almost overlap, whereas the TN_TEA sample 

sharply differs from the others because it does not show two inflection points 

but a broad absorption in the visible region.  

 
Figure 3.23. Diffuse reflectance spectra (a) and the respective derivative plots (b) for 

all samples.  
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The derivative plots of the absorption spectra show that the absorption 

maximum lies at 3.2-3.3 eV for T, shifting to lower energy (~3.0 eV) for 

TN_TEA. At lower energies (2.5-2.6 eV), contrary to the very weak absorption 

of the TN_TEA sample, the urea- and ammonia-doped samples present a well-

defined secondary maximum, which denotes a noticeable absorption into that 

specific visible range, this being in agreement with the Ƙm˄ax numerical values 

reported by Kuznetsov and Serpone.55 They distinguished a few regions of 

single dominating absorption bands where values of Ƙm˄ax differ slightly. Then, 

they supported the evidence that only the intrinsic defects in TiO2 are 

responsible for these bands, which they affirmed to be independent of the 

nature of the anion or cation dopant, although the relative intensities of the 

bands depend on the contribution of the reductive and oxidative treatments 

performed on the oxide. 

The effects of time after synthesis and calcinations on the N-doped samples is 

clearly shown in Fig. 3.24. Indeed, after keeping the doped powders in dark 

and in closed vessels for a certain period, they show a clear, even though 

slight, tendency to modify their light absorption features: the diffuse 

ǊŜŦƭŜŎǘŀƴŎŜ ǎǇŜŎǘǊǳƳ ƻŦ ǘƘŜ άн-ƳƻƴǘƘ ƻƭŘέ ¢bψbIо ǎŀƳǇƭŜ ƭƛŜǎ ƘƛƎƘŜǊ ǘƘŀƴ 

ǘƘŜ άŦǊŜǎƘέ ƻƴŜΣ ŀǎ ƻŎŎǳǊǎ ƛƴ ǘƘŜ ŎŀǎŜ of TN_TEA. On the contrary, the 

TN_urea displays striking dissimilarities with respect to the other doped ones: 

even after 5 months of ageing (in Fig. 3.24 it is reported the 2-month-old for 

the sake of comparison), its spectrum perfectly overlaps with the one of the 

relative fresh sample. 

 

0

10

20

30

40

50

60

70

80

250 350 450 550 650 750

%
 R

/˂ nm

fresh

2 month old

a)



 

121 3.     Basic Characterizations 
 

 

Figure 3.24Φ 5w{ ƻŦ ǘƘŜ άŦǊŜǎƘέ ŀƴŘ ƻŦ ǘƘŜ άн-ƳƻƴǘƘ ƻƭŘέ ǇƻǿŘŜǊ ŦƻǊ TiO2 doped with 

ammonia (a), triethylamine (b) and urea (c). 

 

EPR investigation 

Employing electron paramagnetic resonance, Livraghi et al. detected 

paramagnetic bulk species of N (Nb
¶) at a g-value of 2.005, which formed 

localized states within the band gap of their N-doped TiO2.
60 The authors 

proposed a reversible electron transfer between the Nb
¶ and Ti3+ centers 

forming the diamagnectic bulk species of N (Nb
ҍ) and Ti4+. A similar 

phenomenon was also observed by Napoli et al. when they exposed a 

prereduced TiO2 to a N plasma.61 The N-induced states of Nb
ҍ species are 

higher in energy than that of corresponding Nb
¶ species due to greater 
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Coulombic repulsion, thus enabling excitation with photons of longer 

wavelengths.62  

In the present study, to better enlighten the effects of time on the stability of 

the paramagnetic defects induced by the presence of the N dopants, their 

concentration has been monitored by EPR spectroscopy 24 h after the 

calcination (first dot in the plot, Fig. 3.25) and then periodically every 5-10 

days.  

 
Figure 3.25. EPR signal decay normalized by weight for all the N-doped samples. Inset: 

EPR signal obtained at room temperature and assigned to the paramagnetic species 

Nb
¶, as representative for all N-doped titania. 

 

All reported intensities have been normalized by the weight of the powders in 

the capillary tube. The spectral profile is simulated by hypothesizing an 

unpaired electron with Zeeman energy parameters gx = 2.0066; gy = 2.0054; gz 

= 2.0040 and interacting with a nuclear magnetic moment I = 1 through the 

ƘȅǇŜǊŬƴŜ ŎƻǳǇƭƛƴƎ ǇŀǊŀƳŜǘŜǊǎ Ax Ғ Ay Ғ о D ŀƴŘ Az Ғ онΦн D.26 As a general 

consideration, this EPR signal associated to Nb
¶ decreases with time. The 

TN_urea sample behaves quite uniquely: the amount of paramagnetic species 

is nearly constant. The TN_TEA sample shows a very low signal compared to 

the other ones (Fig. 3.25). For this reason its weak decay can be considered as 

a nearly time-independent behavior. Table 3.25 reports elaboration of 

selected EPR data shown in Figure 3.25: to make a tighter comparison, EPR 

signal intensities corresponding to one day and to thirty days after calcination 

0 10 20 30 40 50 60

0

10

30

40

50

60

70

 

 

I 
/ 
a

.u
. 

t / days

70

60

50

40

30

t / days

I/
 a

.u
. 

10

0
0           10          20          30          40          50          60  

3325 3330 3335 3340 3345 3350

B/ Gauss



 

123 3.     Basic Characterizations 
 

have been normalized to the sample with the highest intensity (TN_NH3). 

Thus, it is immediately clear what stated above: constant values of EPR 

intensity for TN_urea, and low signals ς however decreasing, as for TN_NH3 ς 

for TN_TEA. 

Sample 

Relative EPR signal intensity 

1 day after 

annealing 

30 days after 

annealing 

TN_NH3 1 0.55 

TN_urea 0.56 0.58 

TN_TEA 0.11 0.03 

Table 3.11. EPR signal intensities, as reported in Figure 3.25, have been normalized to 

the sample with the highest intensity (TN_NH3). Values refer to the EPR signals 

recorded one day or thirty days after annealing (calcination treatment) to compare 

the decay of paramagnetic species (Nb
ω
 ) for all the N-doped samples. 

 

An analogous, even though less pronounced, behavior of these doped 

powders with time has been also shown in Fig. 3.24.  

Apparently the life-time of the induced defects (Ti3+ and/or oxygen vacancies) 

at room temperature and ambient pressure depends on the specific structure 

ŀƴŘ ŎƘŜƳƛŎŀƭ ŜƴǾƛǊƻƴƳŜƴǘ ƻŦ ǘƘŜ ŘŜŦŜŎǘ ƛǘǎŜƭŦΦ ¢ƘŜ άŦŀǎǘέ ŀƎŜƛƴƎ ŦŜŀǘǳǊŜǎ 

shown by TN_NH3 might suggest a prevailing surface localization of the 

defects and their consequent lower stability upon the contact with 

O2/humidity. The situation might be opposite in the case of urea which is by 

far less volatile than NH3 ŀƴŘ ƳƛƎƘǘ ǘƘŜǊŜŦƻǊŜ ƎƛǾŜ ǊƛǎŜ ǘƻ ƳƻǊŜ άǇŜǊƳŀƴŜƴǘέ 

defective sites during the synthetic steps. 

3.5. Pr-doped TiO2 

Pr-doped titania explored in this study consists in a series of samples with 

different Pr/Ti molar ratio (0.2-0.3-0.5-0.7 %). They have been characterized 

not only by the morphological, structural and optical point of view: also 

electrochemical tools have been used to evaluate specific features of such 

samples. However, since two separate chapters have been overall dedicated 

to characterizations of all the titania materials presented in this thesis (except 
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for TiO2 employed in solar cell devices), results related to electrochemical 

techniques, i.e., electronic aspects, will be discussed in chapter 4. For Pr-TiO2 

samples this sharp separation could sound unfavorable for a logical discussion, 

ōǳǘ ǘƘŜ ǿƘƻƭŜ άǎǘƻǊȅέ ƻƴ tǊ-doped titania to determine the Pr location in the 

lattice will be however exposed and conclusions will be drawn in the following 

chapter. 

The praseodymium dopant at different molar ratio was introduced into the 

titania precursor by a synthesis that is typically a bulk procedure. The whole 

range of Pr nominal amount is comparable with concentrations employed in 

the literature. EDX analyses confirmed the presence of the Pr species and the 

relative concentration in the titania powders (0.18 to 0.62 % Pr/Ti atomic 

ratio). Moreover, Pr could be considered to be randomly present in both 

anatase and brookite TiO2 polymorphs, and its manifest effect also lies in a 

progressive increase in the average lattice distortion (see infra). 

Computational setup  

The following computational details are valid for both geometric and 

electronic (see paragraph 4.2) calculations on undoped and Pr-doped titania. 

Spin-polarized calculations were performed within the Generalized Gradient 

Approximation (GGA)63 to Density Functional Theory (DFT)1,2 with the Perdewς

BurkeςErnzerhof (PBE) exchange correlation functional.45,64 The Kohn-Sham 

scheme was solved using the plane wave basis with projected augmented 

wave method (PAW)65,66 implemented in the Vienna Ab-initio Simulation 

Package code (VASP),67,68 with an energy cutoff of 400 eV. The ground state 

optimizations were obtained by minimizing the partial derivatives of free 

energy with respect to the atomic position, including the Harris-Foulkes 

correction to forces,69,70 using the conjugate-gradient scheme.71,72 Iterative 

relaxation of atomic positions was stopped when the change in total energy 

between successive steps was less than 0.001 eV. Electronic property 

calculations were carried out using the block Davidson scheme.73 The 

supercell and atomic relaxations were carried out until the residual forces 

were below 0.01 eV Å-1.  The bulk doped systems were constructed from the 

relaxed 3x3x3 162-atom anatase TiO2 supercell.  Reciprocal space sampling 

ǿŀǎ ǊŜǎǘǊƛŎǘŜŘ ǘƻ ǘƘŜ ɱ-point, which is justified due to the rather large size of 

the used simulation supercells. Given the nature of the atoms considered and 
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to properly describe the reduced Ti ions, we have applied the GGA+U method, 

formulated by Dudarev et al.,9 to account for the strong on-site Coulomb 

repulsion amid the localized Ti 3d and Pr 4f electrons. Comparison with UPS 

(ultraviolet photoelectron spectroscopy) data suggested a value of U = 3 eV.74 

However, there is no agreement on a precise value of U for all oxidation states 

of Ti, and the values of U  span a range from 2 to 8 eV, as a result of the U 

dependence on the oxide, the Ti oxidation states, and the underlying 

exchange-correlation functional.12,75-78 Theoretical calculations for catalysis 

showed that U values can also be derived from the oxidation of Ti2O3 to TiO2 

reaction energy and one should prefer using either PBE+U or PW91+U, with U 

=2-3 eV.79 Finally, it is possible to adopt a self-consistent linear response 

approach for the determination of the Hubbard U correction term.80,81 

Mattioli et al.82 found a value of 3.23 eV for the anatase Ti 3d electrons using 

this approach. In conclusions, these and other studies12,74,83 provided evidence 

of the unsuitability of exchange-correlation functionals for describing the 

reduced Ti ions. Consequently we chose to perform our calculations with the 

U = 3 eV, 3.3 eV, 4 eV and 5 eV. As far as the U value for the 4f Pr orbitals, 

there have been several theoretical works to study the effects of lanthanide 

doping into titanium dioxide by first- principles calculations.84,85 According to 

experiments,86,87 Pr2O3 is a dielectric material with band gap energy equal to 

3.9 eV. The Pr2O3 electronic structure was simulated with U = 0-1-2-3-4 eV and 

found the band gap to be, respectively, 3.81-3.85-3.94-4.03-4.12 eV. The 4f Pr 

electrons U value was then fixed to 2 eV. 

The optimized undoped stoichiometric supercell lattice parameters were 

found, by theoretical calculations, to be a=11.547 Å and c=16.472 Å (a=3.849 

Å and c=9.535 Å for a primitive cell), in good agreement with experimental 

results.88  

3.5.1. Morphological and structural characterizations  

HR-TEM 

To shed some light on the external habit of the various TiO2-based materials 

under study, both conventional transmission electron microscopy (C-TEM) and 

high-resolution transmission microscopy (HR-TEM) have been performed. The 

main features exhibited by the materials are summarized in Fig. 3.26: it can be 

observed that, despite the presence/absence of Pr, all samples show rather 
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small particles, with average crystallites sizes in the 7-10 nm range, highly 

packed but also highly individual (see the three left-hand images, referring to 

a low magnification investigation). If we inspect in more detail the ultimate 

morphology exhibited by the crystallites, we can evidence that, in the absence 

of Pr species, the plain TiO2 particles (Fig. 3.26a) possess roundish but highly 

defective edges and high crystallinity, as witnessed by the presence of both 

ŦǊƛƴƎŜ ŀƴŘ ǘƘƛŎƪƴŜǎǎ όaƻƛǊŝΩǎύ ǇŀǘǘŜǊƴǎ:89 the crystal planes which generate 

this feature are in the majority of the cases due the (101) crystal planes of the 

TiO2 anatase polymorph. When Pr species are present (Fig. 3.26b,c), the 

overall features above described remain almost unchanged, in particular for 

what concerns both phase and family of planes most exposed, but for the 

edges: for both Pr-doped materials it can be evidenced a more regular shape 

of the crystallites, with slightly less defectivity. In no cases either the presence 

of segregated Pr-rich phases or the formation of rutile-rich phases has ever 

been observed. 
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Figure 3.26. HRTEM images of undoped (a), 0.2% (b) and 0.5% (c) Pr-doped TiO2 

particles.  
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BET-BJH analysis 

As concerns the specific surface areas, those of Pr-doped samples are lower 

than that of the undoped oxide, being reduced by even one third for the 

sample with the highest Pr content (see Table 3.12, 2nd column). Moreover, no 

specific linear trend occurs at increasing the Pr content. Accordingly, a 

substantial loss of the total pore volume is found with respect to the undoped 

TiO2. Then, most of the survived pores are micropores (with the diameter 

lower than 6 nm), as reported in Table 3.12. This is in absolute accordance 

with Yana et al., who affirmed that all doped samples show a conspicuous 

percentage of micropores, with a quite sharp and narrow distribution.90  

Sample 
SBET  

(m2 g-1) 

Pore vol.  

(mL g-1) 

 <6 nm  

pores (%) 

6-80 nm  

pores (%) 

>80 nm  

pores (%) 

T 160 0.34 64 27 9 
TPr_0.2 108 0.17 86 12 2 

TPr_0.3 102 0.15 90 8 2 

TPr_0.5 111 0.15 91 7 2 

TPr_0.7 118 0.16 91 7 2 

Table 3.12. Specific surface areas and pore volumes (BET-BJH analysis). Specifically, 

both the total pore volume and the percentages of three different pore sizes are 

reported. 

The lowering of the specific surface areas could be in accordance with a less 

prominent presence of defects, thus leading to less favorable charge 

recombination events, which resemble the chronoamperometric results (see 

paragraph 4.2). 

 

XRPD 

X-ray powder diffraction experiments were performed on the freshly prepared 

nanostructured TiO2 samples to evaluate the amount of their brookite content 

and possible changes in the lattice parameters, crystallite size and lattice 

strain as a function of the doping extent.  

Figure 3.27 shows the diffraction patterns collected on the nanostructured 

TiO2 powders at various doping extent, together with the corresponding least-

squares fitting results. The significant intensity changes among different XRPD 
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patterns (see, for example, the peak at ~ 25.5° in each diffractogram of Figure 

3.27) were attributed to the effect of the preferred orientations of crystallites.  

 
Figure 3.27. Collected powder patterns (blue crosses), with the corresponding least-

square fitting curve and the point-by-Ǉƻƛƴǘ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ άƻōǎŜǊǾŜŘέ ŀƴŘ 

calculated intensities (red lines). The computed angular positions of both anatase and 

brookite reflections in pristine TiO2 (T) are marked at the bottom of the plot. 

 

!ƭƭ ǘƘŜ ǎǇŜŎƛƳŜƴǎ ŀǊŜ ŎƭŜŀǊƭȅ ōƛǇƘŀǎƛŎΣ ŀǎ ǘƘŜ ƭŀǊƎŜ ǇŜŀƪ ŀǘ нʻ ~ 30.8° is 

entirely due to the (211) reflection of brookite. However, the anatase 

structure appears to be the predominant one in all the diffractograms. No 

other phases were detected: attempt to add the rutile91 or the Pr2O3 

structures92,93 to the model invariably led to the worsening of the least-square 

fit. As a matter of fact, most papers report the anatase phase as the only one 
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found in rare-earth-doped TiO2,
94-97 therefore corroborating the lacking of any 

detectable segregated Pr-based phase in the present samples. The sole 

exception is represented by Amlouk et al. who synthesized transparent 

xerogel monoliths and detected traces of the Pr4(Ti9O24) phase.98 However, 

Amlouk et al.98 employed a very different procedure (the monoliths grew in 90 

days and underwent a very high calcination temperature, 1200 °C) compared 

to the classical sol-gel route we followed, which was also used by the authors 

of the other cited papers.  

As a function of the Pr doping, no clear trends are detectable in the cell 

parameters of both the anatase and brookite phases (see Table 3.13), as their 

changes are non-monotonic and barely significant in terms of the 

corresponding estimated standard deviations.  

Sample 
Anatase Brookite

 

a (Å) c (Å) V (Å
3
) a (Å) b (Å) c (Å) V (Å

3
) 

T 3.7850(2) 9.473(1) 135.72(2) 9.151(3) 5.439(2) 5.161(2) 256.84(14) 

TPr_0.2 3.7847(2) 9.475(1) 135.73(2) 9.156(3) 5.439(2) 5.166(2) 257.26(14) 

TPr_0.3 3.7849(2) 9.471(1) 135.68(2) 9.145(3) 5.439(2) 5.173(2) 257.31(14) 

TPr_0.5 3.7844(2) 9.472(1) 135.65(3) 9.166(4) 5.437(2) 5.166(2) 257.46(16) 

TPr_0.7 3.7848(2) 9.471(1) 135.67(3) 9.154(4) 5.436(2) 5.173(2) 257.42(17) 

Table 3.13. XRPD anatase (I41/amd) and brookite (Pbca) symmetry-independent 

lattice parameters and unit cell volumes for all Pr-TiO2 samples. Estimated standard 

deviations (esd's) from the Rietveld fitting are given in parentheses. 

Moreover, the brookite content was found to be invariant throughout the 

whole sample series (see Table 3.14). More in details, the weight fractions of 

anatase and brookite were estimated from the refined phase fraction 

coefficients to be, on average, as large as 0.612(1) and 0.388(1), respectively. 

Sample Anatase Brookite 

T 0.614(1) 0.386(2) 
TPr_0.2 0.612(1) 0.388(2) 

TPr_0.3 0.613(1) 0.387(2) 

TPr_0.5 0.611(1) 0.389(2) 

TPr_0.7 0.610(1) 0.380(2) 

 Table 3.14. Weight fractions of anatase and brookite phases for all Pr-TiO2 samples, 

as retrieved from the Rietveld refinement on the XRPD data. Estimated standard 

deviations (esd's) are given in parentheses. 
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The full width at half maximum (FWHM) values, corrected for the 

instrumental line broadening, of some representative reflections belonging to 

the anatase structure are shown in Figure 3.28. Brookite reflections exhibit an 

analogue behavior.  

 
 

 

Figure 3.28.  Behavior of some reflection-broadening parameters as a function of the 

Pr doping extent. (a) Full-width at half maximum (FWHM) of some low-angle 

reflections belonging to the anatase structure, as computed from the least-squares 

optimized profile coefficients in GSAS. The plotted curves serve as eye guidelines. (b) 

Volume-weighted average crystallite dimensions, DV (blue squares, left axis) and 

average lattice strain, ʁ (red triangles, right axis), as computed from the Williamson-

Hall method for the anatase reflections below 2̒ = 60°. The plotted curves serve as 

eye guidelines. The error bars correspond to ±1 estimated standard deviations (esd's). 
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Figure 3.29.  Volume-weighted column-length distribution, normalized on unit 

volume, of the anatase crystallites along the real vector modulus (L) orthogonal to the 

anatase (101) plane family, as computed from the double-Voigt method assuming a 

lognormal distribution of the crystallites (a). The same is depicted in panel (b) for the 

lattice strain distribution estimated from the double-Voigt method.  

  

Interestingly, at increasing the nominal Pr/Ti molar ratio, the diffraction 

profiles systematically broaden. Such an effect may provide information on 

the behavior of the lattice strain and the average crystallite sizes as a function 

of the doping extent. It should be noted, however, that these quantities are 

quite difficult to be computed when, as in the present case, the diffraction 

patterns suffer of significant peak superposition.99 Therefore, it has been 

chosen to provide a couple of size-strain estimates from two well-routed 

methods that face the problem from different perspectives. First of all, the 

Williamson-Hall recipe100 was applied to the reflections belonging to the 

ŀƴŀǘŀǎŜ ǎǘǊǳŎǘǳǊŜ ǳǇ ǘƻ нʻ Ґ слϲΦ CǊƻƳ CƛƎǳǊŜ 3.28b it can be seen that the 

average volume-weighted domain size, <DV>, undergoes a ~ 16 % roughly 

linear reduction on going from the undoped sample (Pr/Ti = 0.0 %) to the most 
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doped one (Pr/Ti = 0.7 %). In general, it should be noted that the XRPD 

estimates for the crystallite dimensions agree quantitatively with the HRTEM 

outcomes commented above, providing a further evidence of the very high 

crystalline nature of such nanostructured compounds. On the other hand, the 

average lattice strain parameter, ʁ, undergoes a significant increase on going 

from the pure nanostructured TiO2 to the doped specimens (Figure 3.28b)). It 

should be noted that ʁ(TPr_0.2) Ғ (ʁTPr_0.3) within 3 estimated standard 

deviations, i.e., the apparent decrease in  ʁupon going from the Pr/Ti = 0.2 % 

sample to the 0.3 % one is poorly significant from a statistical viewpoint.  

Secondly, the double-Voigt method101 implemented in the program 

BREADTH102 was employed. Within this approach, the Lorentzian and Gaussian 

size and strain contributions to the physical profile broadening are singled out, 

provided that at least two reflections belonging to the same crystallographic 

family are analytically modelled with known suitable functions. In the present 

case, three reflections of anatase were used, namely the (101), (202) and 

(303) ones, approximating their experimental line profile with pseudo-Voigt 

functions, whose FWHM (amplitude) and ʂ (mixing) parameters were 

retrieved from the optimized GSAS profile coefficients.103  In this way, we were 

able to estimate the corresponding volume-weighted column length and 

strain distributions as a function of the real-space distance along the 

scattering vector, upon the assumption that the crystallite size distribution is 

lognormal (see Figure 3.29a,b). Some estimates for <DV> and <ʁ 2>1/2, based on 

such distributions, can be found in Figure 3.30.  

 
 

 

Pr/Ti (%)

D
V
/ 
Å

Figure 3.30. Outcomes of the double-Voigt method for size-strain estimates, referred 

to the anatase lattice, as a function of the Pr doping extent. The dark blue points (left 

axis) refer to the average volume-weighted crystallite domain size, DV. The red 

triangles and the green squares (right axis) show the behavior of two different root 

mean square strain estimates, RMSS (<ʶ
2
>

1/2
), averaged over the a3 (the edge of the 

orthorhombic cell, orthogonal to the diffracting planes) or the DV/2 real distances.  
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It should be stressed that the integral breadth-based methods, including the 

Williamson-Hall approach, only give the volume-weighted domain size and the 

upper limit of the microstrain.104 On the contrary, the knowledge of the 

crystallite distribution, although being based on some (reasonable) a priori 

assumptions, is required to fully characterize the sample microstructure.105 As 

concerns the present case, the results provided by the double-Voigt approach 

agree well with the conclusions above sketched on the basis of the 

Williamson-Hall method. More in detail, it can be seen that an increment of 

the dopant concentration implies the shift of the most probable value of the 

size distribution (the mode) towards lower values, i.e., it implies the 

corresponding reduction of the average crystallite size. At the same time, a 

progressive increment of the lattice strain can be also detected, with 

(ʁTPr_0.7) Ғ ʁ(TPr_0.5) > ʁ(TPr_0.3) Ғ ʁ(TPr_0.2) > ʁ(T) at equal L. 

In conclusion, it can be stated that the increment of the lattice strain observed 

by both the methods correlates with the increasing amount of Pr, as the 

brookite content remains the same throughout the sample series here 

considered. Together with the lacking of segregated Pr-based phases in our 

compounds, this evidence implies that the RE ions are likely disorderly 

dispersed in the bulk matrix, being either in the octahedral interstitial sites or 

the substitutional positions of anatase TiO2. At the same time, the average 

crystallite size tends to become a little smaller as the Pr concentration is 

increased, in agreement also with previously reported literature results on 

nanostructured Pr-TiO2 systems.106  In any case, both the Williamson-Hall and 

the double-Voigt methods provide an estimate for this quantity in good 

agreement with the HRTEM outcomes.  

 

DFT geometric calculations 

As the diffraction experiments are not conclusive from the perspective of 

locating the Pr site within the TiO2 lattice, a plane-wave DFT geometric 

optimization of a bulk Pr-doped 3x3x3 supercell was performed to understand 

if the XRPD outcomes are compatible either with substitutional or interstitial 

doping.  

A supercell composed of 27 primitive cells was chosen to reproduce the 

averaged cell distortions that can be observed by XRPD analysis. In other 

words, the attention was drawn to the distortion effects on the averaged cell 
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parameters. The values of the cell anatase parameters after distortion, i.e,. a, 

b, c, and of the averaged primitive cell volume (V), are reported in Fig. 3.31. 

 
Figure 3.31. Primitive cell parameters (a,b,c) and cell volume (V) variation under Pr 

doping and for different values of U. 

 

All the parameters increase under substitutional doping given the bigger 

effective ionic radius of Pr3+ (0.99 Å) with respect to Ti4+ (0.61 Å).107  

Nevertheless, these changes are more evident in the case of interstitial 

doping. To quantify the primitive cell distortion under doping, the distortion 

parameter d = 2(a-b)/(a+b) was introduced, where a and b are the primitive 

cell parameters obtained as an average over all the primitive cells considered 
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in the simulation. If the primitive cell angles had been unchanged under 

doping, this parameter would have been the orthorombic cell distortion 

parameter. In this case, the angle changes are contained within 0.1°, and d is 

very similar to the orthorombic one. In Fig. 3.32 the values of d are reported 

for the undoped supercell in the presence of an oxygen vacancy (TiO2+VO), for 

the Pr substitutional doped supercell (TiO2+VO+Prsub) and for the interstitial Pr 

doped supercell (TiO2+VO+Print). While substitutional doping leaves the d 

parameter unchanged, this is no longer true when the interstitial doping is 

considered. Thus, it would have not been possible to fit accurately interstitial 

Pr doping XRPD data with the anatase crystallographic model. Instead, as 

described above, XRPD data fit with good statistical accuracy into the anatase 

model. Moreover, theoretical results do not depend significantly on the U 

value and the same conclusions can be reached for any U.  

 

 
Figure 3.32. Averaged distortion d parameter of the primitive cell. Different colors and 

symbols for difference U (Pr) values. 

 

All these geometric considerations have been done on the averaged cell. In 

order to have a local insight, Table 3.15 reports the distances between the Ti 

or Pr atom and the O atoms placed at the octahedron vertexes. These 

distances do not change for different U values in the case of the Ti central 

atom. Instead, minor differences can be seen in the case of Pr. Specifically, for 

each U value, the Pr centered octahedron presents slightly elongated 
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distances by still keeping the octahedral shape. This view of the substitutional 

doping is compatible with the XRPD patterns previously discussed. 

 

U values 

for Ti 

System d(X-1) d(X-2) d(X-3) d(X-4) d(X-5) d(X-6) 

3-3.3-4-5 X = Ti 1.97 1.97 2.00 2.00 1.97 1.97 
3 X = Pr 2.15 2.15 2.29 2.27 2.15 2.14 

3.3 X = Pr 2.13 2.13 2.22 2.23 2.12 2.12 

4 X = Pr 2.13 2.13 2.22 2.22 2.13 2.13 

5 X = Pr 2.13 2.13 2.22 2.22 2.13 2.13 

Table 3.15. Nearest oxygen atoms from substitutional center (in Å). 

As a general remark, it should be stressed that, when DFT+U methods are 

employed to study the positions of dopant-induced defect states in a metal 

oxide, extreme care must be taken when making even qualitative conclusions 

without reference to more accurate approaches or experiments. 

3.5.2. Optical characterizations  

As already noticed by Xu et al., the presence of RE3+ ions in the TiO2 matrix 

may lead in general to a red-shift of the O 2p to Ti 3d charge transfer band.96 

Indeed, when the dopant content is increased, a slightly more pronounced 

absorption in the visible region is obtained for all our doped samples (Fig. 

3.33), with the presence of some peculiar absorption features. In the 

literature, Li et al.95 reported that neodymium dopant did not significantly 

shift the main absorption band edge, but brought some new absorption peaks 

attributable to 4f internal electron transitions in the visible region. It was 

further confirmed that significant photoluminescence emission occurred in 

the visible range of 350-700 nm; this is likely due to the electron transfer 

between Nd3+ and TiO2 owing to introduction of a Nd 4f  level.108 Compared to 

the undoped sample having a bandgap of 3.2 eV, all the doped ones have an 

apparent bandgap of about 3.0 eV, according to the KubelkaςMunk 

equation.26  
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Figure 3.33. Diffuse reflectance spectra of the undoped (T) and all Pr-doped samples. 

It should be noted that the photoexcited states of lanthanide ions attributed 

to 4f-5d or f-f transitions could transfer their excess energy to other molecules 

ŀŘǎƻǊōŜŘ ǘƻ ǘƘŜ ǎŜƳƛŎƻƴŘǳŎǘƻǊ ǎǳǊŦŀŎŜΦ ¢ƘŜǎŜ άƘƻǎǘκƎǳŜǎǘέ ŜƴŜǊƎȅ ŀƴŘ 

electron transfer processes, on the other hand, should be a vital route in 

suppressing the recombination of charge carriers, thus playing a beneficial 

role in photocatalytic reactions.  

3.6. Ag- and N,Ag-doped TiO2 

As far as metal-doped titania is concerned, no doubt that the study Ag-doped 

TiO2 or Ag/TiO2 composites, which are both known to exhibit 

photocromism,109 falls within a quite controversial and complex scenario 

since, as for instance, the determination of the oxidation state is not a 

straightforward issue. Indeed, the reversible change of color of Ag-TiO2 under 

illumination relies on the modification of the nanoparticle size distribution 

through photoactivated redox reactions occurring specifically with the titania 

matrix. However, few information is available about the dependence of 

composition and properties of such nanocomposites on external stimulations 

and on the change of the silver oxidation state.110 Photooxidation of Ag to Ag+ 

and photoreduction of Ag+ to Ag are discussed in the literature concomitantly 

with photochromism.111  
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The present (N,)Ag-doped yellowish powders turned grey when exposed to 

ambient or UV light. A potentiometric titration has been used to determine 

the amount of Ag+ species in the Ag-TiO2 samples.  

In order to verify the role played by Ag species in the recombination of the 

semiconductor charge carriers, the chemical reduction of selected samples 

(TAg0.01, TAg0.05, TNAg0.01, TNAg0.05) was performed by a treatment with 

NaBH4 (see paragraph 2.1.1). 

3.6.1. Morphological and structural characterizations  

XRPD spectra show that doped samples are anatase-brookite composites, with 

crystallite size not differing significantly  with respect to the undoped sample 

(in the range of 6-8 nm). None of the spectra shows the presence of silver 

oxide segregated phases. 

The addition of silver ions lead to higher surface areas and pore volumes, as 

determined by BET analysis, with respect to the undoped TiO2. Figure 3.34a 

shows a typical adsorption-desorption isotherm plot for the nitrogen sorption 

όтт Yύ ƻŦ ǘƘŜ ǎŀƳǇƭŜǎΦ !ƭƭ Ǉƭƻǘǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ άǘȅǇŜ L±έ ƛǎƻǘƘŜǊƳ ƛƴ ǘƘŜ 

Brunauer classification. At increasing the amount of silver dopant in the 

samples, surface areas decrease. The hysteresis loop observed in the plot is 

associated with the filling and emptying of mesopores by capillary 

condensation. Pore size distributions were then determined by the BJH 

method applied to the adsorption branch in the plot. While TN (the sample 

doped with urea only) exhibits bottle-neck pores, the other doped samples 

show the presence of open-ended cylindrical ones. 

Porous oxide materials often contain micropores (<2 nm), which can also 

contribute to the nitrogen adsorption, influencing the type of the isotherm. In 

the present case, all samples show a marked presence of micropores, as can 

be deducted from the sharp decline in the low relative pressure region of the 

isotherms (Fig. 3.34a) and can be argued from the black part of the histograms 

in Fig. 3.34b. 
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Figure 3.34. N2 adsorption-desorption isotherms for selected samples (a) and pore 

size distribution (b) of the Ag-doped and Ag,N-codoped titania samples. 

3.6.2. Optical characterizations  

Diffuse reflectance spectra of all samples are displayed in Fig. 3.35. The 

present codoped samples show a broad absorption in the visible region. This is 

only partly due to the contribution of the N dopant: with increasing the 

starting Ag amount in the samples a more pronounced absorption covering 

the whole visible region is registered.  

a)


