
Titanium Dioxide
Edited by Magdalena Janus

Edited by Magdalena Janus

Photo by giasch / iStock

Titanium dioxide is mainly used as a pigment and photocatalyst. It is possible to find it 
in food, cosmetics, building materials, electric devices, and others. This book contains 

chapters about characteristics of anatase and rutile crystallographic structure of 
titanium dioxide and the use of theoretical calculation for photoactivity determination.

Titanium
 D

ioxide

ISBN 978-953-51-3413-8





TITANIUM DIOXIDE

Edited by Magdalena Janus



Titanium Dioxide
http://dx.doi.org/10.5772/66559
Edited by Magdalena Janus

Contributors

Fu-Quan Bai, Wei Li, Hong-Xing Zhang, Lifang Xu, Jing Xu, Jian-Tao Wang, Annabella Selloni, Sergio Ricardo De Lazaro, 
Renan Augusto Pontes Ribeiro, Luis Henrique Da Silveira Lacerda, Alberto Adriano Cavalheiro, Silvanice Aparecida 
Lopes Dos Santos, Lincoln Carlos Silva De Oliveira, Yeliz Gurdal, Marcella Iannuzzi, Fumiaki Amano, Barbara Bonelli, 
Serena Esposito, Francesca Freyria, Vesna Đorđević, Bojana Milićević, Miroslav Dramicanin, Marcela Achimovičová, 
Christoph Vonderstein, Bernd Friedrich, Katarzyna Siwińska-Stefańska, Teofil Jesionowski

© The Editor(s) and the Author(s) 2017
The moral rights of the and the author(s) have been asserted.
All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced, 
distributed or used for commercial or non-commercial purposes without INTECH’s written permission.  
Enquiries concerning the use of the book should be directed to INTECH rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2017 by INTECH d.o.o.
eBook (PDF) Published by  IN TECH d.o.o.
Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.
Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Titanium Dioxide
Edited by Magdalena Janus

p. cm.

Print ISBN 978-953-51-3413-8

Online ISBN 978-953-51-3414-5

eBook (PDF) ISBN 978-953-51-4725-1



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

3,250+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

106,000+
International  authors and editors

112M+ 
Downloads

We are IntechOpen, the world’s 
largest scientific publisher  

of Open Access books.

 





Meet the editor

Dr. Magdalena Janus is currently an associate profes-
sor at the Department of Civil Engineering and Archi-
tecture, West Pomeranian University of Technology, 
Szczecin. She graduated from the Department of Chem-
ical Technology and Engineering, Szczecin University of 
Technology (from 2009 in West Pomeranian University 
of Technology, Szczecin). Her research interest includes 

photocatalysis, water and wastewater treatment technologies, photoactive 
building materials, and nanomaterials. She has published more than 50 re-
search papers in international journals; results of her studies were present 
in more than 60 national and international conferences. In 2014, she was 
awarded by the Ministry of Science and Higher Education of Poland for 
science achievements. She is one of the editors of an international journal 
on the latest advances in the science, engineering, and application of min-
iature and ultraminiature structures.





Contents

Preface XI

Section 1 Anatase Structure of TiO2    1

Chapter 1 The Reactivity of Anatase TiO2 (211) Surface and the Bond-
Charge Counting Model   3
Jing Xu, Li-Fang Xu, Jian-Tao Wang and Annabella Selloni

Chapter 2 Rare Earth‐Doped Anatase TiO2 Nanoparticles   25 
Vesna Ðorđević, Bojana Milićević and Miroslav D. Dramićanin

Section 2 Rutile Structure of TiO2    61

Chapter 3 Structural Aspects of Anatase to Rutile Phase Transition in 
Titanium Dioxide Powders Elucidated by the
Rietveld Method   63
Alberto Adriano Cavalheiro, Lincoln Carlos Silva de Oliveira 
and Silvanice Aparecida Lopes dos Santos

Chapter 4 Mechanically Activated Rutile and Ilmenite as the Starting
Materials for Process of Titanium Alloys Production   83
Marcela Achimovičová, Christoph Vonderstein and Bernd Friedrich

Chapter 5 Hydrogen Reduced Rutile Titanium Dioxide Photocatalyst   101
Fumiaki Amano

Section 3 Different Types of TiO2 Materials    117

Chapter 6 Mesoporous Titania: Synthesis, Properties and Comparison
with Non-Porous Titania   119
Barbara Bonelli, Serena Esposito and Francesca S. Freyria



Chapter 7 Advanced Hybrid Materials Based on Titanium Dioxide for
Environmental and Electrochemical Applications   143
Katarzyna Siwińska-Stefańska and Teofil Jesionowski

Section 4 Theoretical Calculations    187

Chapter 8 DFT-based Theoretical Simulations for Photocatalytic 
Applications Using TiO2    189
Yeliz Gurdal and Marcella Iannuzzi

Chapter 9 Quantum Chemistry Applied to Photocatalysis with TiO2    211 
Sergio Ricardo de Lazaro, Renan Augusto Pontes Ribeiro and Luis 
Henrique da Silveira Lacerda

Chapter 10 Theoretical Studies of Titanium Dioxide for Dye-Sensitized
Solar Cell and Photocatalytic Reaction   229
Fu-Quan Bai, Wei Li and Hong-Xing Zhang

X Contents



Chapter 7 Advanced Hybrid Materials Based on Titanium Dioxide for
Environmental and Electrochemical Applications   143
Katarzyna Siwińska-Stefańska and Teofil Jesionowski

Section 4 Theoretical Calculations    187

Chapter 8 DFT-based Theoretical Simulations for Photocatalytic
Applications Using TiO2    189
Yeliz Gurdal and Marcella Iannuzzi

Chapter 9 Quantum Chemistry Applied to Photocatalysis with TiO2    211
Sergio Ricardo de Lazaro, Renan Augusto Pontes Ribeiro and Luis
Henrique da Silveira Lacerda

Chapter 10 Theoretical Studies of Titanium Dioxide for Dye-Sensitized
Solar Cell and Photocatalytic Reaction   229
Fu-Quan Bai, Wei Li and Hong-Xing Zhang

ContentsVI

Preface

Titanium dioxide is mainly used as a pigment and photocatalyst. It is possible to find it in
food, cosmetics, building materials, electric devices, and others. This book contains chapters
about characteristics of anatase and rutile crystallographic structure of titanium dioxide and
the use of DFT method for photoactivity calculation. The book Titanium Dioxide contains ten
chapters written by researchers and experts of the field. The book chapters are organized in
four sections. Section 1 is focused on characteristics of anatase structure of TiO2. Section 2
contains chapters about rutile structure of TiO2. Section 3 presents different types of TiO2

materials. Section 4 is focused on theoretical calculation of titanium dioxide.

I hope that this book will be useful for a wide circle of people dealing with TiO2.

Magdalena Janus
West Pomeranian University of Technology

Szczecin, Poland
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Chapter 1

The Reactivity of Anatase TiO2 (211) Surface and the

Bond-Charge Counting Model

Jing Xu, Li-Fang Xu, Jian-Tao Wang and

Annabella Selloni

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69141

Abstract

In this chapter, we intend to present a generic understanding of surface reactivity and 
water dissociation on TiO2 surfaces through a study of anatase TiO2 (211) surface—an 
idea model surface containing both four-coordinated Ti atom (Ti4) and five-coordinated 
Ti atom (Ti5). Our first-principles calculations show that the (211) surface is a high reac-
tivity surface and reveal that water molecule can be easily dissociated on a Ti4 site while 
it hardly dissociates on Ti5 site. Furthermore, we introduce bond-charge counting model 
to clarify the mechanism. More generally, after an intensive investigation of literature, we 
found that the bond-charge counting model is applicable to all anatase and rutile TiO2 
surfaces including step edges and vacancies where the reactivity of surfaces enable to 
dissociate water attribute to the existence of Ti4 atom or equivalent Ti4 atom.

Keywords: TiO2 surfaces, surface reactivity, water dissociation, first-principles 
calculations, bond-charge counting model

1. Introduction

Titanium dioxide is a semiconductor-based heterogeneous photocatalysis material which 
received more and more interest. In nature, TiO2 crystallizes in three different structures: 
rutile, anatase, and brookite, all formed by TiO6 octahedra connected by shared edges and/or 
corners; rutile is the thermodynamically most stable bulk phase, while anatase is very common 
and stable in nanomaterials. As a major polymorph of TiO2, anatase TiO2 is the most widely 
studied phase and is extensively used in many industrial applications such as photovoltaic 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



cells, photo and electrochromics, photocatalysis, photonic crystals, smart surface coatings, and 
sensors [1–9]. In all applications, the surface structure plays a key role, as the surface reactiv-
ity and physicochemical properties depend strongly on the exposed crystallographic facet. 
Therefore, the search for high reactivity TiO2 surfaces is a topic of great interest and an area of 
intense activity.

The rutile (110) surface has been investigated early [10–12]. Anatase is less stable than rutile, 
but more efficient than rutile for applications. Many studies of the anatase TiO2 surface focus 
on the (001) and (101) surfaces [13–20]. Theoretical studies [13–17] show that the (101) surface 
is the thermodynamically most stable surface with a small surface energy of 0.49 J/m2, while 
the (001) surface is the highest reactivity surface with a high surface energy of 0.98 J/m2. More 
recently, using different dopants, adsorbates, or solvated species, anatase TiO2 nanocrystals 
exposing various crystalline facets have been prepared, including low-index facets such as 
(001) facets [18, 19], (100) [21–24], (010) [25, 26], (101) [27–32], (110) [33], and (111) [34], and 
high-index facets such as (103), (105), (106), (201), (301), and (401) [35–39]. Besides, many 
researchers have made extensive investigation on surface defects since those defects, e.g., 
step edges [40–42] and O vacancy [43, 44] are intrinsic on the surfaces of crystalline materials, 
which strongly influence the surface chemistry.

Since the discovery of photocatalytic splitting of water on a TiO2 electrode in 1972 [1], the 
interaction of TiO2 surfaces with water is of special interest. The structure of the hydrated sur-
faces is important not only because water is always present on TiO2 surfaces, but also because 
it can help understand and control the catalytic and (photo) electrochemical properties of this 
material. In fact, different water adsorption states have been found; for example, water favors 
molecular adsorption on the anatase (101) surface and dissociative adsorption on the (001) 
surface [13].

There is still controversy for water adsorption on the TiO2 surface based only on the DFT total 
energy calculations, e.g., on rutile (110). Despite numerous studies on this topic in literature, 
the mechanism of water dissociation on TiO2 surfaces remains to be clarified. Moreover, there 
is still a lack of a generic understanding of different surfaces including surfaces with steps and 
vacancies.

Due to a recent experiment, a large percentage of exposed (211) facet has been prepared and 
it is found that the (211) surface can effectively improve the photocatalytic activity of TiO2 
for water dissociation reactions [45, 46]. Since the surface exposes both Ti4 and Ti5 atoms, the 
anatase (211) surface is studied in this work as an ideal model surface to illustrate the mecha-
nism of water dissociation on TiO2 surface [47]. The Ti4 atom plays a critical role for splitting 
water molecule. Furthermore, we introduce a bond-charge counting model according to TiO2 
structure and conclude that two unsaturated Ti bonds are the necessary conditions for split-
ting water on the surface. Then, we examine as much as possible TiO2 surfaces and find the 
model is applicable to all surfaces.

The paper is organized as follows: the reactivity of anatase TiO2 (211) surface is briefly reviewed 
in Section 2; then, we propose the bond-charge counting model and give some typical examples 
in Section 3; finally, we present conclusion remakes in Section 4.

Titanium Dioxide4



cells, photo and electrochromics, photocatalysis, photonic crystals, smart surface coatings, and 
sensors [1–9]. In all applications, the surface structure plays a key role, as the surface reactiv-
ity and physicochemical properties depend strongly on the exposed crystallographic facet. 
Therefore, the search for high reactivity TiO2 surfaces is a topic of great interest and an area of 
intense activity.

The rutile (110) surface has been investigated early [10–12]. Anatase is less stable than rutile, 
but more efficient than rutile for applications. Many studies of the anatase TiO2 surface focus 
on the (001) and (101) surfaces [13–20]. Theoretical studies [13–17] show that the (101) surface 
is the thermodynamically most stable surface with a small surface energy of 0.49 J/m2, while 
the (001) surface is the highest reactivity surface with a high surface energy of 0.98 J/m2. More 
recently, using different dopants, adsorbates, or solvated species, anatase TiO2 nanocrystals 
exposing various crystalline facets have been prepared, including low-index facets such as 
(001) facets [18, 19], (100) [21–24], (010) [25, 26], (101) [27–32], (110) [33], and (111) [34], and 
high-index facets such as (103), (105), (106), (201), (301), and (401) [35–39]. Besides, many 
researchers have made extensive investigation on surface defects since those defects, e.g., 
step edges [40–42] and O vacancy [43, 44] are intrinsic on the surfaces of crystalline materials, 
which strongly influence the surface chemistry.

Since the discovery of photocatalytic splitting of water on a TiO2 electrode in 1972 [1], the 
interaction of TiO2 surfaces with water is of special interest. The structure of the hydrated sur-
faces is important not only because water is always present on TiO2 surfaces, but also because 
it can help understand and control the catalytic and (photo) electrochemical properties of this 
material. In fact, different water adsorption states have been found; for example, water favors 
molecular adsorption on the anatase (101) surface and dissociative adsorption on the (001) 
surface [13].

There is still controversy for water adsorption on the TiO2 surface based only on the DFT total 
energy calculations, e.g., on rutile (110). Despite numerous studies on this topic in literature, 
the mechanism of water dissociation on TiO2 surfaces remains to be clarified. Moreover, there 
is still a lack of a generic understanding of different surfaces including surfaces with steps and 
vacancies.

Due to a recent experiment, a large percentage of exposed (211) facet has been prepared and 
it is found that the (211) surface can effectively improve the photocatalytic activity of TiO2 
for water dissociation reactions [45, 46]. Since the surface exposes both Ti4 and Ti5 atoms, the 
anatase (211) surface is studied in this work as an ideal model surface to illustrate the mecha-
nism of water dissociation on TiO2 surface [47]. The Ti4 atom plays a critical role for splitting 
water molecule. Furthermore, we introduce a bond-charge counting model according to TiO2 
structure and conclude that two unsaturated Ti bonds are the necessary conditions for split-
ting water on the surface. Then, we examine as much as possible TiO2 surfaces and find the 
model is applicable to all surfaces.

The paper is organized as follows: the reactivity of anatase TiO2 (211) surface is briefly reviewed 
in Section 2; then, we propose the bond-charge counting model and give some typical examples 
in Section 3; finally, we present conclusion remakes in Section 4.

Titanium Dioxide4

2. The reactivity of anatase TiO2 (211) surface

2.1. Surface structure and stability

We begin with the experimental result. Recently, a large percentage of exposed (211) facet has 
been identified by X-ray diffraction (XRD) on N-doped TiO2 film deposited using RF magnetron 
sputtering [45]. N-doped TiO2 films were deposited on quartz glass substrates (2 cm × 4 cm) by 
RF reactive magnetron sputtering. The crystalline structure of the as-deposited N-doped TiO2 
films was identified by X-ray diffraction (XRD). Figure 1 shows the XRD patterns of N-doped 
TiO2 film. Diffraction peaks observed at 2θ = 25.28°, 36.95°, 37.88°, 38.55°, 48.05°, 54.09°, 54.88°, 
62.67°, and 68.76°correspond well with (101), (103), (004), (112), (200), (105), (211), (204), and 
(116) planes of anatase phase of TiO2. It can be seen that N-doping can greatly influence the 
growth orientation of anatase TiO2 particles. As shown in Figure 1, the intensities of the (004), 
(112), (200), and especially (211) peaks become stronger, while (101) peak become weaker for 
the N-doped TiO2 film, compared with those of the undoped TiO2 film. Especially, the increase 
of exposed (211) facets can effectively improve the photocatalytic activity of TiO2 for water dis-
sociation reactions [46], showing the high reactivity of exposed (211) facets.

Figure 1. The X-ray diffraction (XRD) on N-doped TiO2 film.
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Motivated by the above experimental findings, in a recent theoretical work [47], we have 
made a systematic study of the surface reactivity and water adsorption on anatase (211) using 
ab initio calculations. Calculations have been performed by the Vienna ab initio simulation 
package (VASP) [48–50] with all-electron projector augmented wave (PAW) method [51]. The 
generalized gradient approximation (GGA-PW91) [52] is set as the exchange and correlation 
functional. The valence states 3d24s2 for Ti, 2s22p4 for O, and 1s1 for H are used with an energy 
cutoff of 500 eV for the plane wave basis set. The calculated lattice constants for bulk ana-
tase TiO2 are used to construct the diverse facets listed in Table 1. The anatase (211) surface 
was modeled by a slab of six layers with a unit surface cell of 7.706 Å × 5.501Å × 27.677Å  
(γ = 101.44°) comprising a total of 54 atoms separated by a vacuum region of 12 Å. The 
Monkhorst-Pack scheme [53] was adopted for the Brillouin zone integration with a 6 × 6 × 1 
k-point mesh. All atoms are relaxed during geometry optimizations with the given surface 
cell. Convergence criteria employed for both the electronic self-consistent relaxation and the 
ionic relaxation were set to 10−6 eV and 0.01 eV/Å for the total energy and Hellmann-Feynman 
force, respectively.

We firstly discuss the surface stability. The stoichiometric unrelaxed termination of the 
(211) surface is shown in Figure 2(a) There are five under-coordinated and four fully-coor-
dinated atoms exposed to the vacuum. The five under-coordinated atoms include three 
inequivalent twofold-coordinated oxygen atoms denoted by O21, O22, and O23, a fourfold-
coordinated Ti4 and a fivefold-coordinated Ti5, respectively. The four fully-coordinated 
atoms are O31, O32, O33, and Ti6 [see Figure 2(a)]. Different from (001) and (101) surfaces 
[12], fourfold-coordinated Ti4 atoms are present on the (211) surface. Figure 2(b) shows 
the optimized anatase (211) surface. After relaxation, the (211) surface shows a very cor-
rugated structure, with a characteristic, saw tooth-like profile along the [1–31] direction. 
All under-coordinated oxygen (O2i) atoms are displaced outward, while the under-coor-
dinated Ti4 and Ti5 atoms are relaxed inward. Both angles ∠Ti4−O22−Ti5 and ∠Ti5−O31−Ti6 
become smaller, 100.3° and 147.7°, respectively. The largest relaxations are those of the 
fully-coordinated oxygen O31, which relaxes outward by approximately 0.35 Å, and O32, 
which relaxes inward by approximately 0.34 Å. Meanwhile, the surface atoms form four-
membered-ring (O-Ti-O-Ti) structures on the surface. These O-Ti-O-Ti rings are slightly 
deformed and the distances between oxygen atoms in these rings increased from the bulk 
value of 2.458 Å to 2.492–2.515 Å.

Facet Nat E (J/m2) n(Ti5) (10−2Å−2) n(Ti4) (10−2Å−2) n(O2) (10−2Å−2)

(101) 24 0.52 5.1 5.1

(001) 18 1.08 6.9 6.9

(211) 54 0.97 2.4 2.4 7.2

(103)s
14 48 0.99 3.5

(110)14 42 1.15 3.8

Table 1. Calculated surface energies (E in J/m2) and surface densities Ti5, Ti4, and oxygen O2 atoms [n(Ti5), n(Ti4), and 
n(O2)]. Nat is the total number of atoms in the slab.

Titanium Dioxide6
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To investigate the surface stability, we calculated the electronic density of states (DOS) for 
bare anatase (211) surface after relaxation. The result is shown in Figure 3 in comparison with 
the bulk TiO2. There is a big gap, as large as in bulk, in the DOS of relaxed bare anatase (211) 
surface, which indicates the chemical stability of the (211) surface.

2.2. Surface energetics

The surface energies for (101), (001), and (211) are estimated using the expression, E =(Etot–nEbulk)/A, 
where Etot is the total energy of the slab and Ebulk is the energy of TiO2 unit in the bulk, n is the num-
ber of TiO2 units in the slab, A is the total surface area of the slab, including both sides of the slab. 
The calculated surface energies are listed in Table 1. The surface energy of the (001) surface is esti-
mated to be 1.08 J/m2, which is nearly twice that of the most stable anatase (101) surface (0.52 J/m2), 
in agreement with previous theoretical studies [14]. Similarly, the (211) surface has a high surface 
energy of 0.97 J/m2, close to that of the (001) surface.

The value of the surface energy is known to be strongly correlated to the presence of under-
coordinated Ti atoms on the surface [14]. The (001) surface energy is large because of the high 
surface density of Ti5 (see Table 1). However, the surface energy of anatase (211) is large even 

Figure 2. Structures of the unrelaxed (a) and relaxed (b) anatase (211) surfaces. The O and Ti atoms are in red and grey 
spheres, respectively, indicated with different coordination numbers.
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though the total density of under-coordinated Ti4 and Ti5 atoms is smaller than that on the 
(001) surface [even smaller than on (101)]. This result already suggests that Ti4 atoms, with 
two unsaturated bonds, have a higher reactivity than Ti5 atoms with one unsaturated bond. A 
similar behavior was found also for the anatase (110) and (103)s surfaces [14].

From the above calculation results in subsections 2.1 and 2.2, we can see that the (211) surface 
has a large electronic band gap and high surface energy. It shows those two surface proper-
ties,  stability and reactivity, seem contradictory, could uniformly hold on the (211) surface.

Figure 3. Electronic density of states for the bulk TiO2 and bare anatase (211) surface after relaxation. The Fermi level is 
set at 0 eV.

Titanium Dioxide8
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2.3. Water adsorption

We next present a detailed picture for the adsorption of water on the TiO2 (211) surface by 
considering one, two and three adsorbed water molecules corresponding to various coverages  
θ = 1/3, 2/3 and 1 ML per surface unit cell, respectively.

For a single water molecule (1/3 ML), there are four possible adsorption modes, corre-
sponding to different adsorption positions (Ti4 or Ti5) and different (molecular or dissocia-
tive) adsorption conformations. For molecular water adsorption on Ti5 site [see Figure 4(a)], the  
oxygen of water bonds to Ti5 with bond length of 2.226 Å, and two surface oxygen atoms via 

Figure 4. Side (left) and top (right) views of the structures for water adsorption on the anatase TiO2 (211) surface. (a) 
Molecular water on a Ti5 site. (b) Dissociative water on a Ti4 site. (c) Mixed state with one dissociative H2O on Ti4 and one 
molecular H2O on Ti5 sites at 2/3 ML. (d) Mixed state on Ti4 and Ti5 sites at 1 ML coverage. The O atom of water is plotted 
in orange, the H atom is in blue, and the H-bond is indicated by a dashed line.
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Ti5 form two bond angles ∠Owater−Ti5−O22 = 99.85° and ∠Owater−Ti5−O31 = 77.18°, close to the 
bulk angles of 101.90° and 78.10°, respectively. Upon water adsorption, the Ti5 site becomes 
sixfold-coordinated: the Ti atom has six Ti-O bonds with their orientations similar to those in 
the bulk. At the same time, the two hydrogen atoms of water form H-bonds (HBs) with two 
neighboring surface under-coordinated oxygen atoms, O21 and O23, with bond lengths 2.339 
and 1.873 Å, respectively. As a result, the computed molecular adsorption energy on the Ti5 
site is 0.784 eV. For dissociative water adsorption on Ti5 site, the water molecule is dissociated 
into hydroxyl (OH) and H fragments. The OH group bonds to Ti5 with a length of 1.857 Å 
and then further bonds to O23 with a weak HB. The H fragment forms a new OH moiety with 
a nearby O21. As a result, the adsorption energy for a dissociated water on Ti5 site is 0.77 eV, 
which is slightly smaller than that of molecular adsorption. Thus, molecular adsorption is 
preferred on Ti5 site.

On the other hand, for molecular water on a Ti4 site, the oxygen atom of water binds to Ti4 with 
a bond length of 2.207 Å, and Ti4 is located at the position of one of the bulk Ti-O bonds indi-
cating that there is one Ti bond left. The Ti4 adsorption site becomes fivefold-coordinated and 
the adsorption energy for molecular water on Ti4 site is estimated to be 0.99 eV. Finally, for dis-
sociative water on Ti4 site [see Figure 4(b)], the O atom of the OH group is strongly bonded to the 
Ti4 atom with a short bond length of 1.847 Å (as compared to the Ti-O bond length of 2.207 Å 
in the molecular adsorption case) so that the Ti4 adsorption site becomes fivefold-coordinated. 
It is worthwhile to point out that the adsorption position of the O atom of the OH group does 
not correspond to the position of a bulk Ti-O bond, but is in the middle of the two missing 
bulk Ti-O bonds, and the orientation of Ti4-OOH bond clearly deviates from its direction in the 
bulk, as shown by the two bond angles ∠OOH−Ti4−O33 = 130.86° and ∠OOH−Ti4−O32 = 119.91°. 
This adsorption geometry with short bond length and a middle position indicates that the dis-
sociated water interacts with two unsaturated Ti4 bonds indeed. Furthermore, the hydrogen 
atom of OH forms a weak HB with a neighboring O23 atom of length 2.534 Å. The dissociated 
H from water interacts with a surface oxygen O23 forming a new OH moiety with a bond length 
of 1.013 Å and further forms an HB of 1.598 Å with O22. As a result, the adsorption energy for 
dissociated water on Ti4 site is estimated to be 1.28 eV, which is significantly larger than the 
value of 0.99 eV obtained for molecular adsorption.

To obtain further insight, we show the projected densities of states of the surface with a disso-
ciative water on a Ti4 site and molecular water on Ti5 site in Figure 5. We can see that the O-2p 
orbitals in the OH group are extended to a wide range between −3.2 and −0.9 eV, indicating 
that the O atom of OH is strongly interacting with the substrate. On the other hand, for the 
case with a molecular water adsorption on a Ti5 site, all peaks from the water molecule are 
sharp and are simply superimposed on those of the bare surface, indicating that they interact 
weakly with the surface.

Combined together the above four calculation results: the adsorption energy, bond length, 
bond angle, and DOS, we can conclude that dissociative adsorption can easily happen at the 
Ti4 site while hardly happens on Ti5. In fact, these different behaviors can be understood in 
terms of a simple model based on the bond-charge distribution, which is the key issue in this 
paper and will be discussed in the next section.
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Now, let us consider more water adsorption case. For two adsorbed H2O molecules (2/3 ML 
coverage), the first H2O prefers to adsorb at a Ti4 site in dissociative form according to the single 
water-adsorption results; next, another water molecule should adsorb on a Ti4 or Ti5 site. For the 
structure with one dissociated H2O on a Ti4 site and one molecular H2O on a Ti5 site [see Figure 4(c)], 
the O-Ti5 bond is 2.230 Å, while the O-Ti4 bond length is much shorter, 1.992 Å. The dissociated 
H combines with an O23 atom forming a new OH moiety and further forms a strong HB (1.590 
Å) with an O22 atom. An additional HB between two water molecules forms with a bond length 
of 1.775 Å, which makes two water molecules closer and changes the values of the bond angles. 
In this mixed structure (c), the adsorption energy is 1.045 eV/mol, which is a little larger than 
the averaged value of 1.034 eV [(1.284 + 0.784)/2] for the single water adsorption on Ti4 and Ti5 
sites due to the contribution of the new HB. On the contrary, for the structure with two dis-
sociated H2O on Ti4 and Ti5 sites, the adsorption energy is estimated to be 0.991 eV/mol, which 
is about 0.036 eV smaller than the averaged value of 1.027 eV [(1.284 + 0.770)/2] for the single 
water adsorption and also 0.054 eV lower than that of the mixed configuration. These results 
confirm that molecular adsorption is preferred on Ti5 in the mixed structure. Moreover, for a 
structure with one dissociated H2O and one associated H2O on Ti4 sites and structure with two 

Figure 5. Projected electronic density of states on anatase (211) surface (a) for O-2s,p in the OH group on Ti4 site; (b) for 
O-2s, p in water on Ti5 site; The Fermi level is set at 0 eV.
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dissociated H2O on Ti4 sites, the adsorption energy is estimated to be 0.960 and 0.916 eV/mol, 
respectively. Those are clearly lower than 1.045 eV/mol for the mixed structure. Therefore, with 
increasing coverage, water molecules prefer to be adsorbed in a mixed form with one dissoci-
ated H2O on a Ti4 site and one molecular H2O on a Ti5 site.

Finally, we discuss the monolayer coverage where three water molecules are adsorbed per sur-
face unit cell. Following the 2/3 ML result with one dissociated H2O on a Ti4 site and one molecu-
lar H2O on a Ti5 site, the third molecule would adsorb molecularly on a Ti4 site [see Figure 4(d)]. 
It is an O atom that binds to Ti4 with a bond length of 2.259 Å, while the two H atoms form HBs 
with nearby O atoms, where H-O21 is 2.156 Å and H-O22 is 1.907 Å. The bond length for molecu-
lar water on a Ti5 atom is 2.221 Å, while for dissociated water on Ti4 it is 1.934 Å. Two bond 
angles ∠OOH−Ti4−O33 and ∠Owater−Ti4−O32 are 100.69° and 79.00°, respectively. Thus, all Ti atoms 
are sixfold-coordinated with orientations similar to those of a bulk Ti atom. The dissociated H 
is captured by an O23 atom to form an OH moiety and further interacts with an O22 atom form-
ing an HB of 1.835 Å. An additional HB of 1.652 Å also exists between these two adsorbed H2O. 
All surface atoms become saturated. The adsorption energy has a larger value of 0.946 eV/mol 
for this mixed configuration on Ti4 sites. For comparison, we also consider configuration with 
two dissociated water molecules on Ti4 sites and one molecular H2O on Ti5. Though all surface 
atoms are also saturated, its adsorption energy is 0.909 eV/mol, which is lower than that of the 
mixed configuration with one dissociative and one molecular adsorption on Ti4. Thus, molecu-
lar adsorption is favored on Ti4 for the second water molecule. Meanwhile, for structure with 
one intact water on Ti4 and two dissociated water molecules on Ti4 and Ti5 sites, the computed 
adsorption energy is 0.902 eV/mol; for structure with three dissociated water molecules on Ti4, 
Ti4, and Ti5 sites, the adsorption energy is 0.833 eV/mol (see Table 2). These results suggest that a 
mixed water configuration is formed at monolayer coverage, with one dissociated water on Ti4, 
one molecular water on Ti4, and one molecular water on Ti5.

Our results show that Ti4 is an only active site which can dissociate water. Once Ti4 is saturated 
with a water, there will be no more water can be dissociated. It corresponds well with the 
experimental observations that the dissociation does occur only at low coverages and the prob-
ability of H2O dissociation is decreased with increasing surface coverage. That is the purpose 
that we describe adsorption in detail from low water coverage to full coverage in this section.

3. The bond-charge counting model for TiO2 surfaces

3.1. The mechanism and a simple phenomenological model

According to the above results, the adsorption energies of water on a Ti4 site are always larger 
than those on a Ti5 site (see Table 2). Moreover, a water molecule can be easily dissociated on a 
Ti4 site while it hardly dissociates on Ti5. We use a word “hardly” here because there is still con-
troversy for the adsorption of H2O on Ti5 site. In our case, the adsorption energy for a molecular 
adsorption on Ti5 site is only slightly higher than the dissociated one, which is not adequately to 
convince that water cannot be dissociated on Ti5. Actually, there are a lot of arguments on this 
issue in literature. Lindan et al. [12] suggested that dissociative adsorption happened on the rutile 

Titanium Dioxide12



dissociated H2O on Ti4 sites, the adsorption energy is estimated to be 0.960 and 0.916 eV/mol, 
respectively. Those are clearly lower than 1.045 eV/mol for the mixed structure. Therefore, with 
increasing coverage, water molecules prefer to be adsorbed in a mixed form with one dissoci-
ated H2O on a Ti4 site and one molecular H2O on a Ti5 site.

Finally, we discuss the monolayer coverage where three water molecules are adsorbed per sur-
face unit cell. Following the 2/3 ML result with one dissociated H2O on a Ti4 site and one molecu-
lar H2O on a Ti5 site, the third molecule would adsorb molecularly on a Ti4 site [see Figure 4(d)]. 
It is an O atom that binds to Ti4 with a bond length of 2.259 Å, while the two H atoms form HBs 
with nearby O atoms, where H-O21 is 2.156 Å and H-O22 is 1.907 Å. The bond length for molecu-
lar water on a Ti5 atom is 2.221 Å, while for dissociated water on Ti4 it is 1.934 Å. Two bond 
angles ∠OOH−Ti4−O33 and ∠Owater−Ti4−O32 are 100.69° and 79.00°, respectively. Thus, all Ti atoms 
are sixfold-coordinated with orientations similar to those of a bulk Ti atom. The dissociated H 
is captured by an O23 atom to form an OH moiety and further interacts with an O22 atom form-
ing an HB of 1.835 Å. An additional HB of 1.652 Å also exists between these two adsorbed H2O. 
All surface atoms become saturated. The adsorption energy has a larger value of 0.946 eV/mol 
for this mixed configuration on Ti4 sites. For comparison, we also consider configuration with 
two dissociated water molecules on Ti4 sites and one molecular H2O on Ti5. Though all surface 
atoms are also saturated, its adsorption energy is 0.909 eV/mol, which is lower than that of the 
mixed configuration with one dissociative and one molecular adsorption on Ti4. Thus, molecu-
lar adsorption is favored on Ti4 for the second water molecule. Meanwhile, for structure with 
one intact water on Ti4 and two dissociated water molecules on Ti4 and Ti5 sites, the computed 
adsorption energy is 0.902 eV/mol; for structure with three dissociated water molecules on Ti4, 
Ti4, and Ti5 sites, the adsorption energy is 0.833 eV/mol (see Table 2). These results suggest that a 
mixed water configuration is formed at monolayer coverage, with one dissociated water on Ti4, 
one molecular water on Ti4, and one molecular water on Ti5.

Our results show that Ti4 is an only active site which can dissociate water. Once Ti4 is saturated 
with a water, there will be no more water can be dissociated. It corresponds well with the 
experimental observations that the dissociation does occur only at low coverages and the prob-
ability of H2O dissociation is decreased with increasing surface coverage. That is the purpose 
that we describe adsorption in detail from low water coverage to full coverage in this section.

3. The bond-charge counting model for TiO2 surfaces

3.1. The mechanism and a simple phenomenological model

According to the above results, the adsorption energies of water on a Ti4 site are always larger 
than those on a Ti5 site (see Table 2). Moreover, a water molecule can be easily dissociated on a 
Ti4 site while it hardly dissociates on Ti5. We use a word “hardly” here because there is still con-
troversy for the adsorption of H2O on Ti5 site. In our case, the adsorption energy for a molecular 
adsorption on Ti5 site is only slightly higher than the dissociated one, which is not adequately to 
convince that water cannot be dissociated on Ti5. Actually, there are a lot of arguments on this 
issue in literature. Lindan et al. [12] suggested that dissociative adsorption happened on the rutile 

Titanium Dioxide12

(110) surface, while Schaub’s result [43] is in contrast to that. However, there is an important 
case that water is indeed dissociated on anatase (001) surface with only Ti5 atom [13]. Therefore, 
whether Ti5 atom can dissociate water is still a matter for controversy on TiO2 surfaces.

Many research works are only concentrated on the total energy calculations in literature. 
DFT total energy calculations are a definitely powerful tool. But here there is a shortcoming 
that total energy calculations just tell the total energy of the system, not the local interaction 
energy. For example, in dissociative adsorption, the total energy includes the adsorption site 
of the dissociated H as well as H-bond energy at high coverage case. Thus, it is difficult to 
extract the onsite interaction energy and it is hard to obtain a clear conclusion just from the 
total energy. All those controversies come from the information of total energy and less con-
siderations for the reaction mechanism. Therefore, it is necessary to think it over from the 
origin of physics and chemistry beyond total energy calculation.

The water dissociation on surface is a chemical adsorption, which can be regarded as a chemi-
cal reaction analogue to a chemical displacement reaction, e.g., 2Na + 2H2O = 2NaOH + H2↑. 
In this displacement reaction, the necessary condition is that more active metal atom can sub-
stitute the less active metal atom or hydrogen. Also, from a physical point of view, the O atom 
in water must gain more electrons that H atom provided so that such a dissociation process 
happens by losing an H atom. From these considerations, we propose a simple bond-charge 
counting model based on the charge distribution on Ti bond in TiO2.

In bulk TiO2, each Ti atom has six nearest neighboring O atoms and Ti atom has four outmost 
electrons, i.e., each Ti4+ ion is surrounded by an octahedron of six O2− ions. Thus, on an average, 

θ (ML) Structure H2O H, OH ΔH (eV)

1/3 Figure 4(a) Ti5 0.784

Ti5 0.770

Ti4 0.994

Figure 4(b) Ti4 1.284

2/3 Figure 4(c) Ti5 Ti4 1.045

Ti4,Ti5 0.991

Ti4 Ti4 0.960

Ti4, Ti4 0.916

3/3 Figure 4(d) Ti4,,Ti5 Ti4 0.946

Ti5 Ti4, Ti4 0.909

Ti4 Ti4,Ti5 0.902

Ti4, Ti4,Ti5 0.883

The adsorption states are shown as H2O = molecular and H, OH = dissociative on a Ti4 or Ti5 site.

Table 2. Adsorption energy (ΔH in eV) per H2O molecule on anatase (211) at various water coverages θ = 1/3, 2/3, and 
1 ML.
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each Ti atom can offer 4/6 electron charge at each Ti-O bond. It holds for both rutile and anatase 
since they have the same TiO6 octahedra structure. Therefore, we could make a simple bond-
charge counting for this system. When a Ti4 atom interacts with the oxygen atom of H2O, two 
unsaturated Ti bonds participate in the interaction and offer about 4/3 electron charge to this O 
atom by forming a strong bond [see Figure 4(b)]. Thus, it satisfies the reaction requirement and 
Ti4 is more active than H atom. Then, one H atom can be released from the water molecule on a 
Ti4 site. In fact, one H atom dissociates spontaneously from the water molecule as this adsorbs 
on a Ti4 atom. On the other hand, Ti5 can only provide about 2/3 electron charge to the water O 
atom, less than the charge contribution from an H atom. Therefore, Ti5 is less active than H atom 
and hardly causes dissociation of an H atom. Although there is very little difference in energy 
(0.014 eV) between molecular and dissociated structures, we can clearly judge that water favors 
molecular adsorption and is unfavorable on Ti5 site.

The essence of the model is qualitatively taking account of average charge on each Ti bond 
in TiO2 material. The model is phenomenological and does not intend to provide the precise 
value of charge transferred during interaction due to the complex of 3d orbitals of Ti atom in 
TiO6 octahedra. Nevertheless, the bond-charge counting model clarifies the intrinsic charge 
difference between Ti4 and Ti5 atoms on surfaces where Ti4 can provide more than one elec-
tron and Ti5 much less one electron. The necessary condition for water splitting is that the 
surface Ti atoms must provide more than one electron to O atom of water. The charge contrib-
uted from a single Ti bond is not sufficient for water dissociation. Therefore, two unsaturated 
Ti bonds satisfy the condition corresponding to the four-coordinated Ti4 atom that has chemi-
cal reactivity, while Ti5 atom not.

3.2. Typical examples

In order to verify this model, we have made an intensive investigation for TiO2 surface as 
much as we could find in literature including steps and vacancies. We found that all reactive 
surfaces splitting water are associated with Ti4 atom or equivalent Ti4 atom without any excep-
tion. We are not able to exhaust all surfaces here, rather list typical and important surfaces in 
different geometric categories as follows.

3.2.1. Surfaces with Ti4 atom

We start the survey from the TiO2 surfaces with Ti4 atoms. At anatase surfaces, the (110) and 
(103)s contain Ti4 atoms. Therefore, their surface energies are 1.15 and 0.99 J/m2, respectively 
[14]. Those rather high values indicate that the surfaces have a very high reactivity contrib-
uted from Ti4 atoms.

3.2.2. Surface with only Ti5 atom

The surfaces with only Ti5 atom are more interesting. Whether the surfaces can dissociate water 
is controversy. We will see it strongly depends on its surface energy. As anatase (001) surface, 
the surface energy has a rather high value of 0.98 J/m2 indicating a high reactivity. Thus, it is 
clearly pointed out in Ref. [13] that the structure of the dissociated state (in Figure 6(a) same 
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as in Figure 3(a) in Ref. [13]) is characterized by the breaking of the bond between the bridg-
ing 2c oxygen and the Ti5 atoms involved in the adsorption, i.e., the Ti5 atom actually becomes 
fourfold-coordinated after breaking its bond to a bridging O atom. Therefore, the dissociative 
water is absorbed on an equivalent Ti4 site. It is expected that such phenomenon of Ti5 atom 
breaking bond with neighboring oxygen becomes an effective Ti4 atom which would be held for 
the anatase (103)f surface with the high surface energy of 0.9 J/m2.

However, for the other surfaces only containing Ti5 atoms, their surface energies are very 
small. The values are 0.49 and 0.58, and 0.35 J/m2 for anatase (101) and (100), and rutile (110), 
respectively. Note that the rutile (110) surface has smallest surface energy. Thus, the anatase 
(101) [13] and rutile (110) [11] are thermodynamically most stable structures. We can rule out 
the possibility of water dissociation on those surfaces [10].

Combined with the surface energy, we may estimate which surface with only Ti5 atom can 
dissociate water by breaking a Ti bond. According to calculations, the surface energy should 
approach to ~1 J/m2. For the high reactive surfaces with only Ti5, the Ti5 atoms eventually 
become too effective Ti4 atoms during the interaction.

Figure 6. (Figure 3 in Ref. [13]) Atomic structure (side view) for adsorbed water molecule(s) on anatase (001). (a) 
Dissociated state. (b) Molecular state. (c) Mixed state. Gray lines in (b) and (c) indicate hydrogen bonds. Bond lengths 
are in Å.
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3.2.3. Surfaces with steps

Step edges are the most common intrinsic defects on the surface. In this subsection, we give 
two examples of steps on two most stable surfaces, anatase (101) and rutile (110) surface.

Gong et al. [40] have made an intensive investigation on anatase (101) surface. The structure 
models of step edges they studied are shown in Figure 7. We can divide those surface step 
structures into two categories with Ti4 (in Figure 7(a), (d), (e), (f), and (h)) and without Ti4 atoms 
(in Figure 7(b), (c), and (g)). Then, we recapitulate their surface energy calculation results γ (θ) 
in unit 10-2eV/Å2 and rearrange in an order of containing Ti4 and Ti5 atoms as follows:

AI(Figure 7(a)) 5.36 4.68 4.34 Ti4

CI(Figure 7(e)) 5.49 4.81 4.46 Ti4

CII(Figure 7(f)) 6.22 5.22 4.78 Ti4

E(Figure 7(h)) 6.82 5.86 5.34 Ti4

AII(Figure 7(b)) 4.60 4.24 4.06 Ti5

BI(Figure 7(c)) 3.66 3.59 Ti5

D(Figure 7(g)) 4.52 4.11 3.94 Ti5

We omit the labels of vicinal surfaces here for simplicity. The surface energies with Ti4 are 
larger than that with Ti5 in each column. Gong et al. further studied water adsorption on D, 
BI, and AII with Ti5 atom (see Supplementary Information in Ref. [40]). On D-type step edge, 
both molecular and dissociative H2O adsorption can occur, but energy difference is much 
smaller than on flat TiO2 (101). For BI step, the adsorption energies are smaller than that on the 

Figure 7. Structure models of step edges A–E on anatase (101) (Figure 2 in Ref. [40]).
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AI(Figure 7(a)) 5.36 4.68 4.34 Ti4

CI(Figure 7(e)) 5.49 4.81 4.46 Ti4

CII(Figure 7(f)) 6.22 5.22 4.78 Ti4

E(Figure 7(h)) 6.82 5.86 5.34 Ti4

AII(Figure 7(b)) 4.60 4.24 4.06 Ti5

BI(Figure 7(c)) 3.66 3.59 Ti5

D(Figure 7(g)) 4.52 4.11 3.94 Ti5

We omit the labels of vicinal surfaces here for simplicity. The surface energies with Ti4 are 
larger than that with Ti5 in each column. Gong et al. further studied water adsorption on D, 
BI, and AII with Ti5 atom (see Supplementary Information in Ref. [40]). On D-type step edge, 
both molecular and dissociative H2O adsorption can occur, but energy difference is much 
smaller than on flat TiO2 (101). For BI step, the adsorption energies are smaller than that on the 

Figure 7. Structure models of step edges A–E on anatase (101) (Figure 2 in Ref. [40]).
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(101) surface. Note BI has the smallest surface energy among all step structures. On the least 
stable AII with the highest surface energy among steps containing Ti5 atom, the water adsorp-
tion is found to be similar to the anatase (001) surface where water is dissociatively adsorbed 
with adsorption energy 1.28 eV. Again, here surface Ti5 atom becomes Ti4 by breaking a bond 
with neighboring oxygen.

Hong et al. [41] investigated water adsorption behavior step edges on rutile TiO2 (110) surface 
using DFT calculations. They found that the < 1-10 > edge exhibits significantly enhanced 
water adsorption, especially dissociative adsorption, as compared to the pristine (110) surface 
and < 001 > step edge due to the existence of fourfold coordinated Ti4 atoms at the < 1-10 > 
step edge, which lead to charge transfer to adsorbates more easily than fivefold coordinated 
Ti5 atoms on the (110) surface and < 001 > step edge.

Later, Zheng et al. [42] studied the associative and dissociative adsorption of water molecules 
on rutile TiO2 (110) surface with step defects by DFT calculations. The step structures were 
created by removing the TiO2 unit along the < 1-11 > direction and exposing the Ti4 atoms (ter-
minating the Ti rows of the upper terrace) and the Ti5 atoms (see Figure 1(a), (b) in Ref. [42]). 
They only considered the case of Ti bonds fully saturated. Their results show that the molecu-
lar and dissociative adsorptions of H2O can both be observed on Ti4 sites and the molecularly 
absorbed water is more favorable on the Ti5 sites. The lowest energy corresponds to the con-
figuration where water molecule on Ti5 site and one dissociated and one molecular water on 
Ti4 site, same as our result for anatase (211) surface [47].

Thus, dissociative adsorption is also attributed to the existence of Ti4 atoms and/or equivalent 
Ti4 atoms exposing at step edges on anatase (101) and rutile (110) surfaces.

3.2.4. Surfaces with O vacancy

Oxygen vacancy is also one of the most common defects on the surface. Again, in this subsec-
tion, we give two examples of O vacancy on two most stable surfaces, rutile (110) and anatase 
(101).

Schaub et al. [43] investigated the O vacancy on rutile (110) through both experiments and 
DFT calculation and determined the O vacancies as active sites responsible for the dis-
sociation of water molecules. Their DFT calculation results show that the dissociation of 
water is only at oxygen vacancies with an adsorption energy of 0.94, while on the perfect 
(100) surface, water molecule binds to the surface by 0.56 eV and the dissociation of water 
is even endothermic by 0.23 eV. The dissociative adsorption is unfavorable on the perfect 
(100) surface. They explained that the large reactivity of the vacancies is associated with 
the high-energy defect and water dissociation is simply to refill the coordination shell of 
Ti underneath the vacancy. However, there will be something more than that. Note that 
the two Ti6 atoms underneath the vacancy become Ti5 atoms when O leaves the surface. 
Thus, when O atom of water is to refill the O vacancy, the two Ti5 atoms interact with O of 
water simultaneously. Then, in this case, we should count two Ti bonds participating in 
interaction. Therefore, the dissociation of water is due to the combined contribution of two 
unsaturated Ti atoms.
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On the anatase (101) surface, dissociation of water close to the oxygen vacancy is ener-
getically favored compared to molecular adsorption. Tilocca and Selloni [44] have done a 
detailed calculation of energy barrier between the molecular and dissociated states. When 
a surface O atom is removed, the Ti6 and Ti5 atoms bridging this O atom tune into Ti5 and 
Ti4, respectively. Water oxygen bonds to Ti4 and then dissociates through a dissociation 
pathway. Thus, the dissociation of water on O vacancy of anatase (101) is also attributed to 
that Ti4 atom.

3.2.5. Surfaces with Ti3 atom

Recently, the three-coordinated Ti atom (Ti3) are found on the (111) anatase TiO2 surfaces. Xu 
et al [34] reported that they prepared anatase TiO2 single crystals exposed (111) facet. Their 
DFT calculations showed that the (111) facet has a much higher surface energy of 1.61 J/m2, 
which is attributed to the large percentage of under-coordinated atoms. They also found that 
this material has much higher photocatalytic activity than other surfaces. Here, there are Ti3 
and Ti5 atoms with the ratio 1:3 on the (111) surface. According to our model, the Ti3 atom 
could contribute two electrons participating interaction. Thus, it is expected that two water 
molecules could be dissociated on a single Ti3 site. It could explain the (111) surface has much 
higher photocatalytic activity than other surfaces.

4. Conclusions

In conclusion, we use the anatase (211) surface as an idea model surface, containing one Ti4 
and one Ti5 under-coordinated atoms in unit cell, to investigate their distinct properties. Our 
ab initio calculations show that the (211) surface is indeed a high reactivity surface with a high 
surface energy of 0.97 J/m2. In addition, the four-coordinated Ti4 atoms with two unsaturated 
bonds have a stronger chemical reactivity in comparison to the Ti5 atoms with one unsatu-
rated bond. Studies of water adsorption suggest two distinct states of adsorbed water on the 
(211) surface, one related to molecular water on Ti5 sites and the other to dissociated water on 
Ti4 sites. These results indicate that the Ti4 atoms will play a critical role in water decomposi-
tion. According to TiO2 structure, we propose a simple bond-charge counting model where 
each unsaturated Ti bond contributes 2/3 charge in average. As a necessary requirement of 
chemical reaction, the dissociation of water only occurs when Ti atoms provide more elec-
trons to oxygen in water than H atom. Then, we reach to a conclusion that only Ti4 atom or 
equivalent Ti4 can dissociate water. The controversy about whether Ti5 can dissociate water 
is resolved that Ti5 atom will eventually become Ti4 by breaking bond to neighboring O atom 
at surface with high surface energy while the dissociation will not happen for surface with 
low surface energy. Besides traditional DFT total energy calculation, this model is considered 
in a fundamental way. We can also declare that the bond charge offered by surface Ti atoms 
is the mechanism for water dissociation on TiO2 surface. Furthermore, the model is generic 
and applicable to both rutile and anatase surfaces including defects, e.g., step edges and 
vacancies.
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which is attributed to the large percentage of under-coordinated atoms. They also found that 
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and Ti5 atoms with the ratio 1:3 on the (111) surface. According to our model, the Ti3 atom 
could contribute two electrons participating interaction. Thus, it is expected that two water 
molecules could be dissociated on a single Ti3 site. It could explain the (111) surface has much 
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surface energy of 0.97 J/m2. In addition, the four-coordinated Ti4 atoms with two unsaturated 
bonds have a stronger chemical reactivity in comparison to the Ti5 atoms with one unsatu-
rated bond. Studies of water adsorption suggest two distinct states of adsorbed water on the 
(211) surface, one related to molecular water on Ti5 sites and the other to dissociated water on 
Ti4 sites. These results indicate that the Ti4 atoms will play a critical role in water decomposi-
tion. According to TiO2 structure, we propose a simple bond-charge counting model where 
each unsaturated Ti bond contributes 2/3 charge in average. As a necessary requirement of 
chemical reaction, the dissociation of water only occurs when Ti atoms provide more elec-
trons to oxygen in water than H atom. Then, we reach to a conclusion that only Ti4 atom or 
equivalent Ti4 can dissociate water. The controversy about whether Ti5 can dissociate water 
is resolved that Ti5 atom will eventually become Ti4 by breaking bond to neighboring O atom 
at surface with high surface energy while the dissociation will not happen for surface with 
low surface energy. Besides traditional DFT total energy calculation, this model is considered 
in a fundamental way. We can also declare that the bond charge offered by surface Ti atoms 
is the mechanism for water dissociation on TiO2 surface. Furthermore, the model is generic 
and applicable to both rutile and anatase surfaces including defects, e.g., step edges and 
vacancies.
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Abstract

Titanium dioxide is a wide band‐gap semiconductor of high chemical stability, nontoxic‐
ity and large refractive index. Because of the high photocatalytic activity, anatase is a pre‐
ferred TiO2 form in many applications such as for air and water splitting and purification. 
Doping of TiO2 with various ions can increase the photocatalytic activity by enhancing 
light absorption in visible region and can alter structure, surface area and morphology. 
Also, by doping TiO2 with optically active ions, visible light via up‐ or downconversion 
luminescence can be produced. It is a challenge to optimize the synthesis procedure to 
incorporate rare earth RE3+ ions into the TiO2 structure due to large mismatch in ionic 
radii between the Ti4+ and RE3+ and because of the charge imbalance. Visible (VIS) and 
ultraviolet (UV) luminescence of several RE3+ ions can be obtained when incorporated 
into anatase TiO2, also affecting microstructural characteristics of TiO2. It is of great 
importance to summarize publications on rare earth‐doped anatase TiO2 nanoparticles to 
find correct TiO2‐RE combination to sensitize trivalent rare earths luminescence, as well 
as to predict or tune structural and morphological properties. A better understanding 
on these topics may progress the desired design of this kind of material towards specific 
applications.

Keywords: anatase, rare earth ions, photoluminescence, photocatalysis

1. Introduction

Rare earth (RE) elements are sixth period elements in the periodic table, from 57La to 71Lu. 
Because of many similarities, such as ionic +3 charges and similar ionic radius, 39Y that also 
belongs to the III transition group and is positioned just above 57La is also often considered 
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as a part of the RE group. Even though the group is regarded as rare earth elements, they are 
not particularly rare. However, they are costly but highly efficient for many technological 
applications, mainly in lighting and display devices. With the absence of 57La and 71Lu, RE 
atoms, all have incompletely filled 4f orbitals that are positioned in the inner shell of xenon 
[Xe: 1s2 2s2 2p6 3s2 3p6 4s2 3d10 4p6 5s2 4d10 5p6] electron configuration, which are responsible for 
their emission properties. Since they are shielded by outer 5s2 and 5p6 orbitals, electrons from 
4f orbitals do not participate in bonding and are only slightly affected by the surroundings 
of the ions. Ionic +3 charges are the most often, although some cases +2 and +4 can be stable 
as presented in Table 1. Electronic states are noted as 2S+1LJ, where L is the orbital angular 
momentum, S is the spin angular momentum, and J is the total angular momentum, and cor‐
responding notations are also presented in Table 1. Lanthanide contraction makes significant 
decrease of ionic radii in the series with an increase in atomic number, and the values for 
six‐coordinated RE3+ are also presented in Table 1.

Laporte’s selection rule states that electron transitions between 4f states are forbidden, but 
they become partially allowed when RE ions are incorporated in non‐symmetric sites [2, 
3]. In that way, each ion has characteristic 4f energy levels with narrow‐emission lines that 
depend on the crystalline environment of the host material in the order of few hundred cm−1. 
The Dieke diagram is the energy‐level diagram of trivalent lanthanide 4f electrons of RE3+ 

Atomic number Name RE symbol Atom RE2+ RE3+ RE4+ 2S+1LJ Radii  R E  
VI

  3+   [Å]

57 Lanthanum La 5d1 6s2 – [Xe] – 1S0 1.032

58 Cerium Ce 4f1 5d1 6s2 – 4f1 [Xe] 2F5/2 1.020

59 Praseodymium Pr 4f3 6s2 – 4f2 4f1 3H4 0.990

60 Neodymium Nd 4f4 6s2 4f4 4f3 4f2 4I9/2 0.983

61 Promethium Pm 4f4 6s2 – 4f4 – 5I4 0.970

62 Samarium Sm 4f6 6s2 4f6 4f5 – 6H5/2 0.958

63 Europium Eu 4f7 6s2 4f7 4f6 – 7F0 0.947

64 Gadolinium Gd 4f7 5d1 6s2 – 4f7 – 8S7/2 0.938

65 Terbium Tb 4f9 6s2 – 4f8 4f7 7F6 0.923

66 Dysprosium Dy 4f10 6s2 – 4f9 4f8 11H15/2 0.912

67 Holmium Ho 4f11 6s2 – 4f10 – 5I8 0.901

68 Erbium Er 4f12 6s2 – 4f11 – 4I15/2 0.890

69 Thulium Tm 4f13 6s2 4f13 4f12 – 3H6 0.880

70 Ytterbium Yb 4f14 6s2 4f14 4f13 – 2F7/2 0.868

71 Lutetium Lu 4f14 5d1 
6s2

– 4f14 – 1S0 0.861

Table 1. Outer electronic configurations of RE atoms and ions, outside of the [Xe] shell, ground‐state term of RE3+ and 
radii of 6‐coordinated RE3+ (taken from Ref. [1]).
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 incorporated in LaCl3 crystals, which can be found in the original or revised form, which is 
informative for many materials [4–7]. It schematically represents variations between ground‐ 
and excited‐level energies or rare earth ions, proposing emissions of almost any colour in 
visible spectra by using one, or a combination of various RE ions in hosts.

Luminescent materials that absorb energy as light and do not emit it as heat, but as ultraviolet, 
visible or infrared (IR) light, are called phosphor materials. Typically, they are composed of 
insulating or semiconducting host material that is doped with activator ions. Phosphors with 
RE ions as activators are important materials that have found applications in artificial light, 
cathode‐ray tubes, vacuum fluorescent and field emission displays, solid‐state lasers, and so 
on [8]. It is now a custom to refer materials that have at least one dimension less than 100 
nm as nanomaterials. The great number of atoms in top layers of nanoparticles significantly 
alters their optical properties; hence, it is justified to name nanostructured phosphors as a 
nanophosphors. Today, nanophosphors can be found in many forms, such as nanopowders, 
composites, coatings and thin films, giving new possibilities for application in bio‐imaging 
and various types of physical and chemical sensing [9–11].

Photoluminescence of RE ions can be induced by the absorption of light through host lattice 
(host, H) that is transferred to RE ion (activator, A), directly exciting A, or energy transfer 
from other exited ions (sensitizer, S) that are also incorporated in matrix. A schematic diagram 
showing direct and indirect excitations with energy transfer resulting in the emission of light 
or heat is presented in Figure 1(a).

When RE ions are used as activators in phosphor materials, depending on the positions 
of energy levels in RE ion, two main energy conversion mechanisms can lead to radiative 
energy transfer that results in the emission of light, one being downconversion, and the other 
upconversion. As it can be seen in Figure 1(b), the principal difference between the two is the 
 difference in excited and emitted energies. As schematically presented, in downconversion 
process electrons are excited by higher‐energy photons compared to energy obtained from 
emission. In the process, prior to the emission of photons some energy is lost by non‐radiative 
transitions. Oppositely, in upconversion process electrons are excited by lower‐energy pho‐
tons compared to energy obtained from emission. In order to preserve energy conservation 
rule, more than one photon is necessary for either single‐ion excited‐state absorption process, 
or in energy transfer upconversion process where the second ion is the sensitizer ion.

In order to fully understand the processes of downconversion light emission, we refer to 
energy‐level diagram scheme presented in Figure 2. In honour of professor Alexander 
Jablonski, this type of energy diagrams is often called the Jablonski diagram. It qualitatively 
represents electronic energy levels as bolded horizontal lines and vibrational energy levels as 
a stack of horizontal lines in vertical energy diagram. Straight and wavy vertical arrows rep‐
resent transitions between the states, where straight arrow represents transition associated 
with photon, while wavy arrows represent non‐radiative transfers. A radiative decay process 
is a process in which electron releases some of its excitation energy as photon, while in a non‐
radiative decay excess energy is transferred into thermal motions, as vibration, rotation and 
translation processes, heat. Once an electron is excited through very quick process of absorp‐
tion of photon, into, for example, some vibronic state of second excited singlet state, there 
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are several ways that energy may be dissipated. The first is through vibrational relaxation, a 
non‐radiative process that lowers energy of electron to the lowest excited singlet state, with 
or without non‐radiative internal conversion process, depending on the overlap of vibra‐
tional and electronic energy of different states. Next, a radiative process of energy transfer to 
ground singlet state is followed by emission of photons in terms of fluorescence. There is no 
change in multiplicity S1→S0, so the transition is spin allowed and consequently fast. Since 
there are a large number of vibrational levels in electronic states, transitions can result in a 
range of emitted wavelengths. There is also a probability of non‐radiative relaxations between 

Figure 1. (a) Direct and indirect excitation with energy transfer resulting in emission of light or heat, by activators (A), 
hosts (H) and sensitizers (S). (b) Basic mechanisms of downconversion and upconversion luminescence.

Figure 2. Radiative and non‐radiative processes with corresponding approximate time interval of the processes in 
energy‐level diagram scheme. S0, ground singlet state; S1, S2, excited singlet states; T1, excited triplet state.
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the singlet states (S1⤳S0). If in the process of dissipating of energy spin multiplicity changes 
by slower process of intersystem crossing, energy can be radiatively emitted from lowest 
excited triplet state to ground singlet state by phosphorescence T1→S0, or non‐radiatively by 
relaxations between the triplet and singlet states (T1⤳S0). Intersystem crossing and therefore 
phosphorescence are spin‐forbidden processes; nevertheless, by coupling vibrational factors 
into the selection rules transitions become partially allowed, and they are consequently much 
slower.

2. Synthesis of rare earth‐doped anatase TiO2 nanoparticles

TiO2 nanoparticles present several advantages for applications compared to their bulk 
counterparts. Their high‐surface‐to‐volume ratio, improved charge transport and lifetime, 
afforded by their dimensional anisotropy, allows efficient contribution to the separation of 
photo‐generated holes and electrons [12]. The properties of TiO2 depend on its crystal struc‐
ture, surface chemistry, dopants, doping levels, crystallization degree, size and morphol‐
ogy [13]. Hence, it is of great importance to control the particle size, shape and distribution 
of the synthetized TiO2. To achieve desired characteristics, a variety of TiO2 nanostructures 
have been prepared, such as nanoparticles, nanotubes, nanorods, nanofibres, nanosheets and 
nanofilms. These structures can be synthetized through various preparation methods, such as 
sol‐gel, direct oxidation, micelle and inverse micelle techniques, sonochemical, hydrothermal/
solvothermal, microwave, chemical vapour deposition, physical vapour deposition and elec‐
trospray deposition [14–17]. Significant progress has been made in the last 10 years regarding 
new approaches to the preparation of TiO2. These include doping TiO2 with optically active 
rare earth ions (RE). TiO2 can be considered as an ‘unusual’ matrix for doping with RE3+ ions 
due to the large mismatch of both charge and ionic radius between the dopant and the host 
constituent cations. It is a challenge even now to optimize the synthesis procedure in the way 
to efficiently incorporate RE3+ ions into TiO2 nanostructure and to obtain material with high 
crystallinity. Spectroscopic studies have showed that the RE ions can reside in the anatase in 
three different sites [18–20]. In nanopowders, substantial number of RE ions occupies the sites 
near the surface with the lowest point symmetry.

TiO2 occurs in three most abundant crystalline phases in nature: anatase (tetragonal), rutile 
(tetragonal) and brookite (orthorhombic). Rutile TiO2 is the most stable form, while ana‐
tase and brookite phases are metastable and can be transformed to rutile phase at higher 
 temperatures. Even though rutile is denser and thermodynamically more stable than anatase, 
this significant temperature treatment is not favourable for the formation of nanoparticles 
with a diameter lower than 15 nm, which is a feature of anatase form TiO2 [21, 22].

Sol‐gel synthesis is the most common method for the preparation of RE‐doped TiO2 nanopar‐
ticles, being simple, cost‐effective and low‐temperature procedure, with the ability to fab‐
ricate nanostructure with high purity, homogeneity and controllable morphology. This 
synthesis includes the process of hydrolysis and poly‐condensation of Ti–OH–Ti or Ti–O–Ti 
bonds forming densely three‐dimensional structure that after heating changes from sol to 
gel, and after thermic treatment results in the form of oxide. Titanium source precursors can 
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be  alkoxides (such as titanium (IV)‐isopropoxide (TTIP), titanium (IV)‐butoxide (TBT)) or 
 titanium (IV)‐chloride (TiCl4). RE ion precursors can be acid‐soluble oxides (RE2O3) or water‐ 
soluble nitrates, acetates or chlorides (RE(NO3)3·xH2O, RE(CH3COO)3·x(H2O), RECl3).

In the method of hydrolysis of TTIP, products are characterized by low surface area, wide 
pore size distribution with contribution to pores of mesopores scale (<50 nm) [22]. The sol‐gel 
synthesis with a two‐step procedure of mixing precursor solutions was successfully used to 
obtain RE‐doped TiO2 [18, 23–36]. The gels obtained in such procedures undergo various 
temperature treatments, which are summarized in Table 2. In the method of hydrolysis of 
TiCl4, which is another sol‐gel method for the preparation of RE‐doped anatase TiO2, minor 
amounts of brookite phases are often present and slightly larger crystallite size compared to 
RE‐doped TiO2 from the titanium alkoxides is reported [13, 37].

Hydrothermal synthesis is a heterogeneous chemical reaction in the presence of an aqueous 
solvent, above room temperature (<200°C) in a closed system, where the pressure is elevated. 

Dopant ions Doping conc. 
(%)

Calcination 
temperature 
(°C)

Crystalline 
phase

Crystallite 
size* (nm)

BET surface 
area (m2/g)

Pore diameter 
(nm)

Refs.

– – 400–700 A 8.14–79.1 25–117 3.26–6.4 [13, 18, 
22–28, 38, 
39]

– – 500–800 A + R 14.1–101.8 0.59–17.94 4.68 [22–24, 29]

– – 800–1000 R 32.7–100 0.34–16.7 – [22–24]

Sc 2 500 A + B 16.6 – – [37]

Sc 2 500–550 A 16.6–26.9 – – [13]

Sc 2 600 A + R 45.0 – – [13]

Sc 2 650–800 R 51.7–65.2 – – [13]

Y 0.25–2 400–500 A 8.5–9.4 89.68–151 – [28, 30, 31]

La 0.1–10 500 A 8.57–13.40 46.51–105.66 4.90–12.34 [25]

La – 600 A + R 17.2 36.7 – [32]

Ce 0.1–10 500 A 8.68–13.79 53.31–94.49 5.46–12.52 [24, 25]

Ce 5 800 A + CeO2 – – – [24]

Pr 0.25–1 400–650 A 9–20 77.5–134 – [28, 33, 40]

Nd 0.05–4 400–700 A 10–20 7.5–75 – [24, 34, 40, 
41]

Nd 0.1–5 800 A + R 25 <1.0 – [24, 41]

Nd 0.1–5 900–1000 A + R + 
Nd4Ti9O24

– – – [24]

Sm 0.3–3 420–700 A 5.8–12 50.78–95.9 5.20 [18, 29, 34, 
35, 38, 42]

Sm 0.3–0.5 800 A + R – 16.1–24.7 – [38]

Titanium Dioxide30



be  alkoxides (such as titanium (IV)‐isopropoxide (TTIP), titanium (IV)‐butoxide (TBT)) or 
 titanium (IV)‐chloride (TiCl4). RE ion precursors can be acid‐soluble oxides (RE2O3) or water‐ 
soluble nitrates, acetates or chlorides (RE(NO3)3·xH2O, RE(CH3COO)3·x(H2O), RECl3).

In the method of hydrolysis of TTIP, products are characterized by low surface area, wide 
pore size distribution with contribution to pores of mesopores scale (<50 nm) [22]. The sol‐gel 
synthesis with a two‐step procedure of mixing precursor solutions was successfully used to 
obtain RE‐doped TiO2 [18, 23–36]. The gels obtained in such procedures undergo various 
temperature treatments, which are summarized in Table 2. In the method of hydrolysis of 
TiCl4, which is another sol‐gel method for the preparation of RE‐doped anatase TiO2, minor 
amounts of brookite phases are often present and slightly larger crystallite size compared to 
RE‐doped TiO2 from the titanium alkoxides is reported [13, 37].

Hydrothermal synthesis is a heterogeneous chemical reaction in the presence of an aqueous 
solvent, above room temperature (<200°C) in a closed system, where the pressure is elevated. 

Dopant ions Doping conc. 
(%)

Calcination 
temperature 
(°C)

Crystalline 
phase

Crystallite 
size* (nm)

BET surface 
area (m2/g)

Pore diameter 
(nm)

Refs.

– – 400–700 A 8.14–79.1 25–117 3.26–6.4 [13, 18, 
22–28, 38, 
39]

– – 500–800 A + R 14.1–101.8 0.59–17.94 4.68 [22–24, 29]

– – 800–1000 R 32.7–100 0.34–16.7 – [22–24]

Sc 2 500 A + B 16.6 – – [37]

Sc 2 500–550 A 16.6–26.9 – – [13]

Sc 2 600 A + R 45.0 – – [13]

Sc 2 650–800 R 51.7–65.2 – – [13]

Y 0.25–2 400–500 A 8.5–9.4 89.68–151 – [28, 30, 31]

La 0.1–10 500 A 8.57–13.40 46.51–105.66 4.90–12.34 [25]

La – 600 A + R 17.2 36.7 – [32]

Ce 0.1–10 500 A 8.68–13.79 53.31–94.49 5.46–12.52 [24, 25]

Ce 5 800 A + CeO2 – – – [24]

Pr 0.25–1 400–650 A 9–20 77.5–134 – [28, 33, 40]

Nd 0.05–4 400–700 A 10–20 7.5–75 – [24, 34, 40, 
41]

Nd 0.1–5 800 A + R 25 <1.0 – [24, 41]

Nd 0.1–5 900–1000 A + R + 
Nd4Ti9O24

– – – [24]

Sm 0.3–3 420–700 A 5.8–12 50.78–95.9 5.20 [18, 29, 34, 
35, 38, 42]

Sm 0.3–0.5 800 A + R – 16.1–24.7 – [38]

Titanium Dioxide30

The synthesis has been used to produce homogeneous, high‐purity, crystalline nanostruc‐
tured RE‐doped TiO2 with different morphologies: nanotubes, nanobelts, nanowires or 
spherical nanoparticles. Alkoxide Ti precursors and water‐soluble RE precursors are acti‐
vated by acids or bases prior to the temperature treatments in Teflon‐liners autoclave up to 
several days [28, 44–53]. Obtained precipitates should be washed to neutral pH [47] before 
calcination in order to gain well‐defined TiO2 nanoparticles. Also, hydrothermal route can 
use the synthesized or commercial available TiO2 nanoparticle without the post‐calcination 
treatment [44, 46]. The main difference of solvothermal synthesis is using other solvents than 
water. The obtained samples are spherical nanoparticles with an average diameter of 16 nm 
and the  doping process can be easily achieved without significant loss of dopants [54]. The 
main characteristics and major physicochemical properties of RE‐doped TiO2 nanostructures 
 synthetized by hydrothermal and solvothermal are summarized in Table 3.

Electrospinning method can be employed to produce nanostructure RE‐doped TiO2 with fibre 
morphology and the average fibre diameter in the range of 35–80 nm. Typically, RE‐doped TiO2 

Dopant ions Doping conc. 
(%)

Calcination 
temperature 
(°C)

Crystalline 
phase

Crystallite 
size* (nm)

BET surface 
area (m2/g)

Pore diameter 
(nm)

Refs.

Eu 0.25–3 400–500 A 6–12 88.55–178.3 3.6–7.5 [18, 27–30, 
39, 42]

Eu 5 800 A + R 27 – – [24]

Gd 1–2 500–700 A 6.9–15.1 32.8–97.7 – [22]

Gd 2 800 A + Gd2Ti2O7 – – – [22]

Gd 5 600–800 A + R 26–27 – – [24, 32]

Gd 5–10 800–900 A + R + 
Gd2Ti2O7

7.2–14.7 15.3–51.5 – [22]

Tb 0.7–3 420–500 A 8.69–9 88.34 5.43 [18, 29]

Tb 5 800 A + R 25.5 – – [24]

Dy 0.3 450–650 A 9–31 60.4–80.6 – [33]

Dy 5 800 A + R 24 – – [24]

Ho 0.3–2 500–800 A 12.5–20.5 76.76–98.81 – [23, 36]

Er 0.25–5 400–700 A 8.5–21.9 18–132 – [24, 26, 28, 
42]

Er 5 800 A + Er2Ti2O7 23.8 – – [24]

Yb 0.21–1.13 500 A – – – [43]

Yb 5 600–800 A + R 19–23 – – [24, 32]

*Anatase phase.

Table 2. The sol‐gel synthesis conditions and major physicochemical properties of RE‐doped TiO2 nanostructures; 
A‐anatase, B‐brookite, R‐rutile.
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nanofibres are fabricated with the use of polymer solvents of polyvinyl pyrrolidone (PVP) or 
polyvinyl alcohol (PVA), titanium alkoxides and RE chlorides or nitrates. Starting solutions in 
glass syringe with stainless‐steel needle are connected to a high voltage and electrospun in air 
at different tensions, needle‐target distances and feed rates [57–61]. In order to remove the poly‐
meric component and obtain nanocrystalline anatase, RE‐doped TiO2, as‐spun nanofibres were 
calcined at 500°C. However, the pure phase of RE‐doped rutile TiO2 can be obtained after higher 
calcination temperature (>1000°C). The synthesis conditions and major physicochemical prop‐
erties of RE‐doped TiO2 nanostructures reported in the literature are summarized in Table 4.

Precursor 
materials

Dopant ions Doping 
conc. (%)

Calcination 
temperature 
(°C)

Crystalline 
phase

Crystallite size 
(nm)

Fibre diameter 
(nm)

Refs.

PVP, TTIP – – 400–500 A [57, 58]

PVP, TTIP – – 500–900 A + R 15.71–40 [57–59]

PVP, TTIP – – 1000 R [57]

PVP, TTIP, 
Y(NO3)3

Y 1–2 500 A + R 11.35–13.8 [59]

PVP, TTIP, 
Y(NO3)3

Y 3 500 A 8.8 [59]

PVP, TTIP, 
La(NO3)3

La 1 500–800 A 40 [57]

PVP, TTIP, 
La(NO3)3

La 1 900–1000 A + R [57]

PVP, TTIP, 
La(NO3)3

La 1 1100 R [57]

PVA, TTIP, 
La(NO3)3

La 1 500 A [58]

PVA, TTIP, 
La(NO3)3

La 1 700 A + R 12.51 [58]

PVA,,TTIP, 
Ce(NO3)3

Ce 1 500 A [58]

PVA, TTIP, 
Ce(NO3)3

Ce 1 700 A + R 11.49 [58]

PVA, TTIP, 
Nd(NO3)3

Nd 1 500 A [58]

PVA, TTIP, 
Nd(NO3)3

Nd 1 700 A + R 10.2 [58]

PVP, TTIP, 
Eu(NO3)3

Eu 1, 3 500–800 A 60, 70 [57]

PVP, TTIP, 
Eu(NO3)3

Eu 1 900 A + R [57]

PVP, TTIP, 
Eu(NO3)3

Eu 3 900 A + R + 
Eu2Ti2O7

[57]

Titanium Dioxide34
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PVA, TTIP, 
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Titanium Dioxide34

Thermal plasma pyrolysis is rarely used for the synthesis and preparation of RE‐doped TiO2 
nanopowders, which enables highly crystallized and well‐dispersed nanoparticles due 
to the processing temperature (up to 1.0 × 104 K), rapid quenching rate at the plasma 
tail (~105–7 K/s) and very short residence time [62]. The advantage of this synthesis is 

Precursor 
materials

Dopant ions Doping 
conc. (%)

Calcination 
temperature 
(°C)

Crystalline 
phase

Crystallite size 
(nm)

Fibre diameter 
(nm)

Refs.

PVP, TTIP, 
Eu(NO3)3

Eu 1, 3 1000–1100 R + Eu2Ti2O7 [57]

PVP, TTIP, 
Tb(NO3)3

Tb 1, 3 400–800 A 35, 80 [60]

PVP, TTIP, 
Tb(NO3)3

Tb 1 900 A + R [60]

PVP, TTIP, 
Tb(NO3)3

Tb 3 900 A + R + 
Tb2Ti2O7

[60]

PVP, TTIP, 
Tb(NO3)3

Tb 1, 3 1000–1100 R + Tb2Ti2O7 [60]

PVP, TTIP, 
Er(NO3)3

Er 1 400–900 A 60 [57]

PVP, TTIP, 
Er(NO3)3

Er 1 1000–1100 A + R + 
Er2Ti2O7

[57]

PVP, TTIP, 
Er(NO3)3

Er 3 500–800 A 77 [57]

PVP, TTIP, 
Er(NO3)3

Er 3 900 A + R + 
Er2Ti2O7

[57]

PVP, TTIP, 
Er(NO3)3

Er 3 1000–1100 R + Er2Ti2O7 [57]

PVP, TBT, 
ErCl3

Er 0.5–1.5 500 A 11.5–8.1 [61]

PVP, TBT, 
ErCl3

Er 0.5 600–700 A + R 17.9–23.1 [61]

PVP, TBT, 
ErCl3

Er 0.5 800 R 27 [61]

PVP, TTIP, 
Yb(NO3)3

Yb 1, 3 400–800 A 55, 70 [60]

PVP, TTIP, 
Yb(NO3)3

Yb 1 900 A + R [60]

PVP, TTIP, 
Yb(NO3)3

Yb 3 900 A + R + 
Yb2Ti2O7

[60]

PVP, TTIP, 
Yb(NO3)3

Yb 1, 3 1000–1100 R + Yb2Ti2O7 [60]

Table 4. The electrospinning synthesis conditions and major physicochemical properties of RE‐doped TiO2 nanostructures.
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that well‐dispersed and highly crystalline nanoparticles in a single processing step are 
obtained, without post‐annealing treatment. On the other hand, it promotes crystalliza‐
tion of several crystalline phases of TiO2, and with small amount of RE dopants mixtures 
of  anatase and rutile are formed, while at higher temperatures dititanate structures were 
also formed [62].

Electrochemical synthesis is a significant method in the preparation of TiO2 nanotubes at 
 substrates, providing the precise control of nanotube morphology, length and pore size, 
and the formation of thick walls at substrates. Electrolytes used in this procedure are fluo‐
rides, where the concentration strongly effects on the dimensions and pH on the thickness 
of TiO2 nanotubes [63, 64]. With anodic potential from 10 to 30 V, nanotubes with diam‐
eters between 15 and 200 nm are formed, and by cathodic electrochemical process RE ions 
are incorporated into the nanotubes. Also, magnetron‐sputtering method can be used to 
prepare RE‐doped TiO2 films [65] as well as evaporation‐induced self‐assembly method 
[66–69].

In order to investigate structural, morphological, photocatalytic and optical properties of 
RE‐doped anatase TiO2 nanopowders with a series of RE3+ ions (Pr, Nd, Sm, Eu, Dy, Tb, Ho, 
Er and Tm) at a fixed concentration of 1 at.%, the sol‐gel method has been used. To prepare 
samples, titanium (IV)‐isopropoxide, water, ethanol and nitric acid were mixed in 1:3:20:0.08 
molar ratios and the synthesis procedure is schematically shown in Figure 3 and given in 
Ref. [27].

Figure 3. Schematic representation of the sol‐gel synthesis with quantities of precursors used to prepare 3 g RE3+‐doped 
TiO2 nanopowders.
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3. The influence of rare earth doping on the stability of phase structure, 
surface area and morphology of anatase TiO2 nanoparticles

In most morphologies of calcinated TiO2 powders, anatase phase is stabile up to temperatures 
below 500°C. Anatase to rutile crystalline phase transformation occurs above this tempera‐
ture. In RE ions doped of anatase materials, the temperature of phase transformations shifts 
to higher values, suggesting the stabilization of anatase phase. As it can be seen in Tables 2–4 
in Section 2, phase transformations of RE‐doped anatase to rutile crystalline phase occur in 
the temperature range of 500–1000°C. There are three types of dominant nucleation modes 
in forming rutile from anatase, bulk, interface and surface, which lead to the phase transfor‐
mation. The proposed mechanisms affect the rate of grain forming and the density of rutile 
nucleation sites. The bulk nucleation of rutile particles is most likely to occur at tempera‐
tures above 500°C, when the grain boundary is surrounded by RE ions hindering the surface 
nucleation. The interface nucleation mode is dominant in the range of 550–680°C, when rutile 
particles with a larger crystallite size are formed on account of anatase particles, probably 
through aggregating of some anatase particles at the surfaces [70]. When calcination tempera‐
ture increases, the phase transformation is not completed because the surface region is still in 
the mixed phases of anatase and rutile, with increasing percentage of rutile particles. At the 
same time, the formation of multiphase RE‐titanate structures can also be noticed at higher 
temperatures, usually dititanates pyrochlore structures with a general formula of RE2Ti2O7 
[22, 57, 60, 71]. The contribution of these structures increases with RE‐doping concentration 
[57], and it is more pronounced with RE ions with smaller ionic radius (heavier ions). When 
RE ions with a larger ionic radius occupy TiO2 lattice sites, ionic mobility is hindered and the 
possibility of forming other titanate phases is lower. The electrospinning sol‐gel route can 
be used to fabricate RE‐doped TiO2 with pure rutile phase at higher calcination temperature 
(>1000°C) without the formation of the RE2Ti2O7 phase [57].

The influence of doping TiO2 with RE, where larger RE ions of different charge (+3) com‐
pared to Ti ions are introduced into the anatase phase, gives rise to substitutional defects 
and, consequently, the large decrease in the short lattice order, thus in the reduction of the 
crystallite size. With increasing the concentration of RE ions, amorphization of crystalline 
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0.1–3% range, while further addition of RE ions (≥5%) effectively obstructs TiO2 crystallinity 
owing to a lattice distortion, and remarkably reduces the crystallite size [22, 25]. The increase 
of doping concentration leads to a higher content of RE–O–Ti bonds that inhibit the growth 
of TiO2 crystal grains restricting the direct contact of anatase particles, shifts diffractions to 
lower 2 theta angles, and as a consequence of smaller crystallites, broadening of X‐ray dif‐
fraction (XRD) maxima [18, 55, 72, 73]. Even in undoped TiO2, the anatase phase is reported 
to be thermodynamically stable at very low particle size. In respect to the particle size, it is 
reported that rutile phase can be formed when the crystallite size reaches a critical value of 
12–20 nm [22]. Therefore, with the temperature increase, the crystallite size increases, which 
also favours anatase to rutile phase conversion. The influence of the incorporation of RE ions 
into the TiO2 is reflected in the reduction of the crystallite size that inhibits the transformation 
of anatase to rutile phase. Taking into account all possible RE‐doping effects on the stability 
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of anatase phase, size and concentration of RE ion, applied synthesis method and calcination 
temperature, a number of parameters may be varied in an attempt to optimize desired TiO2 
powder structure and properties.

RE‐doped TiO2 nanopowders were prepared by the sol‐gel route using a series of RE (Pr, 
Nd, Sm, Eu, Dy, Tb, Ho, Er, Tm) oxides and titanium(IV)‐isopropoxide. The final calcination 
treatment is carried out at a temperature of 420°C for 2 h. XRD measurements were done 
on synthesized powders using Rigaku SmartLab instrument under the Cu Kα1,2 radiation, 
in a 2θ‐range from 10° to 120° in 0.02° steps, and are shown in Figure 4. The XRD patterns 
indexed according to the ICDD card No. 00‐021‐1272. These patterns consist of the charac‐
teristic, intense peaks corresponding to 101, 004, 200, 105, 211 and 204 main reflections from 
anatase phase TiO2 in all RE‐doped TiO2 nanopowders. There are no diffraction peaks of 
another crystalline phase of TiO2 (rutile or brookite), rare earth oxide phase or dititanate pyro‐
chlore structures. The analysis of relevant structural parameters was obtained using PDXL 
Integrated software, and calculated results are presented in Table 5. The average crystallite 
size of undoped TiO2 was determined to be 149.6 Å, which is a much higher value than for 
the doped ones, suggesting the decrease in crystallinity with doping with RE as a result of the 
RE–O–Ti bonds in doped TiO2 nanopowders. A consequence of the incorporation of larger 
RE ion compared to Ti ion ( r(T  i  

VI
  4+  )  = 0.605 Å into anatase structure results in an increase in cell 

parameters that result in an increase of cell volume.

Mesoporous materials have important properties for potential applications, such as well‐
defined pore structure, uniform pores in the range between 2 and 50 nm and high surface 
area that provides a large number of active sites. Nevertheless, during the calcination treat‐
ment, TiO2 nanoparticles pass through the process of crystal growth and anatase‐to‐rutile phase 
transformation causing the collapse of the mesoporous framework and a decrease of surface 
area. Incorporation of RE ions into the TiO2 matrix has been presented as a potential strategy 
to overcome these disadvantages, with a possibility for thermal stability of the mesoporous 
structure and retarded decreasing of surface area of TiO2 nanoparticles at high temperatures 
[25]. Also, RE ion‐doped nanocrystalline TiO2 has a significant number of active sites at anatase 
wall, leading to different physicochemical properties compared to undoped TiO2 nanoparticles.

One of the problems in the synthesis of mesoporous TiO2 is to achieve an appropriate bal‐
ance between the hydrolysis and condensation processes of the titanium precursor. A slow 
hydrolytic condensation could lead to a small surface area in pure mesoporous TiO2, because 
small quantities of water influence the reactivity of titanium precursor materials, and affects 
polymerization of TiO2 [25]. On the other hand, higher reactivity of the titanium precursor 
towards hydrolysis and condensation leads to denser inorganic networks, which is promoted 
by the influence of hydrated RE precursors. In that way, relatively higher surface area and 
pore diameter are expected in RE‐doped TiO2 nanoparticles compared to undoped TiO2 [25]. 
In sol‐gel synthesis of anatase, TiO2 nanoparticles crystallize with a pore diameter in the range 
of 3.26–6.4 nm and the surface area in the range of 25–117 m2/g [13, 18, 22–28, 38]. In the 
low‐concentration RE‐doped anatase TiO2 nanoparticles annealed at the intermediate tem‐
peratures, pores have almost the same size as in the undoped ones. However, relatively high 
doping concentrations of RE ions (up to 10%) induce significant change in pore size distribu‐
tion, indicating the significant process of filling the pores, additionally promoted at higher 
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Figure 4. XRD patterns of undoped TiO2 and TiO2 doped with series of RE ions (RE = Pr, Nd, Sm, Eu, Dy, Tb, Ho, Er 
and Tm).

Sample Crystallite size 
(Å)

Strain (%) Lattice parameters 
a = b (Å)

Lattice 
parameter c (Å)

Unit cell 
volume (Å3)

Specific area 
(m2/g)

Undoped TiO2 149.6 0.35 3.785 9.502 136.128 9.7

TiO2: Pr 72.1 0.85 3.803 9.508 137.512 54.4

TiO2: Nd 68.4 0.46 3.796 9.505 136.963 101.5

TiO2: Sm 103.1 0.48 3.804 9.521 137.643 68.2

TiO2: Eu 81.6 0.73 3.796 9.494 136.805 52.4

TiO2: Dy 101.3 0.56 3.794 9.505 136.189 87.4

TiO2: Tb 83.1 0.66 3.789 9.494 136.301 –

TiO2: Ho 102.63 0.40 3.806 9.535 138.120 81.0

TiO2: Er 81.3 0.68 3.797 9.516 137.194 68.2

TiO2: Tm 79.5 0.58 3.801 9.528 137.657 63.7

Table 5. XRD and BET results of undoped TiO2 and RE doped TiO2.
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temperatures. For most of the RE ion‐doped anatase TiO2 nanoparticles, porosity can be pre‐
sented by unimodal distributions, while the bimodal distribution may occur in some cases of 
higher doping concentration of RE ions and higher calcination treatments, when their pore 
diameter exceeded 100 nm [38].

The adsorption isotherms of RE‐doped TiO2 nanoparticles prepared by sol‐gel route show type 
IV behaviour with the typical hysteresis loop. Undoped TiO2 often show tails in their hysteresis 
loops at higher relative pressure, which are usually attributed to wide distribution of mesopores 
with some percentage of macropores (>50 nm). With the increase in calcination temperature, the 
crystallite size increases, also resulting in the significantly larger average pore size, but also with 
reduction in surface area values. The RE‐doped TiO2 are characterized by high degree of pore‐size 
uniformity and a well‐defined narrow pore size distribution without any contribution of macro‐
pores. On the contrary to the undoped TiO2, high surface area can be retained even at relatively 
high temperatures [22]. Different trends are observed in samples prepared by impregnation sol‐
gel synthesis based on the later addition of RE metals that can lead to blockage pores and the 
formation of agglomerations due to low dispersion over the surface. The comparison of surface 
areas reveals that the specific surface area decreases by adding the metal oxides on the surface 
[71, 74]. The pore diameter of the RE‐doped TiO2 nanoparticles prepared with co‐ precipitation 
synthesis is larger and basically consists of some percentage of macropores (>50 nm). The for‐
mation of macroporous structure in the RE‐doped TiO2 nanoparticles was attributed to the 
agglomerations of TiO2 particles and higher calcination treatment, as already known that higher 
calcination temperature will facilitate the growth of grains, obviously the smaller pores endured 
much greater stress and collapsed first during the calcination treatment [32].

RE‐doped TiO2 prepared by hydrothermal route shows higher Brunauer, Emmett and Teller 
(BET) surface area values when compared to undoped TiO2. Probably, the increase in the BET 
surface area with increasing the doping level of RE ions is a consequence of smaller crystallite 
size for RE‐doped TiO2 [28]. However, the lack of linear correlation between the crystallite 
size of TiO2 and the specific surface area may suggest that small amounts of RE2O3 were accu‐
mulated on the surface of TiO2 nanoparticles resulting in higher surface area [28].

The specific surface area of the synthesized materials estimated by BET method is summa‐
rized in Table 5. The significant influence of RE3+ ions in doped anatase TiO2 is obvious by 
the huge increase in the surface area of doped materials compared to the undoped one. The 
crystallite size and BET surface area have no linear correlation, suggesting a small amount 
of RE2O3 accumulated on the surface of TiO2. The result could also be discussed regarding 
agglomeration of nanoparticle which is unavoidable in this kind of synthesis.

Transmission electron microscopy (TEM) was performed in order to investigate the surface 
morphology of the undoped TiO2 nanopowder and nanopowders doped with the series of 
RE ions. RE‐doped TiO2 nanopowders were prepared by the sol‐gel method using the series 
of RE (Pr, Nd, Sm, Eu, Dy, Tb, Ho, Er and Tm) oxides and titanium(IV)‐isopropoxide, as 
previously discussed. The final calcination treatment is carried out at a temperature of 420°C 
for 2 h. As it can be seen from Figure 5(A), the undoped sol‐gel anatase sample consists of 
densely aggregated crystalline nanoparticles of irregular shapes, and variable dimensions of 
about 10–20 nm in size. Using selected area electron diffraction (SAED) technique, local crystal 
structure was confirmed to be pure anatase phase. The ring pattern was indexed by ICDD card 
no. 00‐021‐1272 with rings that correspond to 101, 004, 200, 105, 211 and 204 main reflections, 
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presented in Figure 5(B). The presence of rings suggests polycrystalline sample, and the char‐
acteristic grainy appearance of the rings suggests that crystallites have a size of 20 nm or more, 
suggesting only few joint unit cells per particle.

In Figure 6(A–I), TEM of RE‐doped TiO2 nanopowders is collected at different magnifica‐
tions, all showing a bar of 20 nm. All of the doped samples show agglomerated nanoparticles, 
only the estimated particles are smaller in size compared to the undoped sample.

Figure 5. Transmission electron micrograph of undoped TiO2 nanopowders recorded at magnification of ×67,000 (A), 
with corresponding selected area electron diffraction (B).

Figure 6. Transmission electron micrographs of RE‐doped TiO2 nanopowders at different magnification with bar of 20 
nm: (A) TiO2:Pr, (B) TiO2:Nd, (C) TiO2:Sm, (D) TiO2:Eu, (E) TiO2:Dy, (F) TiO2:Tb, (G) TiO2:Ho, (H) TiO2:Er and (I) TiO2:Tm.
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4. The influence of rare earth doping on photocatalytic activity of anatase 
TiO2 nanoparticles

One of the main challenges in photocatalytic research is the increase of spectral sensitivity 
of TiO2 from ultraviolet (UV) to visible (VIS) spectrum. Incorporation of various RE ions 
into the anatase TiO2 can increase the photocatalytic activity by enhancing the light absorp‐
tion, adjustment of the phase structure, crystallinity, doping concentration, surface area and 
morphology. An overview of literature where RE‐doped TiO2 was used as a photocatalyst in 
respect to variables to experiments is given in Table 6. For detailed information about the type 
of artificial light source, time of illumination, as well as the percentage of dye degradation, the 
readers are advised to inquire the reference list provided in Table 6.

Dopant ion Optimal 
doping conc. 
(%)

Synthesis method Optimal calcination 
temperature (°C)

Crystalline 
phase

Dye Refs.

Sc 2 Sol‐gel 500 A + B Rhodamine B [37]

Y 1.5 Sol‐gel 500 A Methyl orange [31]

Y – Hydrothermal 150 A Methyl orange [47]

Y 0.25 Hydrothermal 400 A Phenol [28]

Y 0.3 Hydrothermal 400 A + R Phenol [51]

La 0.3 Hydrothermal 400 A + R Phenol [51]

La 1 Sol‐gel 550 A Direct blue dye 
(DB53)

[75]

Pr 0.3 Sol‐gel 450 A Herbicide 
metazachlor

[33]

Pr 0.25, 0.5 Hydrothermal 400 A Methyl orange [55]

Pr 0.3 Hydrothermal 400 A + R Phenol [51]

Nd 0.3 Hydrothermal 400 A + R Phenol [51]

Nd 1 Sol‐gel 550 A Direct blue dye 
(DB53)

[75]

Sm 0.3 Sol‐gel 500 A Diuron [38]

Sm 0.7 Sol‐gel 500 A Remazol red 
RB‐133

[29]

Sm 1 Sol‐gel 500 A Methylene blue [42]

Sm 1 Sol‐gel 550 A Direct blue dye 
(DB53)

[75]

Eu 0.5–2.0 Sol‐gel 400 A Methylene blue [39]

Eu 1 Sol‐gel 500 A Rhodamine B [71]

Eu 1 Sol‐gel 420 A Crystal violet [27]
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Initially, when TiO2 is exposed to light, it produces two types of charge carriers: electrons (e−) 
in conduction band and holes (h+) in valence band, as presented in Figure 7(a). These e−/h+ 
pair generations follow the processes of charge separation and migration to the surface. At the 
surface, active species in valence band (  h  vb  +   ) reacts with adsorbed water producing OH• radical 
and proton (H+). At the same time, active species in conducting band (  e  cb  −   ) reacts with oxygen 
to produce active O2

•‐ radical. The radical reacts with the proton and produces OH2
• radical. 

When paired, the OH2
• radicals produce H2O2 which degrades into two OH• radicals. The for‐

mation of OH• is crucial for the degradation of organic dye. However, the rate of recombina‐
tion of photogenerated e−/h+ pairs is very fast (few nanoseconds) and substantial number can 
be recombined with just the release of heat [76]. When RE‐doped TiO2 is used as photocatalyst, 
incorporation of RE ions into the TiO2 host creates charge imbalance. With increasing charge 
imbalance, more hydroxide ions are being adsorbed on the TiO2 surface. Hydroxide ions (OH−) 
restrain the recombination of e− and h+, and additionally react with holes to  produce surface 

Dopant ion Optimal 
doping conc. 
(%)

Synthesis method Optimal calcination 
temperature (°C)

Crystalline 
phase

Dye Refs.

Eu 1.3 Sol‐gel 500 A Remazol red 
RB‐133

[29]

Eu 1 Sol‐gel 550 A Direct blue dye 
(DB53)

[75]

Eu 1.5 Sol‐gel 500 A Methylene blue [30]

Eu 0.5 Hydrothermal 50 A Phenol [56]

Gd 1 Sol‐gel 550 A Direct blue dye 
(DB53)

[75]

Gd 5 Sol‐gel 800 A + Gd2Ti2O7 Methylene blue [22]

Gd 0.3‐0.6 Magnetron 
sputtering

1000 R Methyl orange [65]

Tb 0.7 Sol‐gel 500 A Remazol red 
RB‐133

[29]

Ho 0.3 Sol‐gel 500 A Methyl orange [23]

Ho 0.5 Sol‐gel 600 A Methyl orange [23]

Ho 0.5 Sol‐gel 500 A Methyl orange [36]

Ho 0.75 Hydrothermal 150 A + R Methylene blue [46]

Er 1.5 Sol‐gel 500 A Orange I [26]

Er 2 Hydrothermal 400 A Phenol [48, 49]

Er 0.5 Electrospinning 500 A Methylene blue [61]

Yb 1 Sol‐gel 550 A Direct blue dye 
(DB53)

[75]

Table 6. RE‐doped TiO2 used as photocatalyst in recent photocatalytic studies.
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hydroxyl radical (OH•), which substantially improve the photocatalytic degradation of dye 
[26, 28]. The main disadvantage in the application of anatase TiO2 as catalyst is dominant 
absorption in UV caused by its band gap (Eg   ∼ 3.2 eV). One approach to enhance absorption in 
VIS is doping. In the means of energy, doping can alter absorption threshold to lower energies. 
Incorporation of RE ions into the TiO2 host modifies the band gap of TiO2 with sub‐band‐gap 
energy levels of RE ions, as illustrated in Figure 7(b) [64, 77]. These energy levels offer elec‐
tronic transition from the TiO2 valence band to the empty RE ion sub‐band‐gap energy levels. 
These transitions require less energy than TiO2 valence‐to‐conduction band transition and can 
be induced by visible light. In that way, RE ions in the TiO2 host enhance the separation of e− 
and h+, contributing to photocatalytic degradation of organic dyes [28].

The main focus on the photocatalytic activity of RE ions incorporated into the anatase TiO2 
is the influence of RE‐doping concentration [23, 26, 28, 31, 46, 56, 61, 65]. On the other hand, 
reports of comprehensive investigation of the type of RE ions in TiO2 matrix, in order to 
predict the influence of dopants on the photocatalytic activity under UV and visible light, 
are scarce [51, 75, 78]. The results for photocatalytic activity of 1 at.% RE (RE = Pr, Nd, Sm, 
Eu, Dy, Tb, Ho, Er and Tm)‐doped anatase TiO2 nanopowders are presented in Figure 8. All 
of doped nanopowders were prepared in the same way, as presented in Figure 3. Methylene 
orange (MO) aqueous solution with a concentration of 5 mg/l was used in all experiments. 
Solutions were photocatalytically treated up to 4 h with 0.1 g of undoped‐ and RE‐doped 
TiO2 nanopowders. UV‐VIS light irradiation Ultra‐Vitalux 300 W, Osram lamp was used 
in all experiments in order to simulate the solar radiation. Absorptions of MO solution 
aliquots were measured after 0, 5, 10, 20, 30, 60, 90, 180 and 240 min of illumination. The 
results of photodegradation of MO, observed at a maximum absorbance of MO at 464 nm, 
for Ho‐doped TiO2 nanopowder, are presented in Figure 8(a). The results of MO degrada‐
tion for all samples were calculated by  Degradation   (  % )    =   [    

 (   C  
0
   − C )  
 _  C  

0
     ]    × 100% , where C0 is the initial 

concentration of MO solution and C is the concentration of MO solution after 4 h, and is 
given in Figure 8(b). These results show that the incorporation of the RE ions into the TiO2 

Figure 7. (a) Basic photocatalytic mechanism under UV or visible light irradiation. (b) Modification of band gap with 
sub‐band‐gap energy levels of RE ions.
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orange (MO) aqueous solution with a concentration of 5 mg/l was used in all experiments. 
Solutions were photocatalytically treated up to 4 h with 0.1 g of undoped‐ and RE‐doped 
TiO2 nanopowders. UV‐VIS light irradiation Ultra‐Vitalux 300 W, Osram lamp was used 
in all experiments in order to simulate the solar radiation. Absorptions of MO solution 
aliquots were measured after 0, 5, 10, 20, 30, 60, 90, 180 and 240 min of illumination. The 
results of photodegradation of MO, observed at a maximum absorbance of MO at 464 nm, 
for Ho‐doped TiO2 nanopowder, are presented in Figure 8(a). The results of MO degrada‐
tion for all samples were calculated by  Degradation   (  % )    =   [    

 (   C  
0
   − C )  
 _  C  

0
     ]    × 100% , where C0 is the initial 

concentration of MO solution and C is the concentration of MO solution after 4 h, and is 
given in Figure 8(b). These results show that the incorporation of the RE ions into the TiO2 

Figure 7. (a) Basic photocatalytic mechanism under UV or visible light irradiation. (b) Modification of band gap with 
sub‐band‐gap energy levels of RE ions.
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matrix may bring a positive effect on the photocatalytic activity of TiO2, as presented in 
Figure 8(b). The reasons could be attributed to the synergetic effects of anatase phase sta‐
bility, reduced crystallite size,  relatively large surface area, significant improvement of the 
separation rate of photogenerated e−/h+ pairs and efficient absorption of visible light due to 
sub‐energy levels of RE ions into the band gap of TiO2.

5. Optical properties of rare earth‐doped anatase

When light interacts with matter, the material can absorb, transmit or reflect some part of the 
light. Absorption spectroscopy is a method to measure absorption as a function of wavelength 
or frequency. Since light cannot penetrate opaque samples such as powders and other solids, 
it is reflected on the surface of the samples. Spectrometers with integrating spheres measure 
the change of reflected light of a surface and compare it to a standard, most often barium 
sulphate, which is taken to be 100% of reflected light. Then, the obtained value is relative 
reflectance, and the reflectance spectrum provides the information of interaction of light in 
the sample as a function of wavelength. In that manner, reflectance can be directly correlated 
with absorption. Nowadays, research‐grade spectrophotometers can combine detectors and 
extend detected light up to the near‐infrared region of 1400 nm.

Some of the absorbed light can subsequently be emitted as light, as was already discussed in 
Section 1. Then, the radiative processes can be observed by photoluminescence spectroscopy 
(PL). In steady‐state PL spectroscopy, we primarily refer to excitation and emission spectros‐
copy measurements obtained by a continual light source which emits a constant number of 
photons in time. Since exciting of electrons takes about 10–15 s−1, following energy dissipation, 
whether radiative of non‐radiative, is a much slower process so the number of excited elec‐
trons could be considered as constant. Absorption spectroscopy could suggest the  wavelength 

Figure 8. (a) The concentration of MO solution as a function of irradiation time for Ho‐doped TiO2 used as photocatalyst, 
inset: the absorption spectra of MO after different illumination times. (b) Photocatalytic degradation of MO after 4 h for 
various RE‐doped TiO2, with the fixed concentration of RE ions.
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that could be used to gain luminescence, but not all absorption result in emission. When we 
refer to the Jablonski diagram, it is obvious that absorption can occur to several excited singlet 
states, such as S1, S2, and so on, and expected emission normally occurs only from the lowest 
excited singlet or triplet states, S1 and T1. In excitation spectrum, a single emission detection 
wavelength is chosen that corresponds to an expected band in the emission spectrum. The 
excitation source is then scanned through wavelength region, and the intensity of the emission 
at the single selected wavelength is scanned in a function of excitation wavelength. The output 
of absorption and excitation spectrum is not the same, although detected maxima (or minima) 
at the same wavelength suggest the same excited energy levels. In luminescence emission 
spectroscopy, a wavelength of exciting light is selected, and emission spectrum is obtained 
by detecting the intensity of the emitted light as a function of wavelength. In downconversion 
emission spectroscopy, emitted luminescence is recorded in the spectral range above the exci‐
tation wavelength to longer wavelengths, up to the region where luminescence is expected. It 
was then of interest to study the influence of rare earth doping on anatase nanoparticles by 
the interpretation of absorption (reflectance), excitation and emission spectroscopy methods.

Samples of RE‐doped anatase materials are in literature most often characterized by a posi‐
tioning of the threshold of absorption of doped samples and compared to the undoped ones. 
Even with the reduction of nanoparticles size after rare earth ions incorporation, the differ‐
ence in extrapolated slopes after Kubelka–Munk transformations in doped and undoped 
nanopowder samples should not be ascribed to quantum confinement effect, since particle 
sizes exceed the Bohr radius several times [18, 79]. Some modifications of materials density of 
states after the incorporation of trivalent rare earth ions are the most probable reason for small 
differences in observed band gaps, which is highly dependent on the synthesis procedure and 
the RE dopant. Kubelka‐Munk transformation of reflectance spectra of RE3+‐doped anatase 
TiO2 measured over the 360–440 nm spectral range is presented in Figure 9.

5.1. Praseodymium

The absorption of praseodymium ion in TiO2 hosts is reported in Refs. [28, 55, 80, 81]. From 
reflectance spectrum of TiO2:Pr presented in Figure 10(a), absorptions of Pr3+ ions in TiO2 
absorption edge are observed at approximately 445, 480 and 595 nm that could be attrib‐
uted to the transition from 3H4 ground state to the 3P2‐0 and 1D2 excited states of the Pr3+ ions. 
Low wide absorption at around 1000 nm could be assigned to 1G4 excited state. Excitation 
spectrum is recorded at a fixed emission wavelength of 493 nm in the range of 260–460 nm, 
 presented in Figure 10(b). Two wide excitations are observed at 325 and 447 nm. The excita‐
tion of 447 nm was used to obtain emission spectrum in the range of 475–780 nm. Even though 
the room temperature emission maxima are wide, several transitions can be assigned as fol‐
lows: 3P0 → 3H5 (493 and 536 nm), 3P0 → 3H6 (620 nm) and 3P0 → 3F2 (650 nm), as can be seen in 
Figure 10(c). 1D2–3H4 transition is not observed, suggesting high concentration of Pr3+ ions in 
TiO2 matrix, where cross‐relaxation between neighbouring Pr3+ ions occurs [82].

5.2. Neodymium

The absorption of neodymium ion in TiO2 hosts is reported in a spectral range up to 
700 nm [41] and up to 1200 nm [34, 83]. From reflectance spectrum of TiO2:Nd presented in 
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Figure 11(a), eight absorptions from ground 4I9/2 to excited energy levels of Nd3+ ions in TiO2 
are observed and assigned in energy‐level diagram in Figure 11(b). Intense emission of Nd3+ 
can be obtained in the IR spectral range above 850 nm, Figure 11(c). Three transitions from 
4F3/2 to its lower 4I9/2, 4I11/2 and 4I13/2 are obtained with an excitation of 752 nm. The transitions 
correspond well with the reported data of Nd3+ in anatase matrix [34, 40, 84]. The position and 
shape of 4F3/2 → 4I9/2 strongly suggest Nd‐doped TiO2 anatase sample, without the presence of 
other compositions of segregated neodymium oxide and neodymium titanate phases [34].

5.3. Samarium

In reflectance measurements presented in Figure 12(a), significant absorptions of Sm3+ ion can 
be observed, with maxima positioned at around 480 nm, which corresponds to absorption 

Figure 9. Kubelka‐Munk transformation of reflectance spectra of RE3+‐doped anatase TiO2 measured over the 360–440 
nm spectral range.

Figure 10. (a) Reflectance, (b) excitation and (c) emission spectra of anatase TiO2:Pr nanopowders.
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into 4G5/2, and several strong absorptions positioned at around 947, 1080 and 1230 nm. Room 
temperature excitation spectrum is in the range of 310–550 nm at a fixed emission at 585 nm 
shown in Figure 12(b). Strong wide band below 400 nm, with maximum at about 365 nm, 
is characteristic for Sm3+ in TiO2 matrix that is assigned to charge transfer from the oxygen 
ligands in TiO2 to Sm3+ ion [18, 29, 34, 35]. Several smaller and combined excitations at around 
411 and 476 nm could be assigned to 6G7/2 or 6P5/2 and 4I13/2, respectively [18, 34]. In Figure 12(c), 
room temperature emission spectrum in the range of 400–700 nm obtained after excitation 
into charge transfer at 365 nm showed only characteristic emissions from 4G5/2 → 6H5,7,9/2 energy 
levels. It is worth mentioning that the same spectral features are obtained also with exciting 
directly into Sm3+ ion by excitation with 411 nm, with all the intensities decreased as expected 
from the excitation spectrum. No complete splitting of Stark components caused by ligand 
field that are obvious at room temperatures and are in correspondence with the literature 
is attributed to the large number of defect at the surface [18, 29, 34, 35, 42]. When directly 
excited, the enhancement of Sm3+ emission in TiO2 by codoping with silver dopant, caused 
by combined influence of plasmonic effects and sensitizing of Sm3+ emission by silver ions, is 
reported in TiO2 films [85].

5.4. Europium

The lowest excited level (5D0) of Eu3+ ion is a non‐degenerate (J = 0) singlet level, along with 
crystal field non‐sensitive 5D0 → 7F1 transition and hypersensitive 5D0 → 7F2 emissions sim‐
plify the interpretation of emission spectra. Consequently, europium ion incorporated in 

Figure 12. (a) Reflectance, (b) excitation and (c) emission spectra of anatase TiO2:Sm nanopowders.

Figure 11. (a) Reflectance, (b) energy‐level diagram and (c) emission spectra of anatase TiO2:Nd nanopowders.
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Figure 12. (a) Reflectance, (b) excitation and (c) emission spectra of anatase TiO2:Sm nanopowders.

Figure 11. (a) Reflectance, (b) energy‐level diagram and (c) emission spectra of anatase TiO2:Nd nanopowders.
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various matrices is often used as a luminescent probe ion in photoluminescence spectros‐
copy [86–90]. In Figure 13(a), after a sharp rise of absorption in UV spectral range below 
400 nm, low‐intensity Eu3+ absorptions from 7F0 →5D2 at around 465 nm and 7F0 → 5D1 at 
around 535 nm transitions are clearly observed. Those transitions are also present in exci‐
tation spectrum (Figure 13(b)) obtained with an emission fixed at 613 nm. Four dominant 
excitation bands originate from direct excitation of Eu3+ ions from ground 7F0 level to 5L6 
(394 nm), 5D3 (414 nm), 5D2 (464 nm) and 5D1 (532 nm) levels. By excitation into 5L6 level, 
room temperature emission spectrum presented in Figure 13(c) clearly shows that emis‐
sions from 5D0→

7FJ (J = 0–4) transitions are centred at around 580, 593, 613, 653 and 702 
nm, respectively. A small emission observed at 540 nm is emission from higher excited 5D1 
level. The positions and relative intensities of wide emissions are in correspondence with 
extensive literature data [18, 29, 42, 45, 52, 53, 63, 67, 69, 91]. In some presented results of 
low‐temperature site‐ selective spectroscopy of the materials, three possible positions of Eu 
ion in TiO2 can be distinguished: Eu3+ can occupy Ti4+ site, it could enter into the interstitial 
site in the chain structure, or a third possible site for dopant cation is low‐symmetry‐dis‐
torted sites near nanoparticle’s surface [18, 19, 91].

5.5. Terbium

Terbium ions often show a tendency to be stabilized by matrices in two valence states, +3 
and +4. Only lower valence state is optically active in visible spectrum. The mixture of 
valences can additionally disturb crystallinity of matrices and introduce additional vacan‐
cies, and hence perturbations in energy states. In absorption spectra presented in 
Figure 14(a), no clear absorption of Tb3+ ion can be resolved, but significant difference in 
absorption threshold of TiO2 is obvious, suggesting possible weak absorption of energy 
in the range below 500 nm. Some reports state no or very weak emission of Tb3+ ion in TiO2 
matrix attributed to the mismatch of the energy levels of the 5D4‐emitting state of Tb3+ with 
band gap of TiO2 [18, 29, 60, 69]. Nevertheless, as presented in Figure 14(b, c), excitation 
and emission spectra are actually obtained. At an emission wavelength of 545 nm, excita‐
tion spectrum was measured in the range of 300–500 nm. Wide charge transfer band can 
be seen below 350 nm, and excitations of Tb3+ ion from 7F6 ground level to 5D4 excited level 
are observed at 484 nm, two excitations to 5D2 368 nm and 5D3 at 377 nm. When excited 
into 5D4 excited energy level with 484 nm, emission spectrum in the range of 510–780 nm 

Figure 13. (a) Reflectance, (b) excitation and (c) emission spectra of anatase TiO2:Eu nanopowders.
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shows emission from 5D4 to 7F5 at 546 nm, 5D4 to 7F4 at 585 nm and 5D4 to 7F3 at 622 nm. The 
green emission at 546 nm is the dominant one. The findings are in good agreement with 
the literature [29, 60, 64, 69].

5.6. Dysprosium

Reflectance spectrum of Dy3+ ions into TiO2 presented in Figure 15(a) shows low‐wavelength 
bands of Dy3+ that overlaps with the absorption threshold of anatase at 450 and 470 nm 
and intense longer wavelength bands in the range of 700–1300 nm. Excitation spectrum of 
TiO2:Dy3+ sample recorded at room temperature in the 300–500 nm range with a fixed emis‐
sion wavelength of 577 nm showed excitations corresponding to electron transitions from the 
Dy3+ ground states to the excited states: 4K17/2 at 391 nm, 4G11/2 at 425 nm, 4I15/2 at 452 nm and 
4F9/2 at 472nm, Figure 15(b). When excited with 425 nm, dominant luminescence is observed 
with two bands observed in the blue spectral region at 483 nm, which correspond to mag‐
netic‐dipole 4F9/2→

6H15/2 transition and in yellow spectral region at 580 nm, which correspond 
to electric‐dipole 4F9/2→

6H13/2 transition, Figure 15(c). A low‐intensity emission is observed in 
the red region at 674 nm that corresponds to 4F9/2→

6H11/2 transition. With literature proposing 
no luminescence from Dy3+ ion in anatase host [92], this finding shows that nanocrystalline 
anatase powders can actually host this ion that can successfully be excited and luminescence 
can be observed.

Figure 15. (a) Reflectance, (b) excitation and (c) emission spectra of anatase TiO2:Dy nanopowders.

Figure 14. (a) Reflectance, (b) excitation and (c) emission spectra of anatase TiO2:Tb nanopowders.
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5.7. Holmium

Among all RE3+ ions doped in nanocrystalline anatase TiO2 powders in this work, Ho3+ has 
the most pronounced absorptions in VIS. As can be seen from Figure 16(a), intense bands can 
be observed at 420, 456, 490, 542 and 645 nm and smaller intensity bands are observed at 890, 
1150 and 1200 nm. In excitation spectrum at fixed emission wavelength of 554 nm presented in 
Figure 16(b), several excitations centred at around 422, 452, 468 and 493 nm show several pos‐
sible energies for potential emission. As can be seen in Figure 16(c), when excited with 452 nm, 
emission spectra in the range of 500–700 nm show dominant emissions from 5F4/5S2 → 5I8 transi‐
tions at about 545, 554, and 559 nm, and emission from 5F5 → 5I8 transition with maximum cen‐
tred at 665 nm. Emissions from the same transitions can also be observed in samples sensitized 
with Yb3+ ions, when excitation wavelength was 980 nm that corresponds to the absorption of 
Yb3+ ions, and the mechanism of obtaining luminescence is upconversion [50].

5.8. Erbium

Absorptions of Er3+ ions in TiO2 matrices are reported in spectral range from UV up to 700 
nm [26, 28], up to 800 nm [49], and when sensitized with Yb3+ ions up to 1200 nm [48]. All of 
the reported data correspond well with results presented in Figure 17(a). Absorptions located 
at 452, 477, 491, 525, 655, 795 and 980 nm correspond to the transitions from 4I15/2 to 4F3/2, 4F5/2, 
4F7/2, 2H11/2 and 4S3/2, 4F9/2, 4G9/2, 4I11/2, respectively. In excitation spectrum shown in Figure 17(b), 
with fixed emission of 565 nm, some low‐intensity excitations can be noticed at around 378, 
410 and 453 nm. More pronounced excitations can be observed at 488 and 525 nm. In order to 
characterize emissions in the range of 520–700 nm, excitation wavelength of 488 nm was used, 
and the spectrum is presented in Figure 17(c). From the combination of 2H11/2 → 4I15/2 and 4S3/2 → 
4I15/2 transitions, wide emissions can be observed in the range of 540–575 nm, as also reported 
in Refs. [42, 92].

5.9. Thulium

Absorption of thulium ion in the sample presented in Figure 18(a) shows small absorption 
at 470 nm, as well as stronger absorptions at 690, 795 and 1210 nm. Excitation spectrum with 

Figure 16. (a) Reflectance, (b) excitation and (c) emission spectra of anatase TiO2:Ho nanopowders.

Rare Earth‐Doped Anatase TiO2 Nanoparticles
http://dx.doi.org/10.5772/intechopen.68882

51



a fixed emission at 495 nm showed poor optical answer with some picks that most probably 
originate from defect, Figure 18(b). In order to directly excite Tm3+ ion 470 nm excitation was 
used. Emission spectrum in the range of 490–780nm presented in Figure 18(c) shows shoulder 
of maximum at 495 nm originating from 1G4 → 5H6 transition and very low intensity of group 
of lines in the range of 650–670 nm that could be attributed to the 1G4→

3F4 transition.

6. Conclusion

To conclude, the structure, morphology and optical properties of TiO2 nanoparticles may be 
substantially swayed by the addition of small quantities of RE3+ ions. Such nanostructures 
deliver new options to the already broad range of important TiO2 uses. In RE ion‐doped TiO2, 
anatase phase is stabilized at medium temperatures since the temperature of phase trans‐
formations shifts to higher values. The reduction of the crystallite size is readily observed 
and doping induces mesoporous structure with enlarged specific surface in respect to one 
of undoped anatase TiO2. Thus, the photocatalytic performance of nanopowder improves 
with the addition of RE3+ in small concentrations except for Pr3+ and Tb3+. Different rare earth 
ions cause TiO2 property changes of different magnitudes. Optical properties are altered too. 
The modification of materials density of states after incorporation of RE3+ ions in TiO2 causes 
changes in materials absorption which can be clearly evidenced from optical absorption 

Figure 17. (a) Reflectance, (b) excitation and (c) emission spectra of anatase TiO2:Er nanopowders.

Figure 18. (a) Reflectance, (b) excitation and (c) emission spectra of anatase TiO2:Tm nanopowders.
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 spectra. Rare earth ions may be incorporated at three different sites in TiO2 structure: they can 
substitute Ti4+ in the bulk of particle, enter vacancy site, but they at large reside near surface in 
low‐symmetry sites. In such cases, the characteristic RE3+ luminescence is observed in the case 
of doping with the following ions: Nd3+, Sm3+, Eu3+, Dy3+, Ho3+ and Er3+, while luminescence of 
low intensity is detected for Pr3+, Tb3+ and Tm3+.
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Abstract

Titanium dioxide has attracted much attention since a long time ago due to its versatility
as advanced material. However, its performance as semiconductor devices is very much
dependent on the predominant crystalline phase and defect concentrations, which can be
adjusted through the synthesis methods, thermal treatments and doping processes. In this
work, an accurate structural characterization of titanium dioxide was used by X-ray
diffractometry supported by rietveld refinement and thermal analysis. The insertion of 5
mol% of zirconium silicate was able to stabilize anatase up to 900�C, permitting the
oxygen vacancies to be significantly eliminated. It was demonstrated also that the changes
in the isotropic thermal parameters for oxygen are related to reconstructive transformation
necessary to promote the anatase-to-rutile phase transition. Independently of doping
process, the crystallization process of anatase phase as a function of temperature increas-
ing occurs exclusively due the reduction of lattice microstrain up to 600�C. However,
above 650�C, that crystallization process becomes dependent of the increasing in crystallite
size. The anatase crystallite growth event was only possible when the titanium dioxide
was doped with zirconium silicate. Otherwise, the rutile phase amount starts to rise
continually. Thus, there are optimistic expectations for that new composition to be a new
semiconductor matrix for additional doping processes.

Keywords: sol-gel method, isovalent doping, phase transition, XRD, rietveld refine-
ment
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1. Introduction

The titanium dioxide TiO2 is a semiconductor ceramic material widely applied for polluted
water remediation and self-cleaning surfaces. The main basis of titanium dioxide powder and
thin film performance is the electron excitation from valance band to conducting one, which
can be carried out by lighting the material surface with radiation energy greater than its band
gap. Thus, the larger the number of electron-hole pairs, the greater the rate of degradation of
organic compounds by oxy-reduction [1–5].

There are somemechanism details to be considered after the initiation of lighting process and the
final mineralization of organic compounds, which can be changed as a function of the organic
molecule type and its semi-decomposed by-products, organics concentration and pH of solution,
distance between the radiation source and the semiconductor material, radiation intensity and
losses in the optical path, as well as some characteristics of the powder or thin film morphol-
ogies. But, the characteristic of the titanium dioxide semiconductor is the most important factor
to be considered, including the morphology, composition and crystalline structure [6–9].

First of all, the importance of solid morphology is an intuitive aspect due to the basis of
heterogeneous catalysis, and the several papers on the literature relating to the synthesis of
titanium dioxide nanoparticles provide a good idea of the importance of a large specific area
for powders. Innovative semiconductor arrangements like p-n junction, titanium dioxide
glass-ceramic, ion-sodium battery based on anatase titanium dioxide ceramic matrix are also
investigated in order to provide new applications concerning novel structures and morphol-
ogies degrees, making the titanium dioxide much more investigated [10–12].

In sequence, at first sight, the composition aspect seems not be applicable because high purity
titanium dioxide should have stoichiometry defined as TiO2. However, the fact is titanium
dioxide is an intrinsic N-type semiconductor due to oxygen vacancies generated during the heat
treatment, mainly for samples with high amount of anatase phase. Nevertheless, the non-doped
n-type anatase titanium dioxide powder or thin films are usually applied as photocatalyst
materials in advanced oxidation process for organic compounds. The justification is based on
the yield of long-lived extrinsic photoholes, which is able to promote the water oxidation [13, 14].

The non-stoichiometry characteristic of titanium dioxide is very similar to the zinc oxide, so that
many investigations consider the addition of extrinsic dopants in order to change semiconductor
predominant behaviour. But, when the concentration of cation dopants becomes higher or when
anion dopants are inserted in oxygen site, the crystalline structure starts to play an important
role. In general, metallic cations with different oxidation states than tetravalent titanium are
investigated and the energy bandgap and other photonic aspects are availed [15–17]. But,
tetravalent titanium vacancies can be also formed through alternative procedures in order to
generate some interesting properties, like high p-type conductivity and better photocatalytic
performance [18].

Several works repot related the insertion of heterovalent metallic cations in titanium dioxide lead
to the decreasing in the temperature of anatase-to-rutile phase transition and also to more
amounts of rutile phase if the powder samples are heat treated up to 600�C [19–22]. Most of the
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doping approaches aim to shift the absorption edge to lower frequencies than ultraviolet range
in order to utilize the titanium dioxide in solar photocatalysis. The nitrogen insertion by
replacing lattice oxygen in anatase phase of titanium dioxide has also this central objective.
However, there are strong suspicions that the desired surface electronic enhancement was
followed by a considerable lattice surface distortion [23, 24].

The most of the doped titanium dioxide structures present different effects for anatase and
rutile polymorphism due to the not well-controlled sample preparation as well as overlapping
of several different effects. The oxygen vacancies seem to occur in association with most
dopant insertion, and their concentrations are very sensitive to heat treatments. In addition to
the lattice distortions and the changes in cation gap states caused by doping process, the
oxygen vacancies also act as hole-trapping sites [25–27].

Even for that high-ordered single-crystal rutile sample, the trivalent titanium acting as trap site
in (110) surface was found [28]. Any of those events seems to be significantly responsible for
the enhancing or damaging of the titanium dioxide photocatalyst performance. Thus, well-
characterized structural model systems are required to understand other changes in the mate-
rial bulk or surface [29].

The exclusive structural aspects deserve special attention in order to understand a little more
about the interfacial charge transfer in complex surface structure of the titanium dioxide
photocatalyst, because the free energy on the single crystal surface is affected by its crystallo-
graphic orientation [30]. Different crystallographic planes were investigated separately in single
crystal samples, and an interesting hypothesis was proposed concerning the surface atoms
alignment. A reasonable experiment set including the etching of high aligned (001) facet proved
that the more aligned the oxygen and titanium atoms on the surface, the greater are the chances
of recombination of the electron-hole pairs [27].

The mechanisms of chemical reaction as a function of crystalline phase are also investigated.
The single crystalline rutile (110) and anatase (101) samples submitted to the oxygen and
water adsorptions at low temperatures, during the reheating up to room temperature, can be
very useful to understand several aspects of photocatalysis mechanisms. Both rutile (110) and
anatase (101) surfaces experience the reaction between oxygen and water molecules in order to
form terminal hydroxyl groups on the phase surfaces. While the hydroxyl groups formed on
the rutile (110) surface are highly bridged, on the anatase (101) surface the hydroxyl groups
remain isolated and stable even after annealing above 130�C. The water molecules desorbs
readily at room temperature from anatase (101) surfaces, whereas the oxygen ones remain
undissociated and adsorbed in the vicinity of extrinsic P-type defects, and those differences
have important consequences for photocatalysis application [31].

It is well understood that the anatase-to-rutile phase transition in polycrystalline titanium
dioxide powder samples is strongly dependent on the anatase phase characteristics, mainly
the impurity amount and the extrinsic dopant type. But, some structural surface aspects for
non-doped and high purity powder samples are also indicative signals, such as the nucleation
of the rutile phase by anatase (112) surface. A different intermediate metastable phase dissim-
ilar to the prior anatase or the final rutile phases was observed, which showed to be sensitive to
the compressive strain and the phase anisotropy [32, 33].
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The photonic behaviour is strongly influenced by predominant phase characteristics, but some
results attributed to the partial anatase-to-rutile phase transition through the controlled heat
treatment leading to an enhancement in the photocatalytic performance. However, this
hypothesis is controversial, because there are serious evidences that the anatase-to-rutile phase
transition can start only the previous ordering in anatase phase. Thus, the relationship
between well-crystallized anatase structure and photocatalytic activity can aid to understand
some aspects not yet clarified about this material [34, 35].

The irreversible anatase-to-rutile phase transition occurring in temperatures above 600�C is a
well-known fact for any experienced researcher working with titanium dioxide samples. It is
also easy to verify that increasing the rutile phase amount is proportional to the temperature of
heat treatment beyond 600�C. The anatase phase in titanium dioxide powder samples can be
obtained even at room temperatures if no high amounts of organics are present in precursor
materials, such as that provided by conventional sol-gel method. No structural differences
seem to occur between the fresh hydrolysed samples and the heat treated one until 150�C,
because the anatase phase nuclei is a water-driven process in order to form oxy-hydroxide
titanium, which is relatively stable up to 150�C [36–38].

The continuous increase in temperature of heat treatment triggers several sequential decom-
position stages in fresh hydrolysed gels, concerning the elimination of several residual com-
pounds, such as the adsorbed water, hydroxyl groups and organic by-products. Unless the
organic by-product types are able to form carbonaceous solid compounds, above the 250�C,
the anatase phase is already an impurity-free material. Nevertheless, the desidroxylation stage
is followed by the formation of cross-linked nuclei, which creates high amount of structural
defects, in special, the oxygen vacancies. Those defects only can be eliminated overcoming the
energy barrier of titanium-oxygen bonds, which leads to the structural destroy-rebuilding
processes. This mechanism is the basis of the reconstructive transformation observed in the
anatase-to-rutile phase transition [24, 32] and that is why the effective anatase phase crystalli-
zation only occurs when the rutile phase starts to form.

It was demonstrated earlier that the oxygen vacancies in titanium dioxide material configure
an N-type semiconductor, which seems to be a not good photocatalyst due to high electron-
hole combination occurring in oxygen vacancies. In addition, the formation of hydroxyl
radical in aqueous media is also dependent on positive holes. Consequently, several dopants
with lower oxidation states than titanium (IV) are investigated in order to make that material
a P-type semiconductor [23].

In parallel, the synthesis method also plays an important role on the anatase crystallization
and the sol-gel method is one of the most used to synthesize titanium dioxide powder and thin
film samples. That chemical route is able to synthesize well-crystallized titanium dioxide
samples with anatase single phase at very low temperature because the titanium dioxide
formation is a water-driven process that occurs even at room temperature and leads invariably
to anatase single phase. It is possible to use only volatile coadjutant reagents, such as the
metallic alkoxide precursors and acetic acid complexing agent, so that very little amount of
organic wastes gets retained when the fresh gels are dried at 100�C or almost nothing if dried
above 150�C. There is no chance for the existence of organic solid residues, even if metallic
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to anatase single phase. It is possible to use only volatile coadjutant reagents, such as the
metallic alkoxide precursors and acetic acid complexing agent, so that very little amount of
organic wastes gets retained when the fresh gels are dried at 100�C or almost nothing if dried
above 150�C. There is no chance for the existence of organic solid residues, even if metallic
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nitrates are used as dopant precursor reagents, which makes the sol-gel method the preferen-
tial choice in order to obtain nanoparticles of titanium dioxide in anatase single phase with
relative success [39].

In addition, the amounts of alcohol solvent and water as hydrolyzing agent are also important
on the particle growth stage, because the cross-linked bonds are affected directly by those
coadjutant reagents during the first stages of titanium oxy-hydroxide nuclei formation. It is
almost a consensus that the mean particle diameter reduces as a function of water content in
the jellifying process [40], due to the more separation of nuclei from each other. Nevertheless,
that means a more amount of terminal hydroxyl groups in anatase phase particle surface and,
consequently, a more amount of cross-linked bonds emerging during the drying stage.

The anatase thermal stability depends on the defect concentration, including the oxygen
vacancies. The oxygen vacancies concentration can be dependent on the amount of the cross-
linked bonds among the nanoparticles so that the titanium dioxide nanoparticles can present a
significant increase in oxygen vacancies when compared to the coarse particles. Thus, the
literature shows that the thermal treatment to crystallize the titanium dioxide nanoparticles is
preferentially carried out in temperatures below 500�C, which is still far from the energetic
barrier for anatase-to-rutile phase transition [41]. Less often, the nanoparticles can be carefully
thermal treated under step-by-step process by increasing the temperature from 250 to 600�C, at
most, if it is desirable to obtain anatase single phase [42], which is probably due to the lower
stability for anatase phase in nanoparticle form [43, 44].

On the other hand, homovalent cation doping seems to reduce also the oxygen vacancies,
which can also be associated with cross-linked metal-oxygen bonds in anatase phase. The
insertion of zirconium at 10 mol% in titanium dioxide powder samples avoids the full ana-
tase-to-rutile phase transition at higher temperatures than 600�C, leading to the calcined
material to present high amounts of anatase phase when calcined up to 750�C. By increasing
the zirconium content and calcining the material at same temperature, much more amounts of
anatase phase are observed in powder samples. However, an orthorhombic zirconium titanate
secondary phase starts to crystallize in addition to the remaining anatase phase when the
zirconium content is higher than 10 mol% [45].

By comparing the ionic radii for Ti (IV) and Zr (IV) hexacoordinate cations, it is possible to
infer that the zirconium cation is bigger (72 pm) than titanium one (61 pm) [46]. As conse-
quence, if the zirconium substitution in titanium site was successful, then a proportional
anatase lattice expansion must be observed as a function of zirconium content until at certain
concentration limit, at least [28, 45].

Another homovalent cation dopant investigated for anatase phase stabilization is the tetrava-
lent silicon [47]. Thermal analysis from fresh gel has shown that the presence of silicon dopant
can delay the anatase crystallization, which can be visualized by an exothermic peak, towards
higher temperatures than undoped titanium dioxide. The cell volume for several calcined
samples decreases continually as a function of silicon content, besides the crystallinity loss, as
visualized by the X-ray diffraction patterns followed by rietveld refinement. The calcined
samples in wide temperature range show an increase in temperature of anatase-to-rutile phase
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transition, but until a certain dopant concentration limit, signalled as 5 mol%. Different from
zirconium dopant, the silicon one does not seem to generate secondary phases, but only to
increase the atomic disordering in anatase phase [48]. Those results imply that the silicon
dioxide can have infinite solubility in anatase titanium dioxide phase.

Some researchers have believed that the silicon cation is so smaller that its perfect accommo-
dation in interstitial of titanium and oxygen sites of low dense anatase phase is possible. Thus,
the explanation for anatase stabilization is justified, because the high dense rutile phase does
not have enough interstitial space to accommodate hexacoordinate tetravalent silicon cations,
avoiding the phase transition. That consideration is reasonable but is not true, because the
ionic radii for hexacoordinate silicon (VI) is 40 pm [46], which means the titanium and silicon
cations should experience some repulsion with each other to lead a lattice expansion in anatase
phase, which is not observed in the literature.

Furthermore, an important ab-initio study taking into account the alternative silicon dopant
positions in anatase and rutile phases buries the idea of interstitial silicon in titanium dioxide
sample once and for all. The calculated results suggest that the interstitial tetravalent silicon
cation is energetically favourable neither for anatase phase nor for rutile one. Also, the calcu-
lated results are in concordance with lattice parameter contraction; thus, it is not a good idea to
continue with the consideration of interstitial tetravalent silicon cations in titanium dioxide
anatase phase as the cause for anatase stabilization. At least while the X-ray diffraction data
are showing the consistent anatase lattice contraction for silicon-doped titanium-doped pow-
der samples [29].

The stabilization of anatase phase caused by homovalent dopants seems to be related to the
increase in cross-linked metal-oxygen bond energies still in anatase phase. In addition, the
reported enhancement in photocatalytic performance for homovalent doping cannot be related
exclusively to the decrease in oxygen vacancies [28]. The effect in crystal surface can play an
important role in order to reduce the recombination of electron-hole pair, and the anatase
phase surface presenting oxygen and cations outer of the plane seems to be crucial to avoid
that auto-neutralizing phenomenon [10, 31].

The first attempt to use simultaneously silicon and zirconium dopants was published in 2006
[49] but did not contribute to the correct understanding of the anatase phase stabilization
in titanium dioxide samples. First, because the anatase phase stabilization occurring as a
function temperature increasing or even significant changes in anatase-to-rutile phase transi-
tion were not demonstrated, according the X-ray diffraction patterns available on that work.
Except at 700�C, all of the samples presented rutile phase and the authors chose to explain the
results by considering no dopant substitutions, but the effect of anatase interparticle secondary
phases.

In addition, considerable confusion can occur if the dopant concentrations were referred as
weight percent, due to the enormous difference in atomic weight among the metal constitu-
ents, and is not a good choice in order to permit the correct understanding of the progressive
doping effects. The results provided by simultaneous and equal weight doping elements for
silicon and zirconium at 5 wt% [51] correspond to 8.4 mol% for silicon and 2.6 mol% for
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zirconium, which means a Si/Zr molar ratio more than 3. Even so, no considerable differences
were observed comparing the isolated zirconium or silicon doping under the point of view of
anatase phase stabilization [47, 48, 50–52].

Other consideration about the mechanism of the anatase-to-rutile phase transition is no longer
valid, specially, the affirmation that the anatase phase starts to convert into rutile one at lower
temperatures through particle agglomeration in a kinetically controlled reaction. It was dem-
onstrated already that there is a thermodynamic stability for anatase phase at standard condi-
tions of temperature and pressure [29], which is determined probably by titanium-oxygen
bond energies [24]. The kinetic component starts to play an important role only after overcom-
ing the energetic barrier at very high temperatures, like above 900�C [28].

Only in 2016, another publication reporting the silicon-zirconium-doped titanium dioxide
sample was found [53]. There are several doped titanium dioxide nanoparticles calcined at
500�C only, but unexpectedly, the authors discuss about the anatase-to-rutile phase transition
as a function of dopant type for anatase single phase samples. In addition, a sample containing
only silicon and zirconium dopants was also not prepared so that it was not possible to
evaluate the effects of the simultaneous silicon and zirconium doping on titanium dioxide.
Despite that the authors affirm that the sample simultaneously doped with copper, silicon and
zirconium cations at 15 mol% in total concentration and equal parts showed a great improve-
ment in photocatalytic performance for the degradation of methyl orange.

No other articles about the simultaneous silicon- and zirconium-doped titanium dioxide sam-
ple were found in the literature. That way, the present work aims to provide an accurate
investigation about exclusive and simultaneous silicon and zirconium doping in titanium
dioxide powder samples obtained through the sol-gel method in order to demonstrate the
structural basis of anatase phase stabilization. It is very important to keep in mind that equal
parts of tetravalent silicon and zirconium cations represent the average ionic radii close to the
tetravalent titanium cation, considering all of those in hexacoordinate sites. It is also important
to know that zircon silicate ZrSiO4 possesses also anatase phase, which can be thermally stable
until very high temperatures [46, 54].

2. Materials and methods

In order to provide a consistent discussion about the influence of the zirconium-silicon simulta-
neous doping, the non-modified titanium dioxide samples were prepared in the same experi-
mental conditions used to obtaining the doped samples. It was used the true sol-gel method
involving only analytical grade reagents for the preparation of the powder samples. First,
titanium (IV) isopropoxide 97% (Sigma-Aldrich) was added drop wise in glacial acetic acid
99.7% (F. Maia) under stirring. The molar ratio between the acetic acid and total metallic cations
was adjusted to 4 for both samples. Due to the exothermic reaction, the homogenous mixture
was cooled to room temperature by maintaining stirring for 30 min before the next step. For
silicon-zirconium (Si-Zr)-doped titanium dioxide sample, tetraethyl orthosilicate 98% (Sigma-
Aldrich) and zirconium (IV) propoxide 70% (Sigma-Aldrich) are added in order to obtain 5 mol

Structural Aspects of Anatase to Rutile Phase Transition in Titanium Dioxide Powders Elucidated by…
http://dx.doi.org/10.5772/intechopen.68601

69



% of Si-Zr doping. Then, for both samples, the isopropyl alcohol R.G. (Qhemis) was added in
order to adjust the metal concentration to 0.1 molar.

After a homogenization stage through the stirring for 30 min, acidified water was added in
order to promote the acid hydrolysis. For that proposes, nitric acid solution with pH 3.5 was
previously prepared in order to represent a molar ratio between water and metallic cations
close to 5. Thus, both composition sols were stirred for 1 hour, capped and allowed to stand at
ambient conditions for 24 hours in order to complete the jellification. Both xerogels showed
transparent characteristics before the drying process carried out in drying oven at 100�C
overnight and ground process in porcelain mortar. Finally, both dry gel samples were divided
into several aliquots in order to perform the calcination step in wide range of temperature for 2
hours in a muffle type oven under static atmosphere. The expected compositions are TiO2 and
Si0.25Zr0.25Ti0.95O2, for pure and Si-Zr-doped titanium dioxide-calcined powder samples,
respectively.

Both dry gel compositions were characterized by simultaneous thermogravimetric and differ-
ential thermal analysis (TG/DTA) in order to verify basic differences between non-doped and
Silicon-zirconium-doped gel sample along the temperature of thermal treatment. For that char-
acterization, aliquots close to 100 mg were placed in alumina crucibles and compared with the
same amount of alpha-alumina powder as standard material. Sample and reference material
crucibles were submitted to heating rate of 10�C min�1 from room temperature up to 900�C
under synthetic air flux of 10 mL min�1 by using a Netszch—Thermische Analyse equipped
with TASC 414/2 controller and Pt 10 thermocouples.

The dry gel at 100�C and all of the calcined powder samples in a wide temperature set were
characterized by X-ray diffractometry by using D5005 Siemens equipment operating with K-
alpha nickel-filtered Cu radiation from 20 to 80� (2-theta) in step scan mode in order to collect
the diffraction signal in intervals of 0.02� (2-theta) during 1 s. The obtained diffraction patterns
were phase identified using the JCPDS data bank [54], and the anatase and rutile structural
models were taken from ICSD data bank [55]. The raw files were refined starting from the
chosen anatase and rutile structural models by rietveld method [56] performed with the last
upgraded DBWS software [57, 58] in order to include the size-strain calculation.

3. Results and discussion

Figure 1(a) shows the TG/DTG/DTA curves for both dry gel samples, where it is possible to
observe higher weight losses for Si-Zr-doped titanium dioxide dry gel in all of the weight loss
stages from room temperature up to 460�C. The first weight loss is an endothermic event
associated to the volatilisation processes of residual alcohols and acetic acid, including proba-
ble ester and nitro compounds, which possess boiling temperatures up to 100�C. In addition to
the slight narrow endothermic peak observed for Si-Zr doped titanium dioxide dry gel, the
volatile compounds present in that sample were 1.7%, against 1. 3% for pure one, considering
the final temperature at 180�C for both curves, according to the DTA peaks.

Titanium Dioxide70



% of Si-Zr doping. Then, for both samples, the isopropyl alcohol R.G. (Qhemis) was added in
order to adjust the metal concentration to 0.1 molar.

After a homogenization stage through the stirring for 30 min, acidified water was added in
order to promote the acid hydrolysis. For that proposes, nitric acid solution with pH 3.5 was
previously prepared in order to represent a molar ratio between water and metallic cations
close to 5. Thus, both composition sols were stirred for 1 hour, capped and allowed to stand at
ambient conditions for 24 hours in order to complete the jellification. Both xerogels showed
transparent characteristics before the drying process carried out in drying oven at 100�C
overnight and ground process in porcelain mortar. Finally, both dry gel samples were divided
into several aliquots in order to perform the calcination step in wide range of temperature for 2
hours in a muffle type oven under static atmosphere. The expected compositions are TiO2 and
Si0.25Zr0.25Ti0.95O2, for pure and Si-Zr-doped titanium dioxide-calcined powder samples,
respectively.

Both dry gel compositions were characterized by simultaneous thermogravimetric and differ-
ential thermal analysis (TG/DTA) in order to verify basic differences between non-doped and
Silicon-zirconium-doped gel sample along the temperature of thermal treatment. For that char-
acterization, aliquots close to 100 mg were placed in alumina crucibles and compared with the
same amount of alpha-alumina powder as standard material. Sample and reference material
crucibles were submitted to heating rate of 10�C min�1 from room temperature up to 900�C
under synthetic air flux of 10 mL min�1 by using a Netszch—Thermische Analyse equipped
with TASC 414/2 controller and Pt 10 thermocouples.

The dry gel at 100�C and all of the calcined powder samples in a wide temperature set were
characterized by X-ray diffractometry by using D5005 Siemens equipment operating with K-
alpha nickel-filtered Cu radiation from 20 to 80� (2-theta) in step scan mode in order to collect
the diffraction signal in intervals of 0.02� (2-theta) during 1 s. The obtained diffraction patterns
were phase identified using the JCPDS data bank [54], and the anatase and rutile structural
models were taken from ICSD data bank [55]. The raw files were refined starting from the
chosen anatase and rutile structural models by rietveld method [56] performed with the last
upgraded DBWS software [57, 58] in order to include the size-strain calculation.

3. Results and discussion

Figure 1(a) shows the TG/DTG/DTA curves for both dry gel samples, where it is possible to
observe higher weight losses for Si-Zr-doped titanium dioxide dry gel in all of the weight loss
stages from room temperature up to 460�C. The first weight loss is an endothermic event
associated to the volatilisation processes of residual alcohols and acetic acid, including proba-
ble ester and nitro compounds, which possess boiling temperatures up to 100�C. In addition to
the slight narrow endothermic peak observed for Si-Zr doped titanium dioxide dry gel, the
volatile compounds present in that sample were 1.7%, against 1. 3% for pure one, considering
the final temperature at 180�C for both curves, according to the DTA peaks.

Titanium Dioxide70

Residual organic compounds and free-water are desorbed from porous matrixes between 180
and 250�C, markedly a kinetic event, as can be verified by the absence of DTG or DTA peaks in
that region. That desorption event represented a weight loss of 0.7% for Si-Zr-doped titanium
dioxide dry gel, against 0.4% for the same event in pure titanium dioxide sample. Thus, the
total weight losses observed for Si-Zr-doped and pure titanium dioxide dry gels from 30 to
250�C increase for 2.4 and 1.7%, respectively.

The first exothermic event for both samples occurs between 250 and 460�C, which was associ-
ated to the cross-link bonding among the hydroxyl groups in nuclei surface through the
dehydroxylation process. The water losses associated to that event were close to 2.8% for Si-
Zr-doped titanium dioxide sample and 2.6% for pure one. It is also possible to notice that the
exothermic peaks (DTA) precede the water weight loss (DTG) in almost 20�C, which prove that
the water loss is slower than the dehydroxylation process.

Supposedly, this result is coherent with expected reduction of empty volume among the nuclei
due to the pore constriction associated to the cross-link bonding, which harms the water desorp-
tion. It is also possible to notice that the exothermic peak for Si-Zr-doped titanium dioxide
sample is considerably more intense than that observed for the pure one. Then, already during
the dehydroxylation process, an important energetic difference is observed for zircon silicate
titanium dioxide samples when compared to the pure one, which can justify possible changes in
photocatalysis performances due to the important role the hydroxyl groups in anatase surface
have in charge transference and electron-hole recombining processes.

Finally, the anatase crystallization process is observed after the last weight loss and the Si-Zr-
doped titanium dioxide samples present two evidenced exothermic events. According to
correlated work [59], the presence of silicon dioxide in titanium dioxide seems to favour the
crystallization process as a facilitator of the oxygen vacancy elimination. In fact, it is possible to

Figure 1. Thermogravimetric and differential thermal analysis for pure and silicon-zircon-doped titanium dioxide dry gel
samples: (a) entire TG/DTG/DTA curves and (b) amplification of TG curves between 390 and 900�C.
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visualize that the Si-Zr-doped titanium-doped sample has both events more exothermically
energetic than the pure one. But, other considerable differences are also observed concerning
the temperature of maximum energy. The Si-Zr-doped titanium sample possesses the first
crystallization stage starting below 400�C, already during the cross-link bonding, and ends at
550�C. For the pure titanium dioxide sample, there is only a shoulder at 650�C in DTA curve,
which is very difficult to view without the graphic software help.

Taking into account that the shoulder in pure titanium dioxide sample occurs above the typical
anatase-to-rutile phase transition, it is possible to infer that some amounts of rutile phase
probably is already present at that 650�C. Thus, the third exothermic event for pure-doped
titanium-doped sample is centred at 800�C, probably associated to the complete formation of
rutile phase. On the other hand, the Si-Zr-doped titanium dioxide sample presents the third
exothermic event probably above 900�C (not observed due the analysis ending). Nevertheless,
there is no evidence that the rutile phase is already present above 900�C, because the zircon
silicate has an increasingly stable anatase structure with increasing calcination time and tem-
perature. Thus, 5 mol% of Si-Zr may be sufficient to prevent the rutile phase transition in
titanium dioxide samples calcined until 900�C, at least.

Figure 1(b) shows the amplification of TG curves between 390 and 896�C in order to show the
weight gain for both samples starting to occur immediately after the final weight loss. Then, it
is acceptable that the hypothesis based on oxygen vacancies elimination starts after the ending
of cross-link bonding. Both titanium dioxide samples present significant weight gain due to the
oxygen incorporation. However, the pure titanium dioxide sample presents higher 0.5% more
oxygen incorporation than the Si-Zr-doped one. In addition, the weight gain for Si-Zr-doped
sample only becomes remarkable after 550�C.

One important relation between both the samples related to the anatase phase stabilization can
be established by considering that the oxygen incorporation is not finished at 900�C due to the
kinetic component. Thus, more weight gain can continue to occur until both samples reach a
similar weight gain values. If it is true, then the velocity constant for oxygen incorporation in
the Si-Zr-doped sample is lower because the same weight gain is reached for pure sample at
811�C, which represents 85�C lower than the Si-Zr-doped sample. An accurate investigation of
that dependence would be very interesting to clarify the energetic changes provided by
simultaneous silicon-zirconium doping process.

In Figure 2, X-ray diffraction patterns showing the phase evolution starting from 100�C for
24 hours to 900�C for 2 hours are shown. The pure titanium dioxide sample presents anatase
single phase up to 600�C, which means the rutile phase starts to form at 650�C, according to
DTA analysis evidence. On one hand, a continuous increase in temperature of calcination
leads to much more rutile phase in the samples until the formation of rutile single phase in
pure titanium dioxide powder samples above the 800�C (Figure 2(a)). On the other hand, the
Si-Zr-doped titanium dioxide samples present no evidence of rutile phase even at 900�C
(Figure 2(b)).

The angle degrees and the relative intensities for anatase phase peaks in all of the calcination
temperatures fit with those available on JCPDS card number 21-1272, whereas the rutile phase
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was perfectly identified with the angle degrees and the relative intensities available on JCPDS
card number 21-1276. Nevertheless, it is easy to observe a considerable peak enlargement for
Si-Zr-doped samples for all temperatures, if compared to the pure ones. However, neither the
angle degrees nor the relative intensities are changed for the anatase peaks in Si-Zr-doped
titanium dioxide samples along the temperature of calcination.

In order to understand the structural effects beyond the visual observation of the X-ray
diffraction patterns, a structural refinement was carried out for all of the samples. That proce-
dure starts choosing the structural models for anatase and rutile phase available on the ICSD
data bank. The best adequacy was obtained by setting the lattice parameters and atomic
positions according to card numbers 82084 and 53997, for anatase and rutile phase, respec-
tively. After more than 3000 cycles, the refinement factors reach the minimum permitted for
statistically expected values provided by method. More information about that methodology is
available on the specific literature [56–58, 60].

The lattice parameters of each phase are shown in Figure 3. It is possible to observe a consis-
tent variation for all of the refined parameters, making possible an appropriated discussion.
For anatase phase, both compositions, the lattice parameters present the same variation sam-
ples and, except for 100�C, the vector a and c values are slightly higher for pure titanium
dioxide samples, at least up to 600�C, where the anatase phase for pure titanium dioxide
sample becomes unstable (Figure 3(a)). By considering tetravalent silicon and zirconium
hexacoordinate dopant cations, with ionic radii of 40 pm and 72 pm, respectively, the average
radii are close to 56 pm. Therefore, the substituting cations constitute as smaller than hexa-
coordinate tetravalent titanium substituted one (61 pm). Thus, it is a coherent result that the
slight lattice contraction was observed for the Si-Zr doped samples.

Maybe it is not important to explain the basis of the anatase phase stabilization, but the inverse
effect that occurred at 100�C is in consequence of the higher amount hydroxyl groups in Si-Zr-
doped titanium dioxide dry gel, as was demonstrated in TG analysis. The importance of the
Rietveld analysis is established just above the 650�C and remarkable difference is observed among
the samples originated from both the compositions. In temperatures close to anatase-to-rutile

Figure 2. X-ray diffraction patterns showing the phase evolution for starting from 100�C for 24 hours up to 900�C for 2
hours: (a) pure and (b) Si-Zr titanium dioxide samples.
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phase transition, the both vectors a and c of anatase phase for pure titanium dioxide samples start
to reduce, marking the initial collapse of anatase phase, which will no longer be present at 800�C.
By observing the same variation for Si-Zr-doped samples, it is possible to observe that behaviour
is characteristic of anatase phase crystallization, but only for pure titanium dioxide sample and is
followed by the anatase to rutile phase transition.

By observing the variation of anatase cell volume in Figure 3(b) it is possible to notice an
impressive variation similarity with the variation of vector a (Figure 3(a)), for both samples. It
is possible to observe the tetragonality changes between the pure and the Si-Zr-doped titanium
dioxide samples in the same way, but only displaced to higher temperature for Si-Zr-doped
one. Thus, those results corroborate the previous DTA differences and the tetragonality of
anatase single phase in the Si-Zr-doped titanium dioxide sample calcined at 900�C is very
close to the well-crystallized anatase single phase observed in the pure titanium dioxide
sample calcined at 600�C.

The reliable crystallization process was investigated through the size-strain calculation according
to the methodology well-established [60] and using tungsten carbide as standard material in
order to evaluate the instrumental contributions. It was noticed that the crystallite size stays in
low values until the beginning of anatase-to-rutile phase formation and the peak narrowing is
originated from the reduction of the lattice microstrain practically (Figure 4(a)). Thus, the crys-
tallite coalescence occurs as a consequence of the destroying-rebuilt oxygen-metallic cation
bonds process starting at 650�C, regardless of anatase-to rutile phase transition. Beyond that
reconstructive transformation, above 700�C, the crystallite sizes considerably increase despite of
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some variation on lattice microstrain. In Figure 4(b), it is possible to observe that the anatase
structure starts with spacious oxygen site through the negative values for isotropic thermal
parameters. As the atomic scattering is associated to a specific site volume, it is probable that
the hydroxyl groups push oxygen atoms away from each other. The isotropic parameters become
higher after the dehydroxylation process and that results are coherent with cell volume variation
and thermal analysis results. However, for pure titanium dioxide samples, the atoms experience
a new localized spacing in the temperature close to the anatase-to-rutile phase transition, differ-
ent from Si-Zr-doped ones. That event indicates the reconstructive transformation occurs
through the destroying-rebuilt bonds, because the variation of the isotropic thermal parameters
presents noticeable inflection during that process.

4. Conclusions

The accurate structural characterization was carried out by X-ray diffractometry and rietveld
refinement in titanium dioxide sample synthesized through sol-gel method and calcined in
wide temperature range in order to evaluate the effects on the thermal stabilization of the
zirconium silicate doping at 5 mol%. The discussion of structural variations in both pure and
Si-Zr-doped sample compositions was supported by corresponding thermal analysis taken
from dry gels and consistent correlations were found.

The silicon and zircon dopants lead to more retention of residues coming from jellying process
and also the fresh anatase formed is more hydrolyzed. All of the exothermic events associated
to the phase crystallization in both samples are displaced to higher temperatures if compared
to the pure titanium dioxide sample. Thus, the final crystallization associated to oxygen
vacancies elimination as a function of oxygen incorporation occurs above 900�C.

Figure 4. Calculated data through the refined lattice parameters and peak profiles: (a) crystallite size and lattice
microstrain and (b) isotropic thermal parameters.
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By observing the X-ray diffraction patterns, it was possible to prove that the Si-Zr dopants at
concentration of 5 mol% are able to prevent the rutile phase transition in titanium dioxide
samples calcined up to 900�C. But, the rietveld analysis was very important to found the
structural basis for that behaviour and the known reconstructive transformation was proved
for the anatase-to-rutile phase transition. It was possible to show that the isotropic thermal
parameters for oxygen and titanium atoms are considerably affected just during the anatase
phase collapse and rutile one rising.

The crystallite coalescence responsible for anatase crystallization does not occur in pure tita-
nium dioxide samples, and the X-ray diffraction peaks narrowing observed for calcined sam-
ples in several publications is consequence only of the microstrain reduction. Thus, the pure
titanium dioxide samples cannot be crystallized as anatase phase without the parallel rutile
phase conversion, different from the Si-Zr-doped titanium dioxide sample. Consequently,
well-crystallized anatase single phase at 900�C can be obtained by doping the titanium dioxide
samples with 5 mol% of Si-Zr. That composition can become a new semiconductor matrix for
the investigation of new dopants in order to improve further the photocatalysis performance
or maybe, other possible applications.

Author details

Alberto Adriano Cavalheiro1*, Lincoln Carlos Silva de Oliveira2 and
Silvanice Aparecida Lopes dos Santos2

*Address all correspondence to: albecava@gmail.com

1 State University of Mato Grosso do Sul, Naviraí, MS, Brazil

2 Federal University of Mato Grosso do Sul, Campo Grande, MS, Brazil

References

[1] Linsebigler AL, Lu G, Yates JT. Photocatalysis on TiO2 surfaces: Principles, mechanisms,
and selected results. Chemical Reviews. 1995;95:735–758. DOI: 10.1021/cr00035a013

[2] Nakata K, Fujishima A. TiO2 photocatalysis: Design and applications. Journal of Photo-
chemistry and Photobiology C: Photochemistry Reviews. 2012;13:169–189. DOI: 10.1016/
j.jphotochemrev.2012.06.001

[3] Mills A, Davies RH, Worsley D. Water-purification by semiconductor photocatalysis.
Chemical Society Reviews. 1993;22:417–425. DOI: 10.1039/CS9932200417

[4] Zhang J, Liu X, Gao S, Huang B, Dai Y, Xu Y, Grabstanowicz LR, Xu T. From AgI/TiO2 to
Ag/TiO2: Effects of the annealing temperature on the compositions, porous nanostructures,

Titanium Dioxide76



By observing the X-ray diffraction patterns, it was possible to prove that the Si-Zr dopants at
concentration of 5 mol% are able to prevent the rutile phase transition in titanium dioxide
samples calcined up to 900�C. But, the rietveld analysis was very important to found the
structural basis for that behaviour and the known reconstructive transformation was proved
for the anatase-to-rutile phase transition. It was possible to show that the isotropic thermal
parameters for oxygen and titanium atoms are considerably affected just during the anatase
phase collapse and rutile one rising.

The crystallite coalescence responsible for anatase crystallization does not occur in pure tita-
nium dioxide samples, and the X-ray diffraction peaks narrowing observed for calcined sam-
ples in several publications is consequence only of the microstrain reduction. Thus, the pure
titanium dioxide samples cannot be crystallized as anatase phase without the parallel rutile
phase conversion, different from the Si-Zr-doped titanium dioxide sample. Consequently,
well-crystallized anatase single phase at 900�C can be obtained by doping the titanium dioxide
samples with 5 mol% of Si-Zr. That composition can become a new semiconductor matrix for
the investigation of new dopants in order to improve further the photocatalysis performance
or maybe, other possible applications.

Author details

Alberto Adriano Cavalheiro1*, Lincoln Carlos Silva de Oliveira2 and
Silvanice Aparecida Lopes dos Santos2

*Address all correspondence to: albecava@gmail.com

1 State University of Mato Grosso do Sul, Naviraí, MS, Brazil

2 Federal University of Mato Grosso do Sul, Campo Grande, MS, Brazil

References

[1] Linsebigler AL, Lu G, Yates JT. Photocatalysis on TiO2 surfaces: Principles, mechanisms,
and selected results. Chemical Reviews. 1995;95:735–758. DOI: 10.1021/cr00035a013

[2] Nakata K, Fujishima A. TiO2 photocatalysis: Design and applications. Journal of Photo-
chemistry and Photobiology C: Photochemistry Reviews. 2012;13:169–189. DOI: 10.1016/
j.jphotochemrev.2012.06.001

[3] Mills A, Davies RH, Worsley D. Water-purification by semiconductor photocatalysis.
Chemical Society Reviews. 1993;22:417–425. DOI: 10.1039/CS9932200417

[4] Zhang J, Liu X, Gao S, Huang B, Dai Y, Xu Y, Grabstanowicz LR, Xu T. From AgI/TiO2 to
Ag/TiO2: Effects of the annealing temperature on the compositions, porous nanostructures,

Titanium Dioxide76

and visible-light photocatalytic properties. Ceramics International. 2013;39:1011–1019. DOI:
10.1016/j.ceramint.2012.07.021

[5] Ibhadon AO, Fitzpatrick P. Heterogeneous photocatalysis: Recent advances and applica-
tions. Catalysts. 2013;3:189–218. DOI: 10.3390/catal3010189

[6] Sclafani A, Palmisano L, Schiavello M. Influence of the preparation methods of TiO2 on
the photocatalytic degradation of phenol in aqueous dispersion. The Journal of Physical
Chemistry. 1990;94:829–832. DOI: 10.1021/j100365a058

[7] Cavalheiro AA, Bruno JC, Saeki MJ, Valente JPS, Florentino AO. Effect of scandium on
the structural and photocatalytic properties of titanium dioxide thin films. Journal of
Materials Science. 2007;43(2):602–608. DOI: 10.1007/s10853-007-1743-2

[8] Qiu S, Starr TL. Zirconium doping in titanium oxide photocatalytic films prepared by
atomic layer deposition. Journal of the Electrochemical Society. 2007;154(6):H472–H475.
DOI: 10.1149/1.2718475

[9] Cavalheiro AA, Bruno JC, Valente JPS, Saeki MJ, Florentino AO. Photocatalytic decom-
position of diclofenac potassium using silver-modified TiO2 thin films. Thin Solid Films.
2008;516(18):6240–6244. DOI: 10.1016/j.tsf.2007.11.117

[10] Liu S. Liu X, Chen Y, Jiang R. A novel preparation of highly active iron-doped titania
photocatalysts with a p-n junction semiconductor structure. Journal of Alloys and Com-
pounds. 2010;506(2):877–882. DOI: 10.1016/j.jallcom.2010.07.103

[11] Su D, Dou S, Wang G. Anatase TiO2: Better anode material than amorphous and rutile
phases of TiO2 for Na-Ion batteries. Chemistry of Materials. 2015;27(17):6022–6029. DOI:
10.1021/acs.chemmater.5b02348

[12] Orera VM, Merino RI. Ceramics with photonic and optical applications. Boletín de la
Sociedad Española de Cerámica y Vidrio. 2015;54(1):1–10. DOI: 10.1016/j.bsecv.2015.
02.002

[13] Schneider J, Matsuoka M, Takeuchi M, Zhang J, Horiuchi Y, Anpo M, Bahnemann DW.
Understanding TiO2 photocatalysis: Mechanisms and materials. Chemical Review.
2014;114(19):9919–9986. DOI: 10.1021/cr5001892

[14] Pesci FM, Wang G, Klug DR, Li Y, Cowan† AJ. Efficient suppression of Electron–hole
recombination in oxygen-deficient hydrogen-treated TiO2 nanowires for photoelectro-
chemical water splitting. The Journal of Physical Chemistry C, Nanomaterials and Inter-
faces. 2013;117(48):25837–25844. DOI: 10.1021/jp4099914

[15] Vargas S, Arroyo R, Haro E, Rodriguez R. Effect of cationic dopants on the phase transition
temperature of titania prepared by the sol-gel method. Journal of Materials Research.
1999;14(10):3932–3937. DOI: 10.1557/JMR.1999.0532

[16] Moezzi A, McDonagh AM, Cortie MB. Zinc oxide particles: Synthesis, properties and
applications. Chemical Engineering Journal 2012;185-186:1–22. DOI: 10.1016/j.cej.2012.
01.076

Structural Aspects of Anatase to Rutile Phase Transition in Titanium Dioxide Powders Elucidated by…
http://dx.doi.org/10.5772/intechopen.68601

77



[17] Gonsález MP, Tomás SA, Luna MM, Arvizu MA, Cruz MMT. Optical, structural, and
morphological properties of photocatalytic TiO2–ZnO thin films synthesized by the sol-
gel process. Thin Solid Films. 2015;594:304–309. DOI: 10.1016/j.tsf.2015.04.073

[18] Wang S, Pan L, Song J-L, Mi W, Zou J-J, Wang L, Zhang X. Titanium-defected undoped
anatase TiO2 with p-Type conductivity, oom-temperature ferromagnetism, and remark-
able photocatalytic performance. Journal of the American Chemical Society. 2015;137
(8):2975–2983. DOI: 10.1021/ja512047k

[19] Yalçin Y, Kiliç M, Çinar Z. Feþ3-doped TiO2: A combined experimental and computa-
tional approach to the evaluation of visible light activity. Applied Catalysis B: Environ-
mental. 2010;99(3-4):469–477. DOI: 10.1016/j.apcatb.2010.05.013

[20] Jamalluddin NA, Abdullah AZ. Reactive dye degradation by combined Fe(III)/TiO2

catalyst and ultrasonic irradiation: Effect of Fe(III) loading and calcination temperature.
Ultrasonics Sonochemistry. 2011;18(2):669–678. DOI: 10.1016/j.ultsonch.2010.09.004.

[21] Niu Y, Xing M, Zhang J, Tian B. Visible light activated sulfur and iron co-doped TiO2

photocatalyst for the photocatalytic degradation of phenol. Catalysis Today. 2013;201
(1):159–166, DOI: 10.1016/j.cattod.2012.04.035

[22] Harizanov O, Harizanova A. Development and investigation of sol-gel solutions for the
formation of TiO2 coatings. Solar Energy Materials and Solar Cells. 2000;63(2):185–195.
DOI: 10.1016/S0927-0248(00)00008-8

[23] Katoh R, Furube A, Yamanaka K, Morikawa T. Charge separation and trapping in N-
doped TiO2 photocatalysts: A time-resolved microwave conductivity study. The Journal
of Physical Chemistry Letters. 2010;1(22):3261–3265. DOI: 10.1021/jz1011548

[24] Batzill M, Morales EH, Diebold U. Influence of nitrogen doping on the defect formation
and surface properties of TiO2 rutile and anatase. Physical Review Letters. 2006;96
(2):026103. DOI: 10.1103/PhysRevLett.96.026103

[25] Wetchakun N, Incessungvorn B, Wetchakun K, Phanichphant S. Influence of calcination
temperature on anatase to rutile phase transformation in TiO2 nanoparticles synthesized
by the modified sol–gel method. Materials Letters. 2012;82:195–198. DOI: 10.1016/j.
matlet.2012.05.092

[26] Wu S-X, Zhi M, Qin Y-N, He F, Jia L-S, Zhang Y-J. XPS study of Cooper dopping TiO2

photocatalyst. Acta Physico-Chimica Sinica. 2003;19(10):967–969. DOI: 10.3866/PKU.
WHXB20031017

[27] Liu X, Dong G, Li S, Lu G, Bi Y. Direct observation of charge separation on anatase TiO2

crystals with selectively etched {001} facets. Journal of the American Chemical Society.
2016;138(9):2917–2920. DOI: 10.1021/jacs.5b12521

[28] Hanaor DAH, Sorrell CC. Review of the anatase to rutile phase transformation. Journal of
Materials Science. 2011;46(4):855–874. DOI: 10.1007/s10853-010-5113-0

Titanium Dioxide78



[17] Gonsález MP, Tomás SA, Luna MM, Arvizu MA, Cruz MMT. Optical, structural, and
morphological properties of photocatalytic TiO2–ZnO thin films synthesized by the sol-
gel process. Thin Solid Films. 2015;594:304–309. DOI: 10.1016/j.tsf.2015.04.073

[18] Wang S, Pan L, Song J-L, Mi W, Zou J-J, Wang L, Zhang X. Titanium-defected undoped
anatase TiO2 with p-Type conductivity, oom-temperature ferromagnetism, and remark-
able photocatalytic performance. Journal of the American Chemical Society. 2015;137
(8):2975–2983. DOI: 10.1021/ja512047k

[19] Yalçin Y, Kiliç M, Çinar Z. Feþ3-doped TiO2: A combined experimental and computa-
tional approach to the evaluation of visible light activity. Applied Catalysis B: Environ-
mental. 2010;99(3-4):469–477. DOI: 10.1016/j.apcatb.2010.05.013

[20] Jamalluddin NA, Abdullah AZ. Reactive dye degradation by combined Fe(III)/TiO2

catalyst and ultrasonic irradiation: Effect of Fe(III) loading and calcination temperature.
Ultrasonics Sonochemistry. 2011;18(2):669–678. DOI: 10.1016/j.ultsonch.2010.09.004.

[21] Niu Y, Xing M, Zhang J, Tian B. Visible light activated sulfur and iron co-doped TiO2

photocatalyst for the photocatalytic degradation of phenol. Catalysis Today. 2013;201
(1):159–166, DOI: 10.1016/j.cattod.2012.04.035

[22] Harizanov O, Harizanova A. Development and investigation of sol-gel solutions for the
formation of TiO2 coatings. Solar Energy Materials and Solar Cells. 2000;63(2):185–195.
DOI: 10.1016/S0927-0248(00)00008-8

[23] Katoh R, Furube A, Yamanaka K, Morikawa T. Charge separation and trapping in N-
doped TiO2 photocatalysts: A time-resolved microwave conductivity study. The Journal
of Physical Chemistry Letters. 2010;1(22):3261–3265. DOI: 10.1021/jz1011548

[24] Batzill M, Morales EH, Diebold U. Influence of nitrogen doping on the defect formation
and surface properties of TiO2 rutile and anatase. Physical Review Letters. 2006;96
(2):026103. DOI: 10.1103/PhysRevLett.96.026103

[25] Wetchakun N, Incessungvorn B, Wetchakun K, Phanichphant S. Influence of calcination
temperature on anatase to rutile phase transformation in TiO2 nanoparticles synthesized
by the modified sol–gel method. Materials Letters. 2012;82:195–198. DOI: 10.1016/j.
matlet.2012.05.092

[26] Wu S-X, Zhi M, Qin Y-N, He F, Jia L-S, Zhang Y-J. XPS study of Cooper dopping TiO2

photocatalyst. Acta Physico-Chimica Sinica. 2003;19(10):967–969. DOI: 10.3866/PKU.
WHXB20031017

[27] Liu X, Dong G, Li S, Lu G, Bi Y. Direct observation of charge separation on anatase TiO2

crystals with selectively etched {001} facets. Journal of the American Chemical Society.
2016;138(9):2917–2920. DOI: 10.1021/jacs.5b12521

[28] Hanaor DAH, Sorrell CC. Review of the anatase to rutile phase transformation. Journal of
Materials Science. 2011;46(4):855–874. DOI: 10.1007/s10853-010-5113-0

Titanium Dioxide78

[29] Hanaor DAH, Assadi MHN, Li S, Yu A, Sorrell CC. Ab initio study of phase stability in
doped TiO2. Computational Mechanics. 2012;50(2):185–194. DOI: 10.1007/s00466-012-0728-4

[30] Selloni A. Crystal growth: Anatase shows its reactive side. Nature Materials. 2008;7
(8):613–615. DOI: 10.1038/nmat2241

[31] Setvin M, Aschauer U, Hulva J, Simschitz T, Daniel B, Schmid M, Selloni A, Diebold U.
Following the reduction of oxygen on TiO2 anatase (101) step by step. Journal of the
American Chemical Society. 2016;138(30):9565–9571. DOI: 10.1021/jacs.6b04004

[32] Zaleska A. Doped-TiO2: A review. Recent Patents on Engineering. 2008;2(3):157–164.
DOI:10.2174/187221208786306289

[33] Zhu S-C, Xie S H, Liu Z-P. Nature of rutile nuclei in anatase-to-rutile phase transition.
Journal of the American Chemical Society. 2015;137(35):11532–11539. DOI: 10.1021/
jacs.5b07734

[34] Li B, Wang X, Yan M, Li L. Preparation and characterization of nano-TiO2 powder. Mate-
rials Chemistry and Physics. 2003;78(1):184–188. DOI: 10.1016/S0254-0584(02)00226-2

[35] Hu Y, Tsai HL, Huang CL. Phase transformation of precipitated TiO2 nanoparticles.
Materials Science and Engineering: A. 2003;344(1-2):209–214. DOI: 10.1016/S0921-5093
(02)00408-2

[36] Look JL, Zukoski DF. Colloidal stability and titania precipitate morphology: Influence of
short-range repulsion. Journal of the American Ceramic Society. 1995;78(1):21–32. DOI:
10.1111/j.1151-2916.1995.tb08356.x

[37] Ahn YU, Kim EJ, Kim HT, Hahn SH. Variation of structural and optical properties of sol-
gel TiO2 thin films with catalyst concentration and calcination temperature. Materials
Letters. 2003;57(30):4660–4666. DOI: 10.1016/S0167-577X(03)00380-X

[38] Hemissi M, Adnani HA. Optical and structural properties of titanium oxide thin films
prepared by sol-gel methods. Digest Journal of Nanomaterials and Biostructures. 2007;2
(4):299–305. Available from: www.chalcogen.ro/index.php/journals/digest-journal-of-
nanomaterials-and-biostructures. [Accessed: 15-Feburary-2017].

[39] Chaudhary V, Srivastava AK, Kumar J. On the sol-gel synthesis and characterization of
titanium oxide nanoparticles. Materials Research Society Symposia Proceedings.
2001;1352(11):10–24. DOI: 10.1557/opl.2011.759

[40] Nagpal VJ, Davis RM, Riffle JS. In situ steric stabilization of titanium dioxide particles
synthesized by a sol-gel process. Colloids and Surfaces A: Physicochemical and Engineer-
ing Aspects. 1994;87(1):25–31. DOI: 10.1016/0927-7757(93)02735-W

[41] Saleh A, Rasin FA, Ameen MA. TiO2 nanoparticles prepared by sol-gel. Journal of Mate-
rials Science and Engineering. 2009;3(12):81–84. Serial No. 25. Available from: www.
davidpublishing.com/davidpublishing/upfile/8/5/2012/2012080582702945.pdf.
[Accessed: 14-Feburary-2017]

Structural Aspects of Anatase to Rutile Phase Transition in Titanium Dioxide Powders Elucidated by…
http://dx.doi.org/10.5772/intechopen.68601

79



[42] Hayle ST, Gonfa GG. Synthesis and characterization of titanium oxide nanomaterials
using sol-gel method. American Journal of Nanoscience and Nanotechnology. 2014;2
(1):1–7. DOI: 10.11648/j.nano.20140201.11

[43] Nadzirah S, Foo KH, Hashim U. Morphological reaction on the different stabilizers of tita-
nium dioxide nanoparticles. International Journal of Electrochemical Science. 2015;10:5498–
5512. Available from: www.electrochemsci.org/papers/vol10/100705498.pdf [Accessed: 15
Feburary 2017].

[44] Vorkapic D, Matsoukas T. Effect of temperature and alcohols in the preparation of titania
nanoparticles from alkoxides. Journal of the American Ceramic Society. 1998;81(11):2815–
2820. DOI: 10.1111/j.1151-2916.1998.tb02701.x

[45] Lukáč J, Klementová M, Bezdička P, Bakardjieva S, Šubrt J, Szatmáry L, Bastl Z, Jirkovský J.
Influence of Zr as TiO2 doping ion on photocatalytic degradation of 4-chlorophenol.
Applied Catalysis B-Environmental. 2007;74(1-2):83–91. DOI: 10.1016/j.apcatb.2007.01.014

[46] Shannon RD. Revised effective ionic radii and systematic studies of interatomic distances
in halides and chalcogenides. Acta Crystallographica Section A, Foundations of
Crystallographica. 1976;A32:751–767. DOI:10.1107/s0567739476001551

[47] Harraz FA, Salam OEA, Mostafa AA, Mohamed RM, Hanafy M. Rapid synthesis of
titania-silica nanoparticles photocatalyst by a modified sol-gel method for cyanide deg-
radation and heavy metals removal. Journal of Alloys and Compounds. 2013;551:1–7.
DOI: 10.1016/j.jallcom.2012.10.004

[48] Okada K, Yamamoto N, Kameshima Y, Yasumori A. Effect of silica additive on the anatse
to rutile phase transition. Journal of the American Ceramic Society. 2001;84(7):1591–1596.
DOI: 10.1111/j.1151-2916.2001.tb00882.x

[49] Reidy DJ, Holmes JD, Morris MA. Preparation of a highly thermally stable titania anatase
phase by addition of mixed zirconia and silica dopants. Ceramics International. 2006;32
(3):235–239. DOI: 10.1016/j.ceramint.2005.02.009

[50] Badli NA, Ali R, Yuliati L. Influence of zirconium doped titanium oxide towards
photocatalytic activity of paraquat. Advanced Materials Research. 2015;1107:377–382.
DOI: 10.4028/www.scientific.net/AMR.1107.377

[51] Kitiyanan A, Ngamsinlapasathian S, Pavasupree S, Yoshikawa S. The preparation and
characterization of nanostructured TiO2-ZrO2 mixed oxide electrode for efficient dye-
sensitized solar cells. Journal of Solid State Chemistry. 2005;178(4):1044–1048. DOI:
10.1016/j.jssc.2004.12.043

[52] Ding Z, Hu X, LuGQ, Yue P-L, Greenfield PF. Novel silica gel supported TiO2 photocatalyst
synthesized by CVDmethod. Langmuir. 2000;16(15):6216–6222. DOI: 10.1021/la000119l

[53] Ilkhechi NN, Kaleji BK. Effect of Cu2þ, Si4þ and Zr4þ dopant on structural, optical and
photocatalytic properties of titania nanopowders. Optical and Quantum Electronics.
2016;48(347):5–9. DOI: 10.1007/s11082-016-0621-z

Titanium Dioxide80



[42] Hayle ST, Gonfa GG. Synthesis and characterization of titanium oxide nanomaterials
using sol-gel method. American Journal of Nanoscience and Nanotechnology. 2014;2
(1):1–7. DOI: 10.11648/j.nano.20140201.11

[43] Nadzirah S, Foo KH, Hashim U. Morphological reaction on the different stabilizers of tita-
nium dioxide nanoparticles. International Journal of Electrochemical Science. 2015;10:5498–
5512. Available from: www.electrochemsci.org/papers/vol10/100705498.pdf [Accessed: 15
Feburary 2017].

[44] Vorkapic D, Matsoukas T. Effect of temperature and alcohols in the preparation of titania
nanoparticles from alkoxides. Journal of the American Ceramic Society. 1998;81(11):2815–
2820. DOI: 10.1111/j.1151-2916.1998.tb02701.x

[45] Lukáč J, Klementová M, Bezdička P, Bakardjieva S, Šubrt J, Szatmáry L, Bastl Z, Jirkovský J.
Influence of Zr as TiO2 doping ion on photocatalytic degradation of 4-chlorophenol.
Applied Catalysis B-Environmental. 2007;74(1-2):83–91. DOI: 10.1016/j.apcatb.2007.01.014

[46] Shannon RD. Revised effective ionic radii and systematic studies of interatomic distances
in halides and chalcogenides. Acta Crystallographica Section A, Foundations of
Crystallographica. 1976;A32:751–767. DOI:10.1107/s0567739476001551

[47] Harraz FA, Salam OEA, Mostafa AA, Mohamed RM, Hanafy M. Rapid synthesis of
titania-silica nanoparticles photocatalyst by a modified sol-gel method for cyanide deg-
radation and heavy metals removal. Journal of Alloys and Compounds. 2013;551:1–7.
DOI: 10.1016/j.jallcom.2012.10.004

[48] Okada K, Yamamoto N, Kameshima Y, Yasumori A. Effect of silica additive on the anatse
to rutile phase transition. Journal of the American Ceramic Society. 2001;84(7):1591–1596.
DOI: 10.1111/j.1151-2916.2001.tb00882.x

[49] Reidy DJ, Holmes JD, Morris MA. Preparation of a highly thermally stable titania anatase
phase by addition of mixed zirconia and silica dopants. Ceramics International. 2006;32
(3):235–239. DOI: 10.1016/j.ceramint.2005.02.009

[50] Badli NA, Ali R, Yuliati L. Influence of zirconium doped titanium oxide towards
photocatalytic activity of paraquat. Advanced Materials Research. 2015;1107:377–382.
DOI: 10.4028/www.scientific.net/AMR.1107.377

[51] Kitiyanan A, Ngamsinlapasathian S, Pavasupree S, Yoshikawa S. The preparation and
characterization of nanostructured TiO2-ZrO2 mixed oxide electrode for efficient dye-
sensitized solar cells. Journal of Solid State Chemistry. 2005;178(4):1044–1048. DOI:
10.1016/j.jssc.2004.12.043

[52] Ding Z, Hu X, LuGQ, Yue P-L, Greenfield PF. Novel silica gel supported TiO2 photocatalyst
synthesized by CVDmethod. Langmuir. 2000;16(15):6216–6222. DOI: 10.1021/la000119l

[53] Ilkhechi NN, Kaleji BK. Effect of Cu2þ, Si4þ and Zr4þ dopant on structural, optical and
photocatalytic properties of titania nanopowders. Optical and Quantum Electronics.
2016;48(347):5–9. DOI: 10.1007/s11082-016-0621-z

Titanium Dioxide80

[54] Joint Committee on Powder Diffraction Standards (JCPDS). International Center for
Diffraction Data. Philadelphia; 2003.

[55] Inorganic Crystal Structure Database (ICSD). Version 1.3.1.Eggenstein-Leopoldshafen:
FIZ Karlsruhe; 2003

[56] Rietveld HM. A profile refinement method for nuclear and magnetic structures. Journal
of Applied Crystallography. 1969;2:65–71. DOI: 10.1107/S0021889869006558

[57] Young RA, Sakthive AL, Moss TS, Paiva-Santos CO. DBWS-9411—an upgrade of the
DBWS programs for Rietveld Refinement with PC and mainframe computers. Journal of
Applied Crystallography. 1995;28:366–367. DOI: 10.1107/S0021889895002160

[58] Young RA, Larson AC, Paiva-Santos CO. User’s Guide to Program DBWS-9807a for
Rietveld Analysis of X-ray and Neutron Powder Diffraction Patterns with a PC and
Various Other Computers. Atlanta, GA: School of Physics Georgia Institute of Technol-
ogy; 2000. DOI: 10.1.1.469.7262

[59] Strunk J, Vining WC, Bell AT. A study of oxygen vacancy formation and annihilation in
submonolayer coverages of TiO2 dispersed on MCM-48. Journal of Physics and Chemis-
try. 2000;C(114):16937–16945. DOI: 10.1021/jp100104d

[60] Paiva-Santos CO, Cavalheiro AA, Zaghete MA, Cilense M, Varela JA, Giotto MTS,
Mascarenhas YP. An XRD study of the structure and microstructure of the laboratory
synthesized crystals of MgNb2O6(NM) and PbMg1/3Nb2/3O3 (PMN). Advances in X-
Ray Analysis. 2001;44:38–43. DOI: 10.1.1.296.1602

Structural Aspects of Anatase to Rutile Phase Transition in Titanium Dioxide Powders Elucidated by…
http://dx.doi.org/10.5772/intechopen.68601

81





Chapter 4

Mechanically Activated Rutile and Ilmenite as the

Starting Materials for Process of Titanium Alloys

Production

Marcela Achimovičová, Christoph Vonderstein and

Bernd Friedrich

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68747

Abstract

The consumptive conventional process of titanium alloys production needs new inno‐
vative processes. As starting materials for aluminothermic reduction, natural TiO2 and 
FeTiO3 concentrates can be used. The keynote of the present chapter is mechanical acti‐
vation as a pre‐treatment step for these concentrates, which is realized by the milling 
in a vibratory industrial mill. Mechanically activated rutile ore used in aluminothermic 
reduction saved 30% booster expenses and decreased Cl2 emissions. Mechanical activa‐
tion of ilmenite and ilmenite/aluminum mixtures was performed, and the kinetics of 
subsequent hydrometallurgical production of synthetic TiO2 by pressure and normal 
leaching were studied. New processes with the coupling of aluminothermic production 
of titanium alloys were proposed.

Keywords: rutile, ilmenite, anatase, mechanical activation, aluminothermy, leaching

1. Introduction

The production of titanium alloys by using the conventional process route is tremendously 
cost‐intensive. Therefore, there is a huge endeavor for an alternative process route. In an alu‐
minothermic reduction process, titanium oxide can be used to achieve a titanium alloy. The 
energy which is needed for the autothermic reduction is released by the reduction of titanium 
oxides as well as by metal oxides which are needed for the titanium alloy composition. As the 
energy released by these oxides is not sufficient, there are boosters like KClO4 or CaO2 that 
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are necessary. To reduce the amount of these boosters, the process of mechanical activation of 
titanium oxide (rutile, anatase, and ilmenite) is helpful.

1.1. Fundamentals of mechanical activation

According to Butyagin, the mechanical activation of solids is defined as an increase in reac‐
tion ability due to stable changes in solids structure [1]. Mechanical activation represents a 
multi‐step process with changes in the energetic parameters and the amount of accumulated 
energy of solids in each step, and it is followed by the process of the defects accumulation, 
amorphization, formation of metastable polymorphous forms, and chemical reactions [2]. 
Depending on the number of solid phases involved, the solid‐state reactions by mechani‐
cal activation are classified into single (homogeneous or inhomogeneous reactions) and 
multi‐phase systems (heterogeneous reactions) (see Table 1). The homogeneous single‐phase 
solid‐state reactions are the defect reactions and inhomogeneous reactions are inter‐solid 
diffusions with the concentration gradients. During the heterogeneous multi‐phase solid‐
state reactions, the mass transport diffusion occurs across the phase boundaries, and one or 
more product phases are created [3–6].

1.2. Type of milling devices

The main problem for the technical application of the mechanical activation of minerals or 
ores is a suitable type of the mill. For initiation of mechanical activation, the impact load 
mechanism is required. This is performed in the vibratory mills that are manufactured in 
industrial scale. For mechanical activation examination only the lab‐scale mills are commonly 
used. They are based on the pressure load mechanism due to centrifugal force of motion. 
An industrial eccentric vibratory mill (type: ESM 656–0.5 ks, Siebtechnik GmbH, Germany) 
for the mechanical activation of TiO2 (rutile) and FeTiO3 (ilmenite) concentrates was used 
(see Figure 1).
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 γTi  O  

2
     
β

   ⟶   αTi  O  
2
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α: rutile, β: anatase, and γ: amorphous TiO2

Table 1. Solid‐state reactions of the Ti systems carried out by mechanical activation.
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2. TiO2 concentrate, rutile

As input material, rutile concentrate of Australian origin (95% TiO2) is used with the following 
composition 57% Ti, 0.7% Zr, 0.7% Fe, 0.3% Nb, 0.2% Si, 0.1% Al, 0.1% Cr, <0.03% P, and <0.03% S.

2.1. Mechanical activation

In order to identify the reaction ability of the mechanically activated rutile at the subsequent 
metallurgical reaction, the mechanical activation degrees, I/I0 are assigned. The ratios I/I0 
represent the X‐ray diffraction intensities at the lattice plane (110) of rutile, whereas I0 is the 
measured value for the untreated rutile (defined as 100% < 10 μm), and I is value for mechani‐
cally activated rutile. This ratio I/I0 is a parameter that gives information about grain size, lattice 
defects, and solid‐state reactions. The results in Figure 2 showed the activation degree of the 
rutile concentrate milled for 1, 2, and 3 h was dependent on the specific energy consumption 
of milling. The degree of crystallinity, I/I0 of rutile crystal structure, decreased from 0.7 to 0.25, 
with an increase in milling time [6].

2.2. Aluminothermic reduction process for titanium alloys production

The materials with a decreased crystallinity due to mechanical activation can be very useful for 
the aluminothermic reduction process to reduce the amount of boosters. An aluminothermic 
reaction presents the reduction of a metal oxide with aluminum as a reductant. The reduction 
is feasible when Al shows a greater chemical affinity for the non‐metal element of the com‐
pound than the desired metal which should be reduced. Regarding the redution of TiO2 with 

Figure 1. Industrial eccentric vibratory mill (type: ESM 656–0.5 ks, Siebtechnik GmbH, Germany).
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Al, the intrinsic heat of the reaction is not sufficient to maintain the self‐sustained reaction [7]. 
Therefore, boosters (e.g., KClO4, CaO2) are added to reach the needed energy density. The 
modeling of the aluminothermic reaction mixture needs input parameters such as the required 
energy density, targeted adiabatic temperature, estimated heat losses, as well as aimed slag 
composition in order to improve the metal/slag separation. In order to reach the targeted tem‐
perature, changes in the mixture are not allowed to effect or vary the product alloy composi‐
tion [7]. Because of little difference in the energy density from 50 to 100 J.g−1 of aluminothermic 
reaction, the process window has to be exactly defined to supply slow propagation of reac‐
tion and early solidification. Rutile ore concentrate contains additional by‐components which 
make the determination of the process conditions more complex. Table 2 gives an overview of 
the reduction reactions of the by‐components included in rutile concentrate [6].

The heats of these reactions differ significantly. Although the amount of these by‐components 
are not very high, the released heats of each reaction have to be taken into account due to the 
above explained narrow process window. The reduction of several by‐components is more 
favorable than the reduction of TiO2 thus remaining within the metal phase. Therefore, the com‐
position of the master alloy Ti‐6Al‐4V was carefully chosen, which corresponds to 60 wt.% of Ti, 
24 wt.% of Al, and 16 wt.% of V. The investigations were focused on the definition of the required 
energy charging for the aluminothermic reaction with mechanically activated rutile to obtain a 
stable product. Important is the composition of the product, especially the contents of Ti, Al, 
and V and the by‐components as well as the oxygen content in order proceed in the upcoming 
refining steps to achieve a valuable titanium alloy that can be produced cost‐efficiently and can 
be used therefore in the car industry and other light‐weight applications. It has to be balanced 

Figure 2. The mechanical activaction degree dependence on the specific energy consumption for rutile concentrate.

Titanium Dioxide86



Al, the intrinsic heat of the reaction is not sufficient to maintain the self‐sustained reaction [7]. 
Therefore, boosters (e.g., KClO4, CaO2) are added to reach the needed energy density. The 
modeling of the aluminothermic reaction mixture needs input parameters such as the required 
energy density, targeted adiabatic temperature, estimated heat losses, as well as aimed slag 
composition in order to improve the metal/slag separation. In order to reach the targeted tem‐
perature, changes in the mixture are not allowed to effect or vary the product alloy composi‐
tion [7]. Because of little difference in the energy density from 50 to 100 J.g−1 of aluminothermic 
reaction, the process window has to be exactly defined to supply slow propagation of reac‐
tion and early solidification. Rutile ore concentrate contains additional by‐components which 
make the determination of the process conditions more complex. Table 2 gives an overview of 
the reduction reactions of the by‐components included in rutile concentrate [6].

The heats of these reactions differ significantly. Although the amount of these by‐components 
are not very high, the released heats of each reaction have to be taken into account due to the 
above explained narrow process window. The reduction of several by‐components is more 
favorable than the reduction of TiO2 thus remaining within the metal phase. Therefore, the com‐
position of the master alloy Ti‐6Al‐4V was carefully chosen, which corresponds to 60 wt.% of Ti, 
24 wt.% of Al, and 16 wt.% of V. The investigations were focused on the definition of the required 
energy charging for the aluminothermic reaction with mechanically activated rutile to obtain a 
stable product. Important is the composition of the product, especially the contents of Ti, Al, 
and V and the by‐components as well as the oxygen content in order proceed in the upcoming 
refining steps to achieve a valuable titanium alloy that can be produced cost‐efficiently and can 
be used therefore in the car industry and other light‐weight applications. It has to be balanced 

Figure 2. The mechanical activaction degree dependence on the specific energy consumption for rutile concentrate.

Titanium Dioxide86

out on how much booster can be saved by charging a reasonable mechanically activated rutile, 
minimizing the introduced energy for milling and maximizing the saved amount of booster [6]. 
Based on the promising results of the preliminary trials, further trials were conducted in small 
(8.4 kg of mixture) and mid‐scale (18.2 kg of mixture) levels, with a variation in the reaction 
parameters such as time of mechanical activation of rutile concentrate (0, 1, 2, and 3 h), grain size 
of Al (90–300, 500–800, and 700–1200 μm), and KClO4 addition to achieve energy density of 2400 
and 2500 J.g−1 for the aluminothermic reaction. The selected range for variation of each reaction 
parameter is shown in Figure 3.

Equations of the by‐component reactions  − Δ  H  
R
        0   in kJ

  V  
2
    O  

5
   +  10 ⁄ 3  Al  → 2 V +  5 ⁄ 3   Al  
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Table 2. Heats of reduction per mole of oxides of by‐components in rutile ore.

Figure 3. Variation of the trial parameters for the aluminothermic experiments [6].

Mechanically Activated Rutile and Ilmenite as the Starting Materials for Process of Titanium Alloys Production
http://dx.doi.org/10.5772/intechopen.68747

87



The non‐activated rutile (0 h) was used to compare the efficiency of the activation. The activa‐
tion duration varies between 1 and 3 h. There are three types of Al grain sizes. Due to pre‐trials, 
the two energy densities of 2400 and 2500 J.g−1 are used by KClO4 addition [6]. This experimen‐
tal setup indicates clearly that the trials with 2 h activation time and fine Al particles showed 
the best results according to the reaction time of the aluminothermic reduction and a good 
metal‐slag separation. The metal composition was also the best in these trials. Small amounts 
of Fe and Si could be detected which would not interfere the final target alloy, Ti‐Al6‐V4 [6]. 
Because of avoiding the production of TiO2 via chlorination, the savings were up to 50%, and 
because of mechanical activation, the use of KClO4 decreased by 30% remarkably [6]. Due to 
the fact that lime is used as slag component to decrease the liquid temperature of the final slag, 
there are investigations to avoid the KClO4 completely by using CaO2 which will be reduced 
by Al to CaO and remains as slag component without producing any gas emissions. As the 
released heat by KClO4 is nearly four times as high as the one by CaO2, there is much more 
CaO2 required to reach the needed energy density. Due to thermodynamic calculations, the 
amount of CaO should not exceed 50% because the liquid temperature of the slag will increase 
again and because of economic reasons, it should be used as sparsely as possible. As the energy 
density is decreased by mechanical activation, it is theoretical possible to reach a good amount 
of CaO in the slag and the needed energy density.

First trials were conducted with a 2 h mechanically activated rutile ore with CaO2 as booster, 
varying the energy density. Besides the four trials which were conducted with an energy density 
from 2250 up to 2350 J.g−1, the results were comparable to the experimental trials before. Due 
to the lower energy density in these trials, the metal‐slag separation was not sufficient which 
resulted in high oxygen content in the alloy. The results for the oxygen content for the various 
trials varying the energy density can be seen in Figure 4.

A closer look to the trials with an energy density of 2450 J.g−1 shows that low oxygen contents 
can be reached. But there is also a large deviation for the oxygen content. This leads to the 

Figure 4. The various aluminothermic trials of the mechanically activated rutile for 2 h and CaO2 as a booster.
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assumption that the oxygen may not be completely diluted. Instead, there could be small 
oxide particles in the metal fraction which is a result of the slag‐metal separation. Further 
investigations have to be performed. Therefore, a bigger‐scale experiment to improve the 
separation needs to be done as well. Remelting this material in a vacuum induction furnace 
with a special ceramic crucible will be investigated to homogenize the material.

Mechanically activated rutile ore can be used for aluminothermic reduction to produce a tita‐
nium master alloy. KClO4 can be used, as well as CaO2 as booster. In this regard, a remarkable 
amount of KCl gas could be avoided. Using just CaO2 as a booster could avoid the production 
of KCl completely.

3. FeTiO3 concentrate, ilmenite

The beneficiation of ilmenites requires pyrometallurgical or chemical process steps to sepa‐
rate the iron content of approximately 30%. There are some methods of iron separation from 
FeTiO3, which vary in their technical and energy demands. The chemical sulfate process, with 
H2SO4 at < 220°C, yielding TiO2 in pigment quality, is difficult and complex because of the low 
solubility of ilmenite in H2SO4 [3]. Nevertheless, for the production of synthetic TiO2 concen‐
trates except for the pyrometallurgical processes [8, 9], the connected pyro‐ and hydrometal‐
lurgical processes [10–13] were developed. One possibility of the direct hydrometallurgical 
processing of FeTiO3 is its pre‐treatment by mechanical activation [14]. The studies on the 
solubility of FeTiO3 after mechanical activation using different mills for ultrafine grinding 
such as vertical ball mills (attritors), planetary ball mills, and drum mills have been published, 
in which the structural changes of FeTiO3 without technical applicability was focused [15–17]. 
In general, due to mechanical activation, the solids are exposed to high mechanical stress, 
which is responsible for their specific surface area increase, the crystalline structure defects 
formation and leads to the enthalpy increase. Hence, mechanically activated solids and miner‐
als with low solubility are more leachable in subsequent hydrometallurgical process [18]. The 
application of mechanical activation of FeTiO3 by energy‐efficient milling as a pre‐treatment 
step in the hydrometallurgical process of synthetic TiO2 concentrates production might be a 
new realization to utilize such TiO2 materials (~95%) in aluminothermic Ti alloys generation.

3.1. Mechanical activation and the kinetics of subsequent hydrometallurgical  
production of synthetic TiO2 by pressure leaching

The investigations were carried out with FeTiO3 concentrates (>95% FeTiO3, <5% SiO2) of Russian 
origin (GMD, Mineral Trade Company). The chemical composition was as follows: 34.43% Fe, 
30.02% Ti, 0.76% Si, 0.47% Mg, 0.42% Al, 0.34% Mn, 0.11% Zn, 0.09% Ca, 0.07% Cr, 0.06% Co, 
0.03% Ba, 31.63% O, and 1.57% insoluble rest.

For determination of the optimal milling conditions, a parameter study was done: mill feed 
quantities varied from 100 to 300 g/charge, activation times ranged from 15 to 60 min, the ampli‐
tude of inhomogeneous vibrations was 20 mm, and the revolutions of the motor of the mill, 
960 min−1, were constant. The steel balls of 30 mm diameter were applied. Activation degrees 
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and the ratios I/I0 at lattice plane (104) of FeTiO3 after and before mechanical activation as a func‐
tion of mechanical activation time are shown in Figure 5. It is obvious that the ilmenite structure 
is strongly strained by the mechanical activation.

The leaching of mechanically activated FeTiO3 was performed in an autoclave, volume 2 l 
(Deutsch & Neumann, Germany). The following conditions were used: initial H2SO4 con‐
centration of 10–30%, temperature of 100–150°C, leaching time of 15–90 min, Fe addition of 
6–12%, the solid to liquid ratio of 50–200 g.l−1, and stirring rate of 250 min−1.

The influence of the activation time of FeTiO3 on the TiO2 extraction to the precipitation prod‐
uct is shown in Figure 6. The curve for the total Fe extraction in the product reflects the disso‐
lution of FeTiO3. The leaching tests confirm the dependence on the activation degree of FeTiO3. 
A critical point is that, after 15 min of mechanical activation, most of FeTiO3 is dissolved. This 
finding is extremely interesting from a technical point of view. The hydrolytic precipitation of 
TiO2 is influenced by an initial dissolution accelerated with increasing activation.

At temperatures >50°C and a pH value >1.5, the hydrolysis of titanyl sulfate solution, TiOSO4 
to TiO2, is triggered. In the investigated temperature range of 100–150°C, the dissolution of 
FeTiO3 and the simultaneous precipitation of TiO2 take place in parallel.

The leaching time was varied in a range from 15 to 90 min. A general fact is that the dissolu‐
tion rate of FeTiO3 is fast. Figure 7 shows the dissolution of ~64% FeTiO3 (corresponding to the 
dissolution of Fe) during 30 min of leaching at 120°C. By increasing the reaction temperature 
to 150°C, ~86% of FeTiO3 dissolves during 30 min of leaching. It results from Figure 7 that the 
leaching time had a relatively low effect on the hydrolysis. After 60 min of leaching, the recovery 

Figure 5. Activation degrees I/I0 of FeTiO3 versus mechanical activation time.
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At temperatures >50°C and a pH value >1.5, the hydrolysis of titanyl sulfate solution, TiOSO4 
to TiO2, is triggered. In the investigated temperature range of 100–150°C, the dissolution of 
FeTiO3 and the simultaneous precipitation of TiO2 take place in parallel.

The leaching time was varied in a range from 15 to 90 min. A general fact is that the dissolu‐
tion rate of FeTiO3 is fast. Figure 7 shows the dissolution of ~64% FeTiO3 (corresponding to the 
dissolution of Fe) during 30 min of leaching at 120°C. By increasing the reaction temperature 
to 150°C, ~86% of FeTiO3 dissolves during 30 min of leaching. It results from Figure 7 that the 
leaching time had a relatively low effect on the hydrolysis. After 60 min of leaching, the recovery 

Figure 5. Activation degrees I/I0 of FeTiO3 versus mechanical activation time.
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Figure 6. Influence of the mechanical activation time of FeTiO3 on the precipitation of TiO2; leaching temperature: 150°C, 
s/l ratio: 50 g.l−1, leaching time: 60 min, H2SO4 : 30%, and Fe powder: 12%.

Figure 7. Influence of the leaching time and the temperature on the precipitation of TiO2; s/l ratio: 50 g.l−1, mechanical 
activation time: 15 min, H2SO4: 30%, and Fe powder: 6%.
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of precipitated TiO2 achieved ~93% and the content of Fe in TiO2 decreased to <6%. The synthetic 
TiO2 product assigned a relatively high purity. By decreasing the leaching temperature from 150 
to 120°C, the obtaining of the high‐quality synthetic TiO2 concentrate is impossible [19].

It was detected that the addition of Fe powder, used as a reduction agent, influences the initial 
rate of FeTiO3 dissolution (86% with an addition of 6% Fe and 89–92% with an addition of 12% Fe) 
and after a leaching time of 60 min, the influence of the Fe additive is no longer identifiable [19].

Sulfate process requires ~2 tons of concentrated H2SO4 per 1 ton of FeTiO3 for digestion. 
Subsequently, the generated digestion cake is leached with H2O by pH < 1.5. Therefore, 
the direct leaching of mechanically activated FeTiO3 carried out by a described procedure 
requires a solid/acid ratio of 1:2 at least, which corresponds to 10% H2SO4 and 77% dissolution 
of FeTiO3 (mechanically activated for 15 min) after 60 min of leaching, at 150°C, with addition 
of 10% Fe. By increasing the initial acid concentration to 20%, which corresponds to a ratio of 
1:4, FeTiO3 dissolves to 89%. For technical dimensioning, the ratio of ilmenite to acid should 
be <1:4. An excessively high amount of acid would complicate the hydrolytic conditions.

The solid contents from 50 to 200 g.l−1 were investigated. In order to show the influence of 
mechanical activation on the leaching of FeTiO3 with different s/l ratios, two test series with 
activation times of 15 and 30 min were carried out. As expected, the residual Fe content in the 
product increases to 7% with increasing s/l ratio to 200 g.l−1 at a higher activation time. That 
means the activation time, 15 min, is sufficient to achieve 92% of dissolution of FeTiO3 with s/l 
ratio of 200 g.l−1 and with 30% H2SO4 at 150°C.

According to literature, the research on the leaching of the mechanically activated ilmenites 
demonstrated no technical applicability. For various types of the mills, the milling times of up 
to 200 h were used, and low s/l ratios (only 10 g.l−1) for the leaching process were employed 
[15–17, 20, 21]. The operating conditions determined in this investigation fulfill the require‐
ments for a technical implementation of the process for the production of a synthetic TiO2 
product (95.23% TiO2, 3.32% Fe2O3, 1.7% SiO2, 1.2% CaO, 0.34% Al2O3, 0.007% P2O5, and 
0.004% ZrO2), which is suitable for use in aluminothermic alloys production. Figure 8 shows 
the process flowsheet on the coupling of hydrometallurgical processing of FeTiO3 into syn‐
thetic TiO2 concentrate (anatase) with the aluminothermic production of TiAl alloys.

The energy required per ton of synthetic anatase is expected to be 506 kWh. Based on current 
costs for energy, this corresponds to approximately 212 €/t of synthetic anatase. This investigated 
pre‐treatment of ilmenite with mechanical activation and leaching enables new cost‐effective 
production methods for titanium‐based alloys. So far, only high‐purity rutile pigments have 
been used for the aluminothermic production of TiAl alloys [7, 22]. At 95% TiO2, the synthetic 
TiO2 concentrate (anatase) that we produced meets the requirements for aluminothermy.

3.2. Mechanical activation with metal addition and the kinetics of subsequent 
hydrometallurgical production of synthetic TiO2 by normal leaching

Mechanical activation of FeTiO3 with Al powder in the stoichiometric ratio 1:2 caused its 
mechanochemical reduction already after 120 min. The product phases found on the thermo‐
dynamic calculations with 1100–1700°C (Al2O3, TiO, Fe2Ti, and FeTi) have already appeared 
after 360 min of mechanochemical reduction. Such mechanochemical processing of FeTiO3 
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concentrate decreases the temperature and subsequently the time of thermal reduction of 
FeTiO3, which could be also used in the titanium alloys production [23]. For subsequent leach‐
ing in H2SO4 (40%) at 50°C, mechanically activated FeTiO3 with Al in ratio 1:0.3 was tested. In 
this case, the necessary agglomerates of FeTiO3/Al are created even after 15 min of mechanical 
activation. Figure 9 shows the measured grain size distribution of the unmilled FeTiO3 and 
the activated FeTiO3/Al mixtures.

The SEM image in Figure 10 shows the formed agglomerates. The contact pressure caused by 
the impact stress on the agglomerates during the second stage of ultrafine milling (agglom‐
eration stage) leads to structures similar to briquettes with the highest bulk density [24, 25].

By leaching of agglomerated FeTiO3/Al mixture with diluted H2SO4, the highly reactive atomic 
hydrogen (in nascent state) is created at the contact areas between FeTiO3 and Al, which imme‐
diately reacts and causes a partial reduction of the quadrivalent titanium to trivalent titanium. 
A Ti3+/Ti4+ dark violet to black solution is generated. The summation equation of the conversion 
of FeTiO3 with diluted H2SO4 in the presence of hydrogen in nascent state is [24]:

  2Fe  (  II )   Ti  (  IV )    O  3   + 5  H  2    SO  4   + 2  H   o  → 2  Fe   2+  + 2  SO  4  2−  + 2  Ti   3+  + 3  SO  4  2−  + 6  H  2   O  (1)

Figure 11 shows that the maximum Ti recovery of activated FeTiO3 reaches 23%. Activated 
FeTiO3/Al mixture shows a 53% Ti dissolution after only 15 min of activation.

Figure 8. A process flowsheet of hydrometallurgical processing of FeTiO3 connected with the aluminothermic production 
of titanium alloys.
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Figure 10. SEM image of formed FeTiO3/Al agglomerates.

Figure 9. Grain size distributions of FeTiO3/Al mixtures with various times of mechanical activation.
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Figure 9. Grain size distributions of FeTiO3/Al mixtures with various times of mechanical activation.
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Investigations on the influence of the initial H2SO4 concentration on the leaching of FeTiO3/Al  
mixture (150 g.l−1) activated for 60 min, with the use of 30, 40, 50, or 60% H2SO4, show a 
maximum Ti recovery of 79% after a leaching time of 60 min and the use of 40% acid, cor‐
responding to a solid/acid ratio of 1:3.3. With the increase of the initial H2SO4 to 50% (solids/
acid ratio 1:4.3), dissolved Ti3+ partially hydrolyses, which causes the decrease of Ti recovery 
to 42%. For technical scale, the solid/acid ratio should be <1:4 because an excess H2SO4 com‐
plicates the conditions of subsequent TiO2 hydrolysis. Ti recovery after 60 min of leaching is 
~78% when milling charge of 200 g was used. With a further increase to 300 g/charge, the Ti 
recovery decreases to 69%. For 600 g/charge, the Ti‐recovery reaches to 56%, which is still a 
high value. Ti recovery for the unmilled FeTiO3 was 0.3% only. A check of the s/l ratio per liter 
showed that the optimal ratio was 150 g.l−1 of FeTiO3/Al mixture. For technical processes, at 
least 300 g.l−1 must be feasible. Figure 12 evidences that the leaching rate of FeTiO3/Al mixture 
at temperature 50°C is very fast. After 5 min of leaching, the Ti recovery was 69% and after 60 
min of leaching, almost 80% of Ti was leached out.

In Figure 13, the flowsheet of the described process for production of synthetic TiO2 was 
proposed [26]. In an open agitator vessel, FeTiO3/Al mixture is dissolved at a temperature 
of 50°C since the strong bond in the briquetted mixture follows the shrinking core model 
[26]. Undesirable metals, Fe and Al, can be crystallized as a mixture of Fe, Al sulfates at tem‐
perature < 15°C. Ti(OH)3 precipitates during hydrolysis and by calcination oxidizes to TiO2 
(anatase) with the following composition: 99% TiO2, 0.59% Fe2O3, <0.1% Al2O3, <0.2% SiO2, 
<0.03 ZrO2, and 0.01% Cr2O3.

Figure 11. Influence of mechanical activation time of FeTiO3 and FeTiO3/Al mixtures on Ti extraction during 60 min of 
leaching.

Mechanically Activated Rutile and Ilmenite as the Starting Materials for Process of Titanium Alloys Production
http://dx.doi.org/10.5772/intechopen.68747

95



Figure 13. The flowsheet of a proposed process for production of synthetic TiO2.

Figure 12. Influence of leaching time on Ti extraction of mechanically activated FeTiO3/Al mixtures for 60 min with 40% 
H2SO4 and s/l ratio as 150 g.l−1.
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Figure 13. The flowsheet of a proposed process for production of synthetic TiO2.

Figure 12. Influence of leaching time on Ti extraction of mechanically activated FeTiO3/Al mixtures for 60 min with 40% 
H2SO4 and s/l ratio as 150 g.l−1.
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4. Conclusion

New technological processes of using titanium oxide concentrates (rutile, ilmenite) as starting 
materials for titanium alloys production were proposed. The first one is based on mechani‐
cal activation of natural rutile concentrate with milling, which caused the reducing of booster 
(KClO4) amount around 30% and saving expenses for previous chlorination in subsequent alumi‐
nothermic reductions. Promising steps to replace the KClO4 could be observed but are still under 
further investigations. The second process produces synthetic TiO2 (anatase) from mechanically 
activated ilmenite concentrates treated by pressure leaching in dilute H2SO4 at 150°C. The third 
process presents the improvement of the previous one because ilmenite concentrate can be hydro‐
metallurgically processed to synthetic TiO2 by normal leaching in dilute H2SO4 at 50°C. Ilmenite 
concentrate has to be pre‐treated by mechanical activation with aluminum as a reducing agent 
which leads to formation of FeTiO3/Al agglomerates and a new effective reaction mechanism of 
leaching. After the separation of iron and aluminum by means of crystallization, it is possible to 
extract synthetic TiO2 as a raw material for aluminothermic production of titanium alloys.
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Abstract

For TiO2 photocatalysts, recombination of photoexcited electrons and holes would occur
in crystalline defects such as oxygen vacancies, Ti3+ ions, and surface states. Therefore, it
is believed that the density of crystalline defects should be decreased to improve the
photocatalytic activity of TiO2 particles. Contrary to this common knowledge, the intro-
duction of crystalline defects by hydrogen reduction treatment is shown to increase the
lifetime of photoexcited electrons in rutile TiO2 photocatalysts with an increase of n-type
electrical conductivity. The photocatalytic activities of H2-reduced rutile TiO2 were
higher than those of anatase TiO2 and mixed-phase TiO2. This chapter explains the effect
of donor doping on the photocatalytic activity of rutile TiO2, the relationship between its
physicochemical properties and photocatalytic performances, and the mechanism of the
enhanced activity of H2-reduced TiO2. Particle size dependence on the enhanced activi-
ties suggests the formation of a space charge layer in large TiO2 crystallites.

Keywords: rutile, n-type semiconductor, conduction electron, donor density, oxygen
vacancy

1. Introduction

For utilization of light energy including solar light, the development of highly active
photocatalytic materials is expected. Mainly oxide photocatalysts have been studied so far, but
the design guideline did not become clear even in the case of representative TiO2. In crystalline
type of TiO2 photocatalysts such as anatase, rutile, and brookite, it is believed that anatase TiO2 is
active based on the studies such as the oxidative degradation of organic compounds, H2 evolu-
tion from water, and photoinduced super hydrophilicity. When anatase TiO2 is annealed to
decrease the density of crystalline defects, the crystal structure is transformed into a thermody-
namically stable rutile phase. Generally speaking, the photocatalytic performance of rutile-type

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



TiO2 is inferior except for the case in specific photocatalyst reactions. The reasons of lower
activity are attributed to the smaller BET-specific surface area, the energetically lower conduction
band bottom, and the shorter lifetime of the photoexcited carriers, compared to those of anatase
TiO2.

When oxide photocatalyst absorbs light with energy larger than the bandgap, an electron is
excited to the conduction band, and a positive hole generates in the valence band. The lifetime
of the photoexcited electron and the hole must be long enough to promote reductive and
oxidative reactions on the surface efficiently. However, most of the photoexcited carriers are
deactivated by recombination at crystalline defects such as impurities and disorder of the
atomic arrangement in the bulk, on the surface, and at the interface. Therefore, highly crystal-
line particles are considered to show high photocatalytic activity if the band structure and the
BET-specific surface area are the same.

The photocatalytic activity of rutile TiO2 is frequently low compared to that of anatase TiO2

photocatalyst. However, Maeda recently revealed that a rutile TiO2 can induce overall water
splitting to evolve H2 and O2 under UV irradiation [1]. We have also found that photocatalytic
activity of rutile TiO2 was improved by H2 reduction treatment. The reaction can be written
using Kröger-Vink notation (Table 1). Hydrogen reduction of TiO2 creates both oxygen
vacancy and electrons as shown in Eq. (1). Therefore, this treatment is recognized as a donor
doping. The electron is trapped in a Ti4+ lattice site to form Ti3+ ions (Eq. (2)). The enhanced
activity by introducing lattice defects is against the common knowledge in photocatalyst
chemistry: crystalline defects should be decreased.

O�
O þH2 ! V••

O þ 2e0 þH2O ð1Þ

Ti�Ti þ e0 ¼ Ti0Ti ð2Þ

Despite the reputed lower activity of rutile TiO2 than anatase, it is important to determine the
physical properties affecting the photocatalytic efficiency of rutile TiO2. This chapter explains
the donor doping effect on rutile TiO2 photocatalysts and the effect of H2 reduction treatment

Notation Meaning

Ti�Ti Ti4+ ion in titanium lattice site

M0
Ti M3+ ion in titanium lattice site

M•
Ti M5+ ion in titanium lattice site

e0 Conduction electron

O�
O O2� ion in oxygen lattice site

OH•
O OH� ion in oxygen lattice site

V••
O Oxygen vacancy, with double positive charge

Note: M corresponds to metal cation.

Table 1. Kröger-Vink notation of species in TiO2 lattice.
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TiO2 is inferior except for the case in specific photocatalyst reactions. The reasons of lower
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on the photocatalytic activity of rutile TiO2. The properties of the H2-reduced rutile TiO2 were
characterized using diffuse reflectance UV-vis-NIR spectroscopy, electron spin resonance (ESR)
spectroscopy, sheet resistance measurements, and electrochemical Mott-Schottky analysis. The
role of oxygen vacancies, Ti3+ species, and conduction band electrons in the enhancement of
photocatalytic and PEC activities of H2-reduced TiO2 is discussed based on the experimental
results.

2. Doping in oxide photocatalysts

For semiconductor materials in electronic use, the density of electrons and holes is controlled
by the doping of impurities into crystalline materials. Doping means incorporation of foreign
impurities into the crystalline lattice of the parent semiconductor, and it is significantly differ-
ent from surface modification. The donor doping implies an introduction of electrons to create
an n-type semiconductor. The n-type conductivity is increased by donor doping and decreased
by an acceptor doping-introducing hole. The electrons in the conduction band and the trap-
ping site are one of crystalline defects in a wide meaning.

In semiconductor photocatalysts, doping of impurities is used to control the band structures.
An impurity level and a subband can be formed in the bandgap by substituting a different ion
for an ion constituting a crystal, and it is applied for the development of visible light-
responsive photocatalysts. However, photocatalytic activity under visible-light irradiation has
not yet been in practical use because of the low quantum yield. The doped impurities fre-
quently resulted in deactivation of the doped photocatalysts, suggesting that the dopants and
the created defects work as a recombination center decreasing the lifetime of photoexcited
electrons and holes.

2.1. Perovskite oxide photocatalysts

There are many papers reporting the enhancement of photocatalytic activity by doping of cations
and anions, although some of the reports lack reproducibility and experimental evidence. For
perovskite oxide photocatalysts, some research groups reported that the photocatalytic activity
was enhanced by acceptor doping, that is, doping of cations with valence lower than that of the
parent cations. It is known that oxygen vacancies are easily formed in perovskite oxides, which
resulted in the increase of electron density (Eq. (3)) and the origin of n-type semiconductivity.

O�
O ! V••

O þ 2e0 þ 1=2 O2 ð3Þ

The electrons are trapped in shallowmidgap states near conduction band bottom and can be easily
excited from the donor levels to the conduction band. During photoexcitation, photogenerated
holes would recombine with the electrons in addition to the photoexcited electrons. Therefore, a
higher accumulation of electrons in n-type oxide would result in lower photocatalytic activity.
Actually, this is true for perovskite oxide photocatalysts such as SrTiO3 and KTaO3 [2–4].

Hydrogen Reduced Rutile Titanium Dioxide Photocatalyst
http://dx.doi.org/10.5772/intechopen.68603

103



Ishihara et al. reported that the doping of Zr4+ to KTaO3 particles was effective for improving
the activity for overall water splitting under UV irradiation [2, 3]. The photocatalytic activity of
nondoped KTaO3 loaded with a NiO cocatalyst (NiO/KTaO3) was negligible, but the doping of
a small amount of tetravalent cations such as Zr4+ increases the rate of photocatalytic H2 and
O2 evolution. KTaO3 was originally an n-type semiconductor, since the electrical conductivity
was monotonically increased with decreasing oxygen partial pressure. The doping of acceptors
would decrease electron density in KTaO3 according to Eqs. (4) and (5). The electrical conduc-
tivity of KTaO3 was decreased with an increase of the amount of doped Zr4+, which resulted in
the enhanced photocatalytic activity.

ZrO2 ��!KTaO3 Zr0Ta þ 2O�
O þ 1=2V••

O ð4Þ

V••
O þ 1=2 O2 þ 2e0 ! O�

O ð5Þ

Takata and Domen also reported that acceptor doping effectively enhanced the photocatalytic
activity of cocatalyst-loaded SrTiO3 particles for overall water splitting [4]. Ga-doped and Na-
doped SrTiO3 exhibited photocatalytic activity higher than that of nondoped SrTiO3 by about
10 times. Ga3+ occupies the Ti4+ site and Na+ occupies the Sr2+ site, which resulted in the
decrease of electron concentration (Eqs. (6) and (7)). In contrast, the doping of a higher valence
cations (Ta and La) led to the suppressed photocatalytic activity of SrTiO3 (Eqs. (8) and (9)).
Here, Ta5+ occupies Ti4+ site, and La3+ occupies the Sr2+ site increasing the electron density of
SrTiO3. Since the electrons are trapped in Ti4+ sites to create Ti3+ species (Eq. (2)), the defect
species most responsible for recombination would be Ti3+ species in n-type perovskite oxide
photocatalysts.

Ga2O3 þ 1=2 O2 þ 2e0 ��!SrTiO3 2Ga0Ti þ 4O�
O ð6Þ

Na2Oþ 1=2 O2 þ 2e0 ��!SrTiO3 2Na0Sr þ 2O�
O ð7Þ

Ta2O5 ��!SrTiO3 2Ta•Ti þ 4O�
O þ 1=2O2 þ 2e0 ð8Þ

La2O3 ��!SrTiO3 2La•Sr þ 2O�
O þ 1=2O2 þ 2e0 ð9Þ

2.2. TiO2 photocatalysts

The roles of dopants in TiO2 photocatalysts are complicated and controversial, since it might
depend on the particle size, the crystallinity, the crystalline phase, and reaction conditions.
Generally speaking, impurities and crystalline defects work as recombination centers. How-
ever, there are some reports pointing that donor doping enhanced the photocatalytic activity of
Pt-loaded TiO2 [5, 6]. This trend for Pt/TiO2 photocatalysts is opposite to the case of perovskite
oxides, which is activated by acceptor doping.

Karakitsou and Verykios reported the effect of aliovalent cation doping to the TiO2 matrix on
the photocatalytic activity of Pt/TiO2 for H2 evolution [5]. Since the doped TiO2 was prepared
at 900�C, the crystalline structure was rutile phase and the particle size was large (BET-specific
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surface area, ~1 m2 g�1). In contrast to the case of perovskite oxides mentioned above, the
doping of cations with valence higher than Ti4+ (W6+, Ta5+, and Nb5+) enhanced the
photocatalytic activity, while the opposite was observed for acceptor doping (In3+, Zn2+, and
Li+). The measurement of electrical conductivity revealed that the cation doping changed the
bulk electronic structure [7]. The authors concluded that n-type conductivity correlates with
the enhanced photocatalytic activity of Pt/TiO2 with rutile form.

Ying et al. investigated the role of particle size in cation-doped TiO2 nanoparticles with anatase
crystalline structure [6]. For TiO2 nanocrystals with an average diameter less than 11 nm, the
doping of Fe3+ enhanced the photocatalytic activity for CHCl3 degradation. The optimal
concentration of Fe3+ dopants decreased with increasing TiO2 particle size, suggesting that
the role of Fe3+ species is the inhibition of surface recombination. The Fe3+ doping might work
less effectively for large TiO2 particles, since the dominant recombination process is bulk
recombination rather than surface recombination. The photocatalytic activity of TiO2 with
large particle size was increased by Nb5+ doping in a combination with Pt loading, while the
activity was decreased by sole Nb5+ doping.

3. Deactivation of TiO2 photocatalysts at high temperature

Improving crystallinity by annealing can enhance the photocatalytic activity of TiO2 by
decreasing defects that act as recombination centers. However, high temperature calcination
frequently decreased photocatalytic activity. This deactivation is commonly attributed to a
change of the crystal structure from anatase to rutile and a decrease in BET-specific surface
area because of crystal growth. Both crystallinity and specific surface area, which are related to
particle size, are changed by high temperature calcination. Therefore, it is difficult to charac-
terize the effect of annealing except for the effects by crystal growth.

We investigated the effect of high temperature calcination on the photocatalytic activity of
rutile TiO2 with a small BET-specific surface area, ~2.3 m2 g�1, to diminish the change in the
crystalline phase and surface area by crystal growth [8]. Photocatalytic activity toward H2

evolution was examined using an aqueous ethanol solution, with in-situ photodeposited Pt
nanoparticles, under UV irradiation. Figure 1 shows that the rate of photocatalytic H2 evolu-
tion was significantly decreased by calcination in air at temperatures higher than 500�C,
although the BET-specific surface area showed a little change. These results indicated that the
deactivation of rutile TiO2 particles at high temperature calcination could not be attributed to
the phase transition and the decreased surface area.

Then, the behavior of photoexcited electrons was examined using transient IR spectroscopy to
probe the dynamics of photoexcited electrons [8]. Changes in IR absorption were recorded
after the pump irradiation of 355-nm laser pulse in the presence of methanol. Owing to low
signal levels under vacuum, methanol was added as an electron donor. Figure 2 shows the
millisecond-scale decay of the photoinduced IR absorption observed for calcined rutile sam-
ples. Since the photogenerated holes react with methanol within a millisecond, the decay of the
signal attributed to photoexcited electrons is very slow. The signal magnitude decreased as
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calcination temperature of the sample increased, suggesting the more recombination of photo-
excited carriers. The rutile TiO2 particles calcined at high temperature showed the less density
of long-lived photoexcited electrons, which resulted in the low photocatalytic activity. The
reason for the deactivation at high temperature calcination is attributed to fast charge carrier
recombination.

4. Hydrogen treatment of rutile TiO2

4.1. Photocatalytic activity of reduced TiO2

TiO2 is often considered as a nonstoichiometric oxygen-deficient compound. According to
Eq. (3), a small amount of electrons would be naturally doped. However, the n-type conduc-
tivity may be decreased by calcination in air at high temperature owing to the strong oxida-
tion. To confirm the effect of electron density on the fast recombination observed in deactivated

Figure 2. Transient IR spectroscopy setup and the transient absorption at 2000 cm�1 triggered by a 355-nm laser pulse
with 6-ns duration in the presence of methanol of the rutile TiO2 calcined in air at different temperatures: 500�C, 700�C,
900�C, and 1100�C.

Figure 1. Effect of calcination temperature on (a) the rate of photocatalytic H2 evolution from an aqueous solution of 50
vol% ethanol with H2PtCl6 (2.0 wt% as Pt) under UV irradiation from light emitting diode (peak wavelength 380 nm) and
(b) BET specific surface area of rutile TiO2 particles.
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TiO2, we performed H2 reduction treatment to the rutile TiO2 particles calcined at 1100�C [8].
The TiO2 samples were reduced by H2 at 500 or 700�C, increasing both the density of long-
lived charge carriers and photocatalytic activity (Figure 3). These results suggest that the
density of oxygen vacancies and/or electrons is an important factor determining the
photocatalytic activity.

H2 reduction treatment has received extensive attention for improving the photocatalytic
activity of anatase TiO2 nanostructures since the recent report of the visible-light sensitivity of
“hydrogenated black TiO2” with defect disorders [9]. H2 reduction treatment has also been
reported to improve the PEC activity of TiO2 nanowire arrays [10]. The H2 treatment creates a
high density of oxygen vacancies and electrons as shown in Eq. (1). We investigated the effects
of H2 treatment temperature on the photocatalytic activity of rutile TiO2 particles to discuss the
role of oxygen vacancies, Ti3+ ions, and conduction band electrons [11]. The photocatalytic
activity was examined using an O2 evolution from an aqueous solution of 50 mmol L�1 AgNO3

as a sacrificial electron acceptor (4Ag+ + 2H2O ! 4Ag0 + O2 + 4H+). Calcination above 900�C
decreased the photocatalytic activity of rutile TiO2 particles probably owing to strong oxida-
tion, but its initial activity was restored by H2 treatment at above 500�C. The photocatalytic
activity of reduced TiO2 was hardly changed after recalcination in air at 300�C, but signifi-
cantly decreased after recalcination at 500�C.

4.2. ESR and UV-vis-NIR spectroscopy

Electron spin resonance (ESR) is active for paramagnetic species such as Ti3+ ions (electron
trapped in titanium lattice site) and O•� radicals (hole trapped in oxygen lattice site).
Figure 4A shows ESR spectra of the H2-reduced TiO2 samples [11]. The TiO2 calcined at
1100�C exhibited signals with g = 2.061 and 2.045. Kumar et al. have reported radical formation
(g1 = 2.026, g2 = 2.017, and g3 = 2.008) on rutile TiO2 by calcination at 750�C and assigned the
signals to trapped holes on the surface (Ti4+O2�Ti4+O•� radicals) [12]. It has been reported that
strong oxidation of TiO2 facilitates the transformation of n-type oxygen-deficient TiO2�x to
p-type metal-deficient Ti1�yO2 [13]. The high temperature calcination of TiO2 may be considered

Figure 3. (A) Time course of photocatalytic H2 evolution from an aqueous ethanol solution with Pt, and (B) transient IR
absorption triggered by a 355-nm laser pulse in the presence of methanol: (a) TiO2 calcined in air at 1100�C, (b) TiO2

reduced with H2 at 500�C after calcination at 1100�C, and (c) TiO2 reduced with H2 at 700�C after calcination at 1100�C.
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as acceptor doping to create titanium vacancy (V0 00 0
Ti) and hole (h•) according to Eq. (10). The

hole would be trapped in the oxygen lattice site as an O•� radical.

O2 ! 2O �
O þ V 0000

Ti þ 4h• ð10Þ

The signals attributable to O•� radicals (trapped hole) disappeared after H2 treatment at
400�C, indicating that strongly oxidized Ti1�yO2 was reduced to neutral TiO2 by the mild H2

treatment. The ESR spectrum of TiO2 reduced at 500�C exhibited a sharp signal at g = 2.002
assigned to electrons trapped in oxygen vacancies and an intense signal at g = 1.974 assigned to
Ti3+ ions (electron trapped in Ti lattice site) in rutile. This indicates that H2 treatment at 500�C
further reduced the TiO2 to oxygen-deficient TiO2�x. The signal at g = 1.974 was significantly
broadened when the H2 treatment temperature was increased to 700�C, indicating the high
density of Ti3+ ions. The TiO2 reduced at 700�C was assumed to be deeply doped n-type TiO2.

The color of the TiO2 samples changed from white to a pale ash color after H2 reduction
treatment [11]. Figure 4B shows diffuse reflectance UV-vis-NIR spectra of the TiO2 samples.
The onset of intense photoabsorption originating from interband transitions was located at ca.
415 nm corresponding to the bandgap of rutile, 3.0 eV. The spectrum of TiO2 reduced at 500
and 700�C exhibited a broad absorption located in the visible and NIR region, which can be
assigned to the transition of electrons in shallow traps and the conduction band. From the NIR
absorption, the density of electrons in the TiO2 reduced at 500�C was higher than that in the
TiO2 reduced at 700�C. Therefore, it is concluded that H2 reduction at higher temperature
increased the density of electrons in the conduction band.

4.3. X-ray photoelectron spectroscopy (XPS)

Figure 5 shows X-ray photoelectron spectra of the strongly oxidized TiO2 and reduced TiO2

[11]. There was no significant change in the Ti 2p spectra. The binding energy of 458.6 eV for Ti
2p3/2 was similar to the literature value for Ti4+ in TiO2. This indicates that the amount of Ti3+

ions on the surface of reduced TiO2 was too small to analyze by XPS. In contrast, there was a

Figure 4. (A) ESR spectra and (B) diffuse reflectance UV-vis-NIR spectra of H2-reduced TiO2 samples: (a) TiO2 calcined in
air at 1100�C, and (b–d) TiO2 treated with H2 after calcination at 1100�C. The H2 treatment temperatures are (b) 400�C, (c)
500�C, and (d) 700�C.
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significant difference observed in the O 1s spectra. The peak at 529.8 eV was assigned to lattice
oxygen of TiO2, and the shoulder peak at 531.5–532.0 eV was assigned to surface hydroxyl
groups. Unexpectedly, the area assigned to the hydroxyl group was higher in intensity for
reduced TiO2 than that of oxidized TiO2. This is because the oxygen vacancies at the top
surface became filled by reaction with H2O in the air. It is reported that oxygen vacancies
induce dissociation of water molecules and form two hydroxyl groups via H+ transfer to a
neighboring lattice oxygen according to Eq. (11) [14]. Therefore, oxygen vacancies are not
considered to be present on the surface of reduced TiO2 under ambient conditions. This
suggests that oxygen vacancies are not a catalytic site in reduced TiO2 photocatalysts.

V ••
O þH2OþO �

O ! 2ðOHÞ •
O ð11Þ

4.4. PEC and electrochemical properties

Thermally oxidized TiO2 films were prepared by a simple calcination of a Ti sheet at 900�C [11].
Figure 6A shows PEC properties evaluated in dilute sulfuric acid (0.1 mol L�1 H2SO4, pH = 1)
under UV irradiation (wavelength >330 nm). The thermally oxidized TiO2 film was inactive for

Figure 5. Ti 2p and O 1s X-ray photoelectron spectra of (a) TiO2 calcined in air at 1100�C, and (b) TiO2 treated with H2 at
700�C after calcination at 1100�C.

Figure 6. Effect of H2 treatment temperature on (A) PEC voltammetry curves in 0.1 mol L�1 H2SO4 (pH = 1) and (B) sheet
resistance and donor density of thermally oxidized TiO2 films.
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PEC water oxidation. The photocurrent was also negligible for the TiO2 films treated with H2

at 400�C. However, anodic photocurrent was observed at applied potentials larger than +0.1 V
versus Ag-AgCl after H2 treatment at higher temperature, suggesting the formation of long-
lived holes in the reduced TiO2 films.

Figure 6B shows the relationship between sheet resistance and donor density of the thermally
oxidized TiO2 films after H2 treatment [11]. The sheet resistance was measured using a four-
point probe. The donor densities were evaluated by Mott-Schottky analysis of the capacitance
of the space charge layer. The Mott-Schottky plots of the TiO2 films showed a positive slope of
n-type conductivity. The resistance of the thermally oxidized TiO2 films was high owing to
their low donor density. H2 treatment at above 450�C greatly reduced the sheet resistance and
increased the donor density. H2 treatment at 600�C increased the donor density by 2–3 orders
of magnitude. The enhanced PEC and photocatalytic properties are because of the increase of
n-type conductivity by H2 treatment.

5. Highly efficient TiO2 photocatalysts for H2 evolution

5.1. Phase junction between anatase and rutile

A mixture of anatase and rutile phases has been reported to be more active than either pure
phase alone. Incidentally, the highly efficient commercial photocatalyst Degussa (Evonik) P25
consists of mainly the anatase phase (~80%) with a reasonable amount of rutile (~15%).
Because a synergetic effect between anatase and rutile phases is often not observed when
separately synthesized powders are simply mixed together, close contact of the phases with
each other is expected to be necessary. The high activity of the mixture of phases has been
attributed to the separation of photoexcited charge carriers between the two phases. Anatase is
considered to be an active component in mixed-phase TiO2, while rutile is considered to act as
an electron sink because of the lower conduction band energy than that of anatase. In contrast,
an ESR study revealed that photoexcited electron transfer occurred from the conduction band
of rutile to that of anatase in mixed-phase P25 [15]. This would be because the trapping sites of
anatase lie below the energy level of the conduction band of the rutile phase. However, in
attempts to explain electron transfer from the conduction band of rutile to that of anatase, it is
reported that the conduction band of rutile lies ~0.4 eV above that of anatase based on
calculation and X-ray photoelectron spectroscopy studies [16]. In this way, there is controversy
over the alignment of the conduction band minima of rutile and anatase phases of TiO2,
experimental results suggest that the photoexcited electrons of rutile are less active than those
of anatase. It is reputed that pure rutile is less active for photocatalytic H2 evolution fromwater
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5.2. Reduced TiO2 with pure rutile phase
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aqueous ethanol solution [17, 18]. To confirm that the anatase phase does not work as an active
component, we investigated H2 reduction treatment of pure single-phase rutile particles
[17]. P25 was first calcined in air at 900�C to induce complete phase transition from anatase
to rutile, and then the pure rutile phase was reduced by H2 at 700�C (Figure 7A). The
photocatalytic H2 evolution rate was enhanced to 344 µmol h�1 after H2 reduction treatment
at 700�C (Figure 7B).

Highly efficient rutile photocatalyst is easily fabricated from P25 by H2 reduction treatment at
700�C for 2 h [18]. The H2-reduced rutile TiO2 outperforms anatase-rich TiO2 because of the
wider absorption range caused by its bandgap of rutile (3.0 eV) smaller than that of anatase
(3.2 eV). The apparent quantum yield of H2-reduced rutile TiO2 was estimated to be 46% for
photocatalytic H2 evolution under 390-nm irradiation, which was 3.3 times higher than that of
mixed-phase P25.

6. Effect of particle size

6.1. Reduced TiO2 with large particle size

Crystalline size is one of factors affecting the lifetime of photogenerated charge carriers in oxide
photocatalysts. For photocatalytic O2 evolution by water oxidation, anatase TiO2 nanoparticles
exhibit poor activity, while larger rutile particles are more efficient. LargeWO3 particles with low
surface area-to-volume ratios are suited to providing long-lived photogenerated holes for water
oxidation [19]. This is because slow bulk recombination is the dominant process in larger
particles, rather than fast surface recombination.

Controlling the crystalline size of H2-reduced TiO2 is expected to improve the photocatalytic
activity for O2 evolution by water oxidation. The crystalline size and electron density of rutile

Figure 7. (A) XRD patterns of (a) P25, (b) P25 after calcination at 900�C, and (c) P25 treated with H2 at 700�C after
calcination at 900�C. Symbols ▲, ●, and ■ indicate peaks due to anatase TiO2, rutile TiO2, and NiO, respectively, which
was added as an internal standard. (B) Photocatalytic H2 evolution from aqueous ethanol solution over TiO2 samples (50
mg) with 2.0 wt% Pt under UV irradiation from 380-nm LEDs.
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TiO2 particles (BET-specific surface are 17 m2 g�1) was controlled by high-temperature calci-
nation and subsequent H2 reduction [20]. The photocatalytic activity of TiO2 for water oxida-
tion was significantly improved by H2 reduction at 700�C, after calcination at 1100�C
(Figure 8). The effect of H2 reduction treatment was obtained only if the rutile particle was
previously calcined at temperatures higher than 1000�C. The improved activity was probably
due to a combination of the increased crystalline size and the increased electron concentration.
The H2-reduced TiO2 exhibited high apparent quantum yield for O2 evolution, 41% under
irradiation at 365 nm.

Photocatalytic efficiencies per unit of BET-specific surface area were calculated to consider
surface reactivities [20]. The surface reactivity for water oxidation, defined as the O2 evolution
rate per unit of surface area, was significantly improved by H2 treatment when the samples
were previously calcined at >1000�C. It was found that H2 treatment also improved the surface
reactivities for photocatalytic H2 evolution and photocatalytic CO2 evolution (oxidative
decomposition of acetic acid). The H2 treatment effectively improved the surface reactivity of
TiO2 calcined at high temperature, without dependence on a particular photocatalytic reaction.
Thus, the improvement was not due to the surface modification such as a creation of catalytic
active sites, but due to the change of electronic properties.

6.2. Mechanism of the enhanced activity

Figure 9 shows a schematic illustration of the Fermi level in reduced TiO2. An increase in the
electron concentration of n-type semiconductors results in an improvement of the electrical
conductivity and an upward shift of the Fermi level toward the conduction band edge [21].
When n-type TiO2 contacts with water, space charge layer forms at the interface by electron
transfer from conduction band, with a simultaneous potential drop inside TiO2 (Figure 10).
This is so-called band bending. The higher Fermi level of n-type TiO2 resulted in the increase of
the surface barrier of Schottky type and the electric field in space charge layer. The intrinsic

Figure 8. Effect of calcination temperature on the rate of photocatalytic O2 evolution from water in the presence of
sacrificial AgNO3 over TiO2 samples treated by (●) calcination in air and (□) reduction with H2 at 700�C after calcination.
SEM images of (a) TiO2 (rutile 96 wt%, BET-specific surface area 17 m2 g�1), (b) TiO2 calcined at 900�C, and (c) TiO2

calcined at 1100�C.
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electric field in the space charge layer separates photoexcited electrons and holes, preventing
their recombination. This facilitates the transfer of holes from the valence band to the reactants.
The width of space charge layer (W) is determined by the donor density (ND) and the potential
drop in the layer (Δϕ0) according to Eq. (12) [21].

W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ε0εΔφ0=eND

q
ð12Þ

where ε0 is the permittivity of vacuum, ε is the dielectric constant of semiconductor, and e is
electronic charge. As the electron concentration increases, the space charge layer narrows.
Thus, there exist an optimum electron concentration and an optimum particle size depending
on this concentration. For example, W can be calculated to be 220 nm at ND = 1017 cm�3,
assuming Δϕ0 = 500 mV, and taking ε for rutile to be 86. The radius of photocatalyst particle
should be larger than this thickness to obtain a band bending. The calcination temperature
dependence observed in Figure 8 can be explained in terms of the relation between the particle
size and the thickness of space charge layer. High-temperature calcination would be necessary
to increase the TiO2 particle size to an optimum value, 500 nm–1 µm, to form space charge

Figure 9. Fermi level (EF) of (a) stoichiometric TiO2 insulator and (b) reduced TiO2 with n-type conductivity, in which Ti3+

ions are donor and (c) reduced TiO2 under photoirradiation.

Figure 10. Interface of n-type semiconductor and solution (a) before and (c) after contact in thermal equilibrium. Eredox is
the electrode potential of redox species in the solution, Δφ0 is potential drop in the semiconductor,W is the width of space
charge layer, and r is the radius of the semiconductor particle (r > W).
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layer thickness. The formation of space charge layer is suggested to be involved in the activa-
tion mechanism of H2-reduced rutile TiO2 with large particle size.

7. Conclusion

H2 reduction treatment enhanced the photocatalytic activity and PEC properties of rutile TiO2

with large particle size. One of the most important factors deciding the photocatalytic activity
of reduced TiO2 is the density of electrons in shallow traps and conduction band, rather than
the density of oxygen vacancies. H2 treatment at 500�C created Ti3+ ions (trapped electrons),
while treatment at 700�C increased the density of conduction electrons, resulting in an
improvement of the electrical conductivity of the TiO2 by 2–3 orders of magnitude. The
enhanced activity of the reduced TiO2 suggests that n-type conductivity governed by electron
density plays an important role in suppressing fast recombination by facilitating charge trans-
port. The suppression of recombination in the reduced TiO2 was caused by not only the high
electrical conductivity but also the band bending in space charge layer. The built-in electric
field facilitates charge separation and charge transfer. Thus, the surface reactivities of reduced
TiO2 with large particle size were enhanced without dependence on reactions. It was demon-
strated that H2-reduced rutile TiO2 exhibited photocatalytic activity higher than that of anatase
TiO2 and mixed-phase TiO2.
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Abstract

Some relevant physico-chemical and photocatalytic properties of ordered mesoporous 
TiO2 as obtained by template-assisted synthesis methods are reported. After a review of 
the crucial aspects related to different synthesis procedures reported by the literature, 
the focus is pointed on the (often) superior physico-chemical properties of ordered meso-
porous TiO2 with respect to (commercial) bulk TiO2. Those are essentially higher specific 
surface area and ordered mesoporosity; possibility to control the formation of different 
crystalline phases by varying the synthesis conditions and possibility to obtain films, 
nanoparticles with different morphologies and/or materials with hierarchical porosity. 
Although mesoporous TiO2 is extensively studied for many applications in the fields of 
photocatalysis, energy and biomedicine, this chapter focuses on the use of mesoporous 
TiO2 in environmental photocatalysis, by putting in evidence how the physico-chemical 
properties of the material may affect its photocatalytic behaviour and how mesoporous 
TiO2 behaves in comparison with commercial TiO2 samples.

Keywords: template-assisted synthesis, ordered mesoporosity, TiO2, anatase, 
photocatalysis, doping

1. Introduction

TiO2 is one of the most studied metal oxides: this is mainly due to its intrinsic properties, i.e. 
occurrence of different polymorphs and amorphous phases, low toxicity to humans,  relatively 
low cost, good chemical and thermal stability and good electronic and optical properties 
[1]. Such characteristics make TiO2 the oxide of choice for application in (photo)catalysis, 
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 adsorption/separation processes, sensing, energy storage/conversion and biotechnology/bio-
medicine [1].

Although several commercial products are available on the market, the intrinsic properties 
of TiO2 may be enhanced in the presence of porous samples that can be obtained by different 
synthesis procedures [2–9].

Besides increasing the specific surface, porosity facilitates some physico-chemical phenomena 
like adsorption and diffusion of chemical species, especially in the presence of mesopores 
(Ø = 2.0–50 nm). Conversely, micropores (Ø ≤ 2.0 nm) may have a detrimental effect on the 
diffusion of larger moieties.

For instance, mesoporous TiO2 (M-TiO2) was found to be highly active in several photocata-
lytic processes, since mesopores promote the diffusion of chemical species, either reactants 
or products [5, 6], and simultaneously enhance M-TiO2 photocatalytic activity by facilitating 
access to the reactive sites at the photocatalyst surface. Moreover, the possibility to synthesise 
nanoparticles (NPs) allows obtaining a material that is highly dispersible in solution: conse-
quently, M-TiO2 is not only considered for environmental photocatalytic processes (usually 
carried out in aqueous phase) but is attracting increasing attention also for applications in 
biomedicine [7], due to the possibility of controlling NP morphology and size during the 
synthesis.

Moreover, highly organised films of M-TiO2 may be obtained by evaporation-induced self-
assembly (EISA) process [8, 10, 11] in the presence of diblock and triblock copolymers [12–14]. 
The availability of both EISA process and Pluronic amphiphilic triblock copolymers allowed 
overcoming the main issue related to the synthesis of M-TiO2, i.e. the high reactivity of Ti pre-
cursors, which are usually unstable when exposed to water or even to moisture [15].

Discovered and developed in the 1990s, the first type of ordered mesoporous oxide ever 
obtained was SiO2, likely due to the high pliability of the Si–O–Si bond, which is a peculiar-
ity of silicon [16, 17]. The synthesis methods leading to the production of ordered mesopo-
rous SiO2-based materials have developed much faster [18] with respect to other mesoporous 
oxides [19]. Reasons for that have been (i) the lack of suitable metal precursors for sol-gel syn-
thesis and (ii) their lower stability with respect to Si-precursors. Nonetheless, the low thermal 
stability of some mesoporous oxides may induce formation of undesired crystalline phases 
and/or grain growth. Such processes are likely at the high temperatures reached during calci-
nation, the process often adopted to remove organic moieties deriving from the template and/
or hydrolysis of the (metal alkoxide) precursor [20].

It is possible to obtain M-TiO2 materials with either disordered or ordered mesoporosity. 
Disordered mesostructures are obtained by template-free methods, whereas the use of a 
structure-directing agent and/or a template is necessary to obtain ordered mesostructures. 
Historically, the first attempts to obtain M-TiO2 led to materials characterised by a disordered 
porosity, which were mainly studied for photocatalytic applications [5]. Ordered mesopo-
rous frameworks are supposed to improve the photocatalytic performance of TiO2, since an 
ordered porous structure favours diffusion of both reactants and products. The latter class 
of materials is therefore more interesting for photocatalytic applications in environmental 
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rous frameworks are supposed to improve the photocatalytic performance of TiO2, since an 
ordered porous structure favours diffusion of both reactants and products. The latter class 
of materials is therefore more interesting for photocatalytic applications in environmental 
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 remediation and is addressed in this chapter. Other types of ordered TiO2 structures, i.e. 
 hollow fibres, nanotubes (not addressed here), are instead obtained by other methods like 
electrodeposition, electrospinning [21], etc.

Concerning the use of templates, both soft-template methods and hard-template methods are 
available [2]. The former imply the use of surfactants that form micelles (direct or inverse), 
whereas hard-template methods imply the use of preformed mesoporous solids like SiO2 or 
carbon, as well as (natural and/or synthetic) polymers (Figure 1).

The physico-chemical properties of the final product depend on several factors, like the 
 chosen Ti precursor, which affects the hydrolysis and condensation reactions occurring dur-
ing formation of the mesoporous network, and the calcination temperature. Calcination, 
usually necessary to remove the organic moieties, deriving by both the surfactants used in 
soft- template methods and the hydrolysis of Ti alkoxides used as Ti precursors, markedly 
affects the type of TiO2 polymorph formed as well as the size of crystalline grains.

The physico-chemical properties of the final material are very important since they ultimately 
affect the performance of M-TiO2 in the target application and may be responsible of a better 
(or worst) performance with respect to commercial products. Among the latter ones, so far, 
Degussa P25 is the most used and studied commercial TiO2: due to its remarkable photocata-
lytic performance, it is used as benchmark material in most of the literature works.

Far from having the purpose of reviewing in detail the procedures for the preparation of 
ordered M-TiO2, only some crucial aspects of the most acknowledged synthesis methods will 
be addressed in this chapter. Afterwards, the chapter will show some correlations between 
the peculiar physico-chemical properties of M-TiO2 and its performance in environmental 
photocatalysis, although the properties of M-TiO2-based systems are attracting considerable 
attention also for other applications, including H2 production, fabrication of electrodes in 
Li-ion batteries, dye-sensitised solar cells and biomedicine [22].

Figure 1. Simplified scheme of the steps leading to the production of ordered M-TiO2 by means of template-assisted 
syntheses.
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2. Template-based methods for the synthesis of ordered mesoporous 
titania: main features and critical issues

2.1. Hard-template methods: nanocasting

Nanocasting (Figure 1, lower part) consists of using preformed (natural or synthetic) 
 mesoporous solids to synthesise porous materials of different compositions: such method 
has been extensively applied to produce porous carbons, metal oxides and metal sulphides as 
negative replicas of preformed hard templates [23, 24].

Usually, nanocasting envisages three fundamental steps: (i) the precursor is infiltrated within 
the mesoporous channels of a porous solid (i.e. preformed mesoporous SiO2 or carbon); (ii) 
the precursor reacts forming a composite of the negative replica and the hard template and 
(iii) the hard template is removed (either chemically or thermally).

As a result, a negative replica is obtained of the hard template, which in the case of M-TiO2 is 
mostly mesoporous SiO2 (e.g. SBA-15, SBA-16, MCM-41, MCM-48, KIT-6, FDU-12),  mesoporous 
carbon (e.g. CMK-1, CMK-3), porous Al2O3 or polystyrene spheres [5].

Nanocasting allows obtaining M-TiO2 characterised by crystallinity and thermal stability, 
because it overcomes the problem of thermal collapse of the TiO2 framework, which may occur 
during phase transition. Some problems, however, may arise during the synthesis: for instance, 
if the precursor infiltration is performed in aqueous phase, some undesired precipitation and 
crystallisation of TiO2 in solution may lead to an incomplete filling of the hard-template pores, 
ultimately blocking the channels and avoiding any further precursor infiltration [15].

In order to avoid such undesired phenomenon, some parameters like precursor/template 
ratio, calcination temperature and immersion time have to be strictly controlled [25].

A careful evaluation of the weight ratio between the Ti alkoxide and the solid template [25] is 
crucial, as a too high amount of precursor would lead to formation of bulky material outside the 
hard-template pores, with consequent loss of surface area and poor precursor infiltration [25].

Conversely, some positive confinement effects due to the hard template in contact with TiO2 
allow obtaining anatase M-TiO2 at temperatures that are unusual for bulk TiO2, for instance, 
with mesoporous silica KIT-6 as hard template, anatase (instead of rutile) M-TiO2 formed by 
calcination at 750°C [25]. Such result is particularly sound since anatase, though characterised 
by a larger band gap than rutile (Eg ≅ 3.2 eV and 3.0 eV for anatase and rutile, respectively), 
has a large surface area that is very useful for (photo)catalytic applications.

As for the soft-template routes discussed in the following paragraph, the choice of Ti precur-
sor is the main issue. While metal nitrates and chlorides are successfully employed [26] for 
producing replicas of other metal oxides, Ti nitrates and chlorides are mostly unstable in 
water (or even when exposed to moisture).

Such problem has been successfully overcome by Yue et al. [27]: they prepared M-TiO2-
negative replicas of both SBA-15 and KIT-6 mesoporous silica by pre-hydrolysing the Ti 
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precursor (either Ti isopropoxide (Ti[OCH(CH3)2]4) or tetrabutyl titanate (Ti[OC4H9]4) and 
dissolving it in HNO3. The so-obtained acidic solution of Ti nitrate complexes was used for 
the infiltration step. Another interesting result was the formation of rutile M-TiO2 at calcina-
tion temperatures as low as 100°C, ascribed to either the confinement effect [27] of KIT-6 
mesoporous channels or the ability of nitrate ions to stabilise the rutile phase within the SiO2 
walls. Indeed, when other Ti precursors are employed (like chloride, sulphate and isopropox-
ide), anatase M-TiO2 preferentially forms and transition to rutile M-TiO2 is not observed at 
temperatures as high as 600°C [28].

Nanocasting is feasible also by using naturally occurring hard templates: a fascinating 
work reports on a nanocrystalline rutile TiO2 obtained by using the chitin scales present 
on the wings of a Morpho butterfly, which were coated with a uniform oxide film by adopt-
ing a computer-controlled surface sol-gel process [29]. In addition, the calcination process 
was a crucial step: when the composite was fired at 450°C, mostly anatase TiO2 formed, 
whereas firing at 900°C mainly led to rutile, though some anatase was still present in the 
final  product [29].

Hierarchical structures of TiO2 films (Figure 2) were obtained by combining PMMA 
(poly(methyl methacrylate)) microspheres and sol-gel chemistry, in the presence of an 
amphiphilic diblock copolymer as a structure-directing agent [30]. Poly(dimethylsiloxane)-
block-methyl methacrylate poly(ethylene oxide) (PDMS-bMA(PEO)) was used as a 
structure-directing agent for the preparation of the mesopore structure, whereas PMMA 
microspheres acted as a template for the micrometre-scale structure (Figure 3). Both the hard 
and the soft templates were then removed either by acetic acid or calcination,  leading to 
a macro/ mesoporous network, where the macropores generated by the hard  template are 
supposed to favour mass transport phenomena and improve accessible  surface area.

Figure 2. SEM image showing the occurrence of macro- and mesopores in a hierarchically structured TiO2 film. 
(Reprinted with permission from Ref. [30]. Copyright 2009 American Chemical Society).
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Similarly, a macro/mesoporous TiO2 was obtained by using poly(styrene-co-acrylic acid) colloi-
dal spheres and triblock copolymer Pluronic P123 as macro- and mesoporous  structure-directing 
agents [31], leading to a material with enhanced photoelectrocatalytic activity towards the 
removal of Rhodamine B.

2.2. Soft-template methods

The first report on an aqueous soft-templating route for the synthesis of M-TiO2 dates back 
to 1995 [32]: soft-template methods employ different types of structure-directing agent, like 
charged surfactants (either anionic or cationic), neutral surfactants (e.g. alkylamines) and 
block copolymers [12, 14, 20, 32–38].

The crucial issue is the control of hydrolysis and condensation rates of the Ti precursor dur-
ing the cooperative assembly between the structure-directing agent and the inorganic phase.

The second major problem is the thermal stability of the so-obtained M-TiO2 framework, 
especially during the high-temperature calcination step (required to remove the template), 
since undesired structural collapse and/or crystallisation may occur, leading to the loss of 
mesoporosity and/or the grain growth.

The Ti precursor stabilisation is particularly difficult when charged surfactants are used: in a 
pioneering work, Antonelli et al. used acetylacetonate as a ligand to decrease the reactivity of 
Ti isopropoxide through the formation of Ti acetylacetonate tris(isopropoxide) in the presence 
of an alkyl phosphate surfactant [32]. The proposed method showed, however, some limits: on 
the one side, it was not possible to completely remove phosphorous, likely due to the strong 

Figure 3. Scheme of the procedure adopted to produce hierarchically structured TiO2 films. (Reprinted with permission 
from Ref. [30]. Copyright 2009 American Chemical Society).
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interaction between surfactant and M-TiO2 framework; on the other side, the method was 
unsuccessful when another charged surfactant (either anionic or cationic) was used.

In a subsequent work, Antonelli obtained a worm-like M-TiO2 by using an amine as template 
[39]: the material was characterised by short-range order and relatively low thermal stability, 
as well as high specific surface area (≅700 m2 g−1) and the possibility to tune pore dimen-
sions by changing the length of the amine carbon chain (12–18 C atoms). At variance with 
the alkyl phosphate surfactant used in Ref. [32], where it was not possible to remove phos-
phorous completely by calcination, when an amine molecules is used, weaker H-bonding 
interaction occurs between the template and Ti oligomers, finally stabilising the latter species. 
The main drawback of this method was the longer ageing time required in order to obtain a 
stable material.

Other attempts with an amine as soft template were made, for instance, with hexadecylam-
ine [40]: the basic molecule seemed to positively affect both hydrolysis and condensation of 
the Ti precursor, allowing an effective cooperative assembly between the organic and inor-
ganic phase.

However, an effective development of M-TiO2 was reached only with the advent of block 
copolymers and EISA method [20, 41]. Block copolymers are non-ionic surfactant (Figure 4a) 
consisting of distinct homopolymer subunits (blocks) linked by covalent bonds like the tri-
block copolymer known under the commercial name of Pluronic P123 (nominal chemical for-
mula HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H).

Such molecules have a high self-assembly capability and may form different mesostructures, 
depending on their concentration in an alcohol-rich solution [8, 42, 43]: at concentrations 
below the CMC (critical micelle concentration), each copolymer behaves as a free molecule. 
At the CMC, copolymer molecules tend to form spherical micelles, with the hydrophobic 
part in contact with the alcoholic solution and the hydrophilic part shielded within the 
micelle, in order to minimise the free energy. At concentration above the CMC, coalescence 
of spherical micelles into cylindrical ones occurs. If the copolymer concentration increases, 
phase separation may occur, with micelles self-assembling in hexagonal, cubic or lamellar 
mesophases.

Other types of synthesis imply the use of hydrophobic solvents like cyclohexane and diblock 
copolymers, known under the commercial name of Brij-n (Figure 4c): in those cases, inverse 
micelles form, with a hydrophilic core that acts as a nanoreactor for the polymerisation of 
TiOx. The surfactant is then removed by extractions/centrifugation/washing, and then a final 
calcination step brings about the total removal of the organic part as well as M-TiO2 crys-
tallisation [44]. After calcination, M-TiO2 NPs form aggregates with interparticle porosity 
(Figure 4c).

Concerning the morphology of the final material, it is possible to obtain films in a rather sim-
ple way, through the so-called EISA method coupled to the sol-gel technique [20, 43] in etha-
nol/water mixtures (Figure 2). An acid (i.e. HCl) is added to control the sol-gel chemistry of 
the Ti precursor, which forms Ti hydroxides and/or oligomers. The sol is then deposited on a 
solid substrate, and solvent evaporation is induced by regulating the relative humidity (RH). 
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Figure 4. Schemes of three synthesis routes that are possible by using as soft template: (a) a triblock copolymer, e.g. 
Pluronic P123. The optional addition of a swelling agent (like n-BuOH) allows tuning mesopore dimension [52]; (b) 
an ionic surfactant, like cetyltrimethylammonium bromide (CTAB). NBB resulting from partial condensation of the 
precursor may have a charged surface due to pH-dependent protonation of ≡Ti–OH to ≡Ti–OH2

+ and are stabilised 
by the negative charge of the anion [50, 51]; and (c) diblock copolymer, such as Brij-n, which forms inverse micelles in 
cyclohexane [44].
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As the solvent evaporates, the concentration of both Ti species and the copolymer increases, 
and, simultaneously, the assembly of the inorganic and the organic phases is favoured. 
Induced evaporation also helps the removal of HCl (and other volatile species), improving 
the  long-range order of the obtained film. Indeed, in a previous work where TiCl4 was used 
as Ti precursor, the molecules of HCl likely induced some hydrolysis in the oxide framework, 
and rather disordered films were obtained [41].

The order of the final M-TiO2 films obtained by the EISA method (Figure 5) depends on 
the amount of H2O, HCl and RH and crystallisation process, as extensively discussed by 
Crepaldi et al. [20]. In particular, RH results to be a key parameter during the self-assem-
bly step, as it both affects hydrolysis/condensation of Ti species and polarity of the PEO 
chain [20]. Moreover, RH was found to affect the order, thickness and transparency of the 
obtained film.

To further control the hydrolysis and condensation of the Ti precursor during the assembly 
process, addition of ligands like acetic acid [45] and acetylacetonate [46] usually leads to more 
ordered and/or more stable materials.

In the EISA method, the initial solution is prepared by dissolving anhydrous TiCl4 into an 
alcohol-rich solution where the block copolymer has been pre-dissolved. The occurring 
 reaction is

   TiCl  4   + xEtOH + y  E  2   O →  TiCl  4−x−y     (OEt)   x     (OH)   y   +  (x − y) HCl  (1)

Concerning the Ti precursor, as TiCl4 leads to the formation of HCl through reaction (1) with 
consequent pH lowering and disordering of the obtained solid [30], stabilised alkoxides are 
used either as such or mixed with TiCl4 itself [47, 48].

Figure 5. Scheme of the steps leading to the formation of M-TiO2 by means of the EISA method. (Adapted from Ref. [20]. 
Copyright 2003 American Chemical Society).

Mesoporous Titania: Synthesis, Properties and Comparison with Non-Porous Titania
http://dx.doi.org/10.5772/intechopen.68884

127



Ti alkoxides are more easy to handle with respect to TiCl4, but they need some acid as a stabi-
liser to control the hydrolysis: besides providing acidic conditions, HCl also forms complexes 
with the Ti alkoxide. For instance, when Ti(OEt)4 is used, the following reaction occurs:

  Ti   (OEt)   4   +  (4 − x − y) HCl + y  H  2   O →  TiCl  4−x−y     (OEt)   x     (OH)   y   +  (4 − x) EtOH  (2)

Starting from different precursors, the same (partially hydrolysed) species TiCl4–x–y(OEt)x(OH)y 
form in the initial sol [49]. Such species are low-molecular-weight oligomers that, being resis-
tant to hydrolysis, act as nanobuilding blocks (NBB) and cooperate with the hydrophilic por-
tion of the copolymer micelles (for instance, by forming H-bonding with the PEO segment in 
the Pluronic surfactants).

Concerning NBB, their surface is pH-dependent, due to the protonation of ≡Ti─OH groups 
to ≡Ti─OH2

+, and in the presence of ionic surfactants, they can be stabilised by the charge 
of ions present in the solution [50, 51], as depicted in Figure 4b, where the ionic template 
may be hexadecyltrimethylammonium bromide (CTAB). Formation of the hybrid composite 
depends on the CTAB/Ti ratio and pH of the solution [50, 51]. After self-assembly and con-
densation, NBB are likely located between the micelle and the inorganic framework: the sub-
sequent hydrothermal treatment can promote the condensation of such NBB, finally leading 
to a robust inorganic mesostructure.

In order to obtain larger mesopores, it is possible to use a swelling agent, like, for instance, 
an n-alkyl alcohol (nBuOH), which solubilises the hydrophobic/hydrophilic interface of the 
micelle, thereby causing it to swell (Figure 4a) [52]. The degree of swelling is proportional to 
the amount of alcohol, which not only acts as a swelling agent but, being likely located at the 
hydrophilic/hydrophobic interface, also stabilises the liquid crystal phase and determines its 
curvature at the interface with the inorganic mesostructure [52].

Calcination is the most effective process for the organic template removal, but it is also a cru-
cial step, since the mesoporous network may collapse at high temperature, with consequent 
loss of specific surface area. Nonetheless, the thermal treatment also induces crystallisation of 
the initially amorphous material: the degree of crystallinity is of paramount importance for 
applications like photocatalysis; therefore, the temperature and time of the calcination have 
to be carefully controlled. A high degree of crystallinity is desirable, as it implies less surface 
defects, and therefore a better photocatalytic performance, as defects may act as recombina-
tion centres, lowering the photocatalyst performance. An opposite concomitant effect is the 
grain growth, favoured at high temperatures [5].

In order to obtain thermally stable materials, with suitable grain size and few surface defects, 
different post-synthesis thermal treatments have been proposed in the literature. For instance, 
it is possible to obtain cubic M-TiO2 with anatase phase stable up to 400°C obtained after 4 h 
calcination at 400°C (heating rate 1°C/min) [53]. This material was considered as a promising 
one for photocatalytic (and optoelectronic) applications, whereas the hexagonal M-TiO2 was 
not stable above 250°C.

M-TiO2 thin films stable up to 600°C [54] due to the presence of rather thick walls (9.0–13 nm), 
where synthesised by using Pluronic F127 (a triblock polymer with chemical  composition: 
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PEO106PPO70PEO106, EO = ethylene oxide, PO = propylene oxide) as the structure- directing 
agent and tetrabutyl titanate as the precursor, in the presence of acetylacetonate [54]. 
According to the authors, the use of Pluronic F127 as the structure-directing agent favoured 
the formation of thick TiO2 framework.

Another work reported [55] on the preparation of a M-TiO2 stable up to 650°C obtained by a 
carbonisation step of the organic template with H2SO4 followed by thermal treatment at 350°C 
in inert atmosphere (N2). Such process led to the formation of tubular C deposits that acted as 
stabilisers of TiO2 during the calcination at a high temperature carried out through different 
steps (first at 550 and 650°C in N2 and then at 450°C in air to burn out the carbon). The final 
material was a highly ordered 2D hexagonal mesostructure, with a crystalline framework 
arising by the connection of anatase nanocrystals. The ordered M-TiO2 obtained had high 
surface area (∼193 cm2 g−1), large pore volume (∼0.23 cm3 g−1) high thermal stability (∼650°C) 
and uniform mesopore size (4.6–5.1 nm).

Stabilisation of M-TiO2 with larger mesopores (Ø > 5.0 nm) is still a challenge and requires 
some post-treatment methods. For instance, a modified EISA approach envisages the use of 
ethylene diamine molecules [56], which effectively protect the M-TiO2 primary particles from 
collapsing finally delaying the phase transition of anatase to rutile. According to this method 
[56], a M-TiO2 with large pore size (10 nm), high surface area (122 m2 g−1) and thermal stability 
up to 700 °C was obtained.

Other factors controlling the phenomena occurring during the synthesis of M-TiO2 materials 
(not be addressed here) have been extensively reviewed in the literature [2, 5, 8].

3. Photocatalytic applications of M-TiO2

Photocatalytic processes involving TiO2 are among the most common advanced oxidation 
processes (AOPs) proposed for the degradation of several inorganic and organic environmen-
tal pollutants [57, 58]. Ordered mesoporous structures are highly desirable for photocatalytic 
applications, since sufficiently large mesopores facilitate diffusion of reactants/products and 
high specific surface area improves adsorption, especially when bulky organic moieties are 
implied, like in wastewater and groundwater remediation.

3.1. Photocatalytic properties of pure M-TiO2

Positive effects ascribable to the occurrence of an ordered mesoporous structure were 
observed in the photocatalytic degradation of methylene blue (MB), a dye commonly used in 
this type of studies as a model molecule of recalcitrant organic pollutants that are resistant to 
biodegradation and for which a photocatalytic treatment is necessary.

For instance, a M-TiO2 occurring as pure anatase phase showed good photocatalytic activity 
towards MB removal [59]. The best photocatalyst was a hexagonal M-TiO2 obtained by sol-gel 
synthesis using CTAB as template and Ti isopropoxide as precursor. The material obtained 
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through a 6-days sol-gel synthesis showed mesopores with 6.86 nm diameter and a specific 
surface area of 284 m2 g−1. Longer synthesis time led to a decrease of both values and to the 
simultaneous disappearance of the hexagonal mesophase. The sample showed indeed a size-
able MB degradation with respect to Degussa P25, especially after M-TiO2 was recycled and 
contacted with a fresh MB solution. Such superior photocatalytic behaviour was assigned 
to both higher surface area and higher anatase content of M-TiO2 with respect to Degussa 
P25 [60].

Satisfactory results concerning the photobleaching of MB were obtained with a M-TiO2 using 
SBA-15 silica as hard template, the activity of the sample being again ascribed to a compro-
mise between its high surface area and the percentage of anatase. The former parameter was 
likely responsible for a very efficient dye adsorption at the surface of M-TiO2, the latter likely 
reduced the electron/hole (e−/h+) recombination, which is slow in crystalline and defect-free 
materials [28].

A M-TiO2 photocatalyst obtained through the EISA method by employing ethylene diamine 
as a stabiliser showed better photocatalytic activity than Degussa P25 towards the degrada-
tion of 2,4-dichlorophenol, a toxic chlorinated compound produced by environmental trans-
formations of some chlorinated herbicides and/or antimicrobial agents [56]. Several M-TiO2 
were studied and compared to Degussa P25: the most efficient degradation was obtained 
in the presence of a M-TiO2 calcined at 700°C, whereas the performance of M-TiO2 calcined 
at higher temperatures decreased. Moreover, the performance of the M-TiO2 photocatalyst 
resulted stable after recycling. The photocatalytic behaviour of the studied materials was 
explained not only on the basis of a higher surface area (122 m2 g−1) with respect to Degussa 
P25 (ca. 50 m2 g−1): according to the authors, a trade-off exists between the occurrence of pure 
anatase phase and a well-ordered mesoporous structure facilitating diffusion of reactants/
products. At higher calcination temperatures, i.e. 900°C rutile M-TiO2, formed, with a lower 
activity. Nonetheless, the sample calcined at 800°C, though occurring as pure anatase, showed 
both a partial collapse of mesoporous walls and the formation of larger particles, leading to a 
worst photocatalytic performance.

A performance comparable with Degussa P25 towards the degradation of dimethyl phthal-
ate (a persistent antiparasite) was obtained with M-TiO2 prepared by using Pluronic P123 in 
weak acidic solution of acetic acid [60]. Similarly to what mentioned before, both the high 
surface area and the crystallinity of the anatase phase contribute to the catalytic activity of 
the sample.

As a whole, although different experimental conditions are adopted during photocatalytic 
tests carried out in different laboratories, the occurrence of pure anatase M-TiO2 usually 
favours better photocatalytic performances under UV radiation. However, this is just a gen-
eral rule, but several exceptions are observed. For instance, another M-TiO2 obtained by 
soft-template route under high-intensity ultrasound irradiation showed better photocata-
lytic performance than P25 in the UV-assisted degradation of n-pentane in air (Figure 6). 
The studied M-TiO2 was not pure anatase, but a bi-crystalline material, containing ca. 
20% brookite and 80% anatase, the formation of brookite being ascribed to the ultrasound 
treatment adopted during the synthesis [61]. The M-TiO2 samples after calcination were 
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characterised by high surface area (112–128 m2 g−1) and the occurrence of both anatase and 
brookite phase (Figure 7).

The band gap of the as-prepared M-TiO2 materials (SM-1 and SM-2) was estimated through 
Tauc’s plot since the band gap of brookite should be ca. 0.16 eV higher than that of anatase 
and could contribute to a more efficient UV light absorption, indicating that brookite could be 
a more powerful photocatalyst. According to the authors, composite materials of brookite and 
anatase can also suppress e−/h+ recombination, similarly to what widely accepted for Degussa 
P25 (i.e. that its high photocatalytic activity is partially due the coexistence of 80% anatase and 
20% rutile, which can inhibit the recombination of excited e−/h+ [62]).

Other authors found a positive effect of the incorporation of Degussa P25 particles in M-TiO2 
thin films [63]: the films were tested in the photocatalytic degradation of Acid Black Dye, used 
as a model molecule of textile water pollutants. As expected, Degussa P25 incorporation led to 
a decrease of surface area in the composite with respect to M-TiO2 films: however, a 5.0 wt.% 
Degussa P25 content led to an increase in the dye degradation efficiency. The positive role of 
Degussa P25 was ascribed both to an increase of the M-TiO2 film thickness and to the presence 
of rutile in Degussa P25 leading to a band-gap change in the composite.

Another major use of TiO2 is in disinfection processes: to this respect, wormhole like anatase 
M-TiO2 was studied for the photocatalytic disinfection of Escherichia coli, showing better per-
formances with respect to Degussa P25 [64].

3.2. Photocatalytic properties of metals doped M-TiO2

Processes like doping and modification of TiO2 are usually required in order to decrease the 
recombination rate of e−/h+ pairs and to extend the absorption range towards the Vis [65]. The 
latter effect is particularly important in the perspective of exploiting solar light, especially for 
photocatalytic processes of environmental remediation that have to be carried out under solar 
illumination in view of actual large-scale applications [66, 67].

Figure 6. Rates of UV-assisted degradation of n-pentane as catalysed by two M-TiO2 (SM-1 and SM-2) obtained under 
high-intensity ultrasound irradiation are compared to the rate obtained by using Degussa P25 (after Ref. [61]). (Copyright 
2002 American Chemical Society).
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As expected, the photocatalytic activity of M-TiO2 is significantly improved after doping 
with metals and non-metals. Besides doping, other methods are used to modify the pho-
tocatalytic properties of M-TiO2, like, for instance, the synthesis of solid solutions or of 
different TiO2 composites with noble metals, other metal oxides and quantum dots (not 
addressed here) [5].

Fe is one of the most used metals for doping: on the one side, it extends the absorption of TiO2 
in the Vis range; on the other side, Fe species present at the surface may give rise to Fenton-
like reactions [68], finally enhancing the reactivity merely due to the photocatalytic process 
(vide infra).

A Fe-doped M-TiO2 was used to obtain composites with hollow glass microbeads: the lat-
ter were able to prevent aggregation of M-TiO2 NPs [69]. As expected, Fe doping induced 
a red shift of the absorption band. Consequently, an effective photodegradation of methyl 
orange (a model molecule of azo dyes) in aqueous solution was achieved under visible light 
(λ > 420 nm) irradiation, revealing the potential applicability of such nanocomposites in some 
industry fields, like water purification.

A Fe-doped M-TiO2 (with 2.5 wt.% Fe content) obtained by direct synthesis resulted very 
active towards the catalytic degradation of Acid Orange 7 (a model molecule of azo dyes) 
not only under UV irradiation but also in dark conditions in the presence of H2O2 [70, 71]. 
The dark process was studied in detail, showing that since not all Fe species entered the 
M-TiO2 framework, surface Fe3+ species were very active in Fenton-like reaction. Though lim-
ited Fe leaching was observed, the Fe-doped M-TiO2 was still active after reactivation in air. 
Preliminary results concerning the test reaction under UV-Vis illumination provided further 
support to this picture. The authors used the same synthesis protocol for V-doping, but in that 
case, it was not possible to obtain an actual doping, since all the V species resulted present at 
the surface of the catalyst. In any case, the studied M-TiO2 materials showed remarkable high 
specific surface area (150–120 m2 g−1) and pure anatase NPs.

Figure 7. XRD patterns of the as-prepared and calcined M-TiO2 (SM-1 and SM-2) obtained under high-intensity 
ultrasound irradiation: A denotes anatase; B denotes brookite [61]. (Copyright 2002 American Chemical Society).
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The effect of other metals used for doping is more complex. For instance, when Ce was 
used to produce doped thin films of M-TiO2 [72], Ce species were likely located at the sur-
faces/grain boundaries of M-TiO2 crystallites, due to the larger size of Ce3+/Ce4+ ions with 
respect to Ti4+ ions. High levels of Ce doping, instead, adversely affected the crystallisation 
of nanocrystalline anatase since Ce−O−Ti bonds at the grain boundaries inhibited crystallite 
growth.

The optimal amount of Ce doping corresponded to a ratio Ce/Ti = 0.3 mol%: the  corresponding 
Ce-doped M-TiO2 showed a remarkable photocatalytic activity towards the degradation of MB 
(Figure 8). The enhanced photocatalytic activity of the Ce-doped M-TiO2 with Ce/Ti = 0.3 mol% 
was assigned to enhanced electron transport and oxygen storage capabilities in the presence of 
Ce, along with the highly nanocrystalline nature of the TiO2 framework.

3.3. Photocatalytic properties of non-metal doped M-TiO2

Doping with non-metals (mainly C, N, S, F and I2 [5]) is also supposed to extend TiO2 absorp-
tion towards the Vis range. The mechanisms responsible of such phenomenon are complex 
and usually related to either the narrowing of TiO2 band gap or the creation of intermediate 
steps within the band gap [66], due to the non-metal atoms substituting oxygen atoms in the 
framework.

Figure 8. Changes in absorption maximum of MB as a function of exposure time during photocatalytic tests carried out 
with Ce-doped M-TiO2 thin films. The best results are obtained with a Ce/Ti = 0.3 mol% composition (after Ref. [72]). 
(Copyright 2009 American Chemical Society).
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N is one of the most used non-metals, as doping may be carried out rather simply by thermally 
treating M-TiO2 under NH3(g) flow or by heating a M-TiO2 produced in solutions  containing a 
N source (NH3, urea, etc.).

The ultimate effect of N of the light absorption capacity of the sample is however complex and 
may be due to different processes:

(i) Band-gap narrowing due to N2p states close in energy to O2p states

(ii) Formation of impurity energy levels above the valence band

(iii) Partial doping in oxygen vacancies

All this notwithstanding, literature reports on N-doped M-TiO2 materials with improved 
photocatalytic properties. For instance, by a template-free combustion method, a wormhole 
M-TiO2 was obtained, where N doping was due to the presence of urea during combustion 
[73]. The so-obtained N-doped M-TiO2 occurred as nanocrystalline anatase phase, showing 
high surface area (234 m2 g−1) and type-IV H3-mesoporosity.

Two photocatalytic reactions were studied, namely, Rhodamine B degradation and 
p-anisyl alcohol oxidation to p-anisaldehyde in aqueous solution under direct sunlight. 
Notwithstanding the high band gap (3.24 eV) of the N-doped sample, the good activity was 
assigned to a better utilisation of holes due to the low-charge diffusion barrier associated with 
wormhole mesoporosity along with the occurrence of crystalline NPs, finally confirming the 
importance of having an ordered mesoporous photocatalyst.

N-doped anatase M-TiO2 was prepared via soft-template route by using CTAB as template 
and by treating in NH3 (70%)/N2 atmosphere the calcined samples. The material was char-
acterised by small crystallite size, large surface area (420–126 m2 g−1 for calcination tempera-
tures in the 400–800°C range), high crystallinity and Vis light response. The N-doped anatase 
M-TiO2 photocatalysts showed much higher photocatalytic activity than N-doped Degussa 
P25 for the degradation of phenol under both UV and Vis light irradiation, owing to more 
oxidising hydroxyl radicals, which were the oxidative species mainly responsible for the deg-
radation of phenol [74]. The authors concluded that the materials might be beneficial to solar-
driven applications in the photodegradation of organic pollutants.

However, the effect of doping on the photocatalytic performance is not straightforward, as it 
has been observed that N-doped TiO2 shows visible light-responsive photocatalytic activity 
but lower UV light-responsive photocatalytic activity. The visible light photocatalytic activity 
originates from new N 2p levels near the valence band. The oxygen vacancies and the associ-
ated Ti3+ species act as the recombination centres for the photoinduced e−/h+, finally reducing 
photocatalytic activity although contributing to Vis light absorbance [75].

4. Conclusions

The production of mesoporous titania by template-assisted methods allows obtaining mate-
rials characterised by ordered mesoporous structure, controllable crystallinity, high surface 
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area and tuneable pore size. Moreover, powder nanoparticles or films may be obtained, as 
well as hierarchical porosity materials.

From the point of view of photocatalytic applications, the type of crystalline phase and 
ordered mesopores are crucial factors: the former may be responsible of more efficient UV 
light absorption and slower electron-hole recombination rate; the latter positively affect diffu-
sion processes and mass transfer phenomena. Nonetheless, the possibility of obtaining high 
surface area materials, also after calcination, positively affects any kind of heterogeneous cata-
lytic process, besides photocatalytic ones, as mesoporous titania may be an efficient support 
for other types of catalytically active phases.

Several mesoporous titania materials reported by the literature have remarkable photocata-
lytic properties and are competitive, at least on a lab scale, with commercial samples. It must 
be considered, however, that template-assisted syntheses require high-cost reagents and/or 
energy-intensive steps, like calcination.

However, for applications requiring tailored photocatalysts, the progresses made on the side 
of synthesis procedures will surely allow the development of promising (photo)catalysts 
based on mesoporous titania.
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Abstract

Constant technological progress, as well as the pursuit of “friendly” technologies, leads to 
intensive work on the development of a new generation of advanced products with strictly 
defined, unique physicochemical properties dedicated to specific applications. This group 
of materials includes hybrids based on titanium dioxide and its derivatives, characterised 
with specific, well-defined physicochemical and structural properties, chiefly determined 
during their synthesis. Different properties of titania nanoparticles depend on their mor-
phology, crystallite size, and crystalline structure. Nanocrystalline titanium dioxide can 
be synthesised via different methods, among which chemical precipitation, microemul-
sion method (inversed micelles), sol-gel process and hydrothermal crystallisation are the 
most important ones. That is why, a crucial part of the following chapter will be paid to 
characterisation of synthesis routes used for titanium dioxide and titania-based hybrid 
production. Furthermore, application of TiO2-based materials, including mixed oxide 
systems as well as graphene oxide–based hybrids, in electrochemical (electrode material) 
and environmental (photocatalysis) aspects, will be described in detail.

Keywords: titanium dioxide, TiO2-based hybrid materials, advanced material synthesis, 
photocatalyst, electrode material

1. Introduction

Titanium dioxide, commonly known as titanium white, is in normal conditions a colourless 
crystalline solid. It is non-toxic, non-hygroscopic, inflammable and non-volatile. It shows 
high chemical stability: it does not dissolve in water, organic solvents, acids (except for 
 concentrated hydrofluoric acid and sulphuric acid) or alkalis. It is amphoteric, but more acidic 
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



than basic. Titanium dioxide is thermally stable: it loses oxygen only at a temperature of a few 
hundred degrees Celsius and under the influence of reducing agents (carbon, magnesium, 
hydrogen and halogens). Its melting point is 1825°C, while its boiling point is close to 2500°C. 
Above 400°C, a reversible change in colour to yellow takes place as a result of thermal expan-
sion of the crystalline lattice. Above 1000°C, the oxide forms of titanium are formed, charac-
terised by a lower content of oxygen than in TiO2, an undesirable colour change takes place 
and the electrical conductivity changes. Titanium dioxide does not show activity towards 
living organisms [1–4].

Titanium dioxide occurs in nature in three polymorphous varieties: tetragonal rutile, anatase 
and rhombic brookite. Anatase and rutile are of practical importance and are commonly used 
in many applications, while brookite is not used because of the instability of its structure [4–6].

The rapidly developing technologies for obtaining new functional materials based on titania are 
an especially important topic for both theoretical study and practical application. The continu-
ally growing requirements of different technologies require new directions to be sought in order 
to obtain materials with precisely designed physicochemical and structural properties. Hybrid 
systems based on TiO2 constitute a new group of compounds exhibiting strictly designed physi-
cochemical properties resulting from the effects of combining the characteristic behaviours of 
the individual compounds from which they are made. The presence of a foreign element in the 
matrix of pure titania can greatly affect the structural, textural, acid/base and catalytic proper-
ties [7]. The textural properties of the hybrid materials, such as pore size distribution, surface 
area, etc., are strongly dependent upon the conditions of synthesis, including the nature and 
composition of the precursors, solvent, complexing/templating agent, hydrolysis and calcina-
tion conditions [8]. Research into the production and potential applications of new functional 
materials based on titanium dioxide is only possible when the final materials have a strictly 
defined dispersive character, crystalline structure, morphology and porous structure [9–13].

2. Synthesis of titanium dioxide and its derivatives

The synthesis of titanium dioxide is one of the major research areas in ‘green chemistry’. 
Titania is a chemically inert, thermally stable, insoluble, biocompatible, non-toxic material, 
and an excellent absorber of destructive UV radiation. Because of these properties, titanium 
dioxide and its derivatives have for some time enjoyed a great and still growing popularity in 
many applications; see Figure 1 [1–4].

On an industrial scale, titanium dioxide pigments are obtained by two methods (see Figure 2) 
whose names refer to the substrate salts used:

• the sulphate method, in which TiO2 is precipitated from a solution of ilmenite ore by con-
centrated sulphuric acid, leading to both rutile and anatase;

• the chloride method, in which titanium dioxide is obtained by oxidation of titanium tet-
rachloride (TiCl4) obtained by reduction and chlorination of ilmenite ore; this method leads 
only to rutile.
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The use of the chloride process is on the increase. It is estimated that over half of the world’s 
titanium dioxide is produced in this way. Although this process requires higher quality, pre-
viously enriched ore and more complex technology, it produces much less waste than the 
sulphate method, and the cost of production is also lower [1].

The properties of TiO2 are determined by the morphology of its particles, the size of its crys-
tals and its crystalline structure, which depend on the choice of method for its synthesis and 
final heat treatment [14]. Nanocrystalline TiO2 particles are usually obtained by crystallisation 
(chemical precipitation) [15], the microemulsion method (reverse micelles) [16], the sol-gel 
method [17–21] or hydrothermal crystallisation [22–26]; see Figure 2. Each of these methods 
has its advantages and drawbacks, but a feature of all of them is the ability to obtain materials 
with strictly defined properties (Table 1).

Additionally, Table 2 presents a comprehensive review of different methods of synthesis of 
titania-based materials.

2.1. Chemical precipitation

Co-precipitation is a wet chemical method and is one of the oldest methods for obtaining 
nanometric materials. The most common precursors used in this method are salts: nitrates, 

Figure 1. Applications of titania-based materials.

Figure 2. Synthesis of titanium dioxide.
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 chlorates or chlorides, which dissolve in an appropriate solvent. Aqueous solutions are used 
most commonly, but the use of organic solvents is also possible. The precipitation reac-
tion must be initiated; this may be done by changing the pH, concentration or temperature. 
Another way of starting the precipitation reaction is to carry out a reaction of hydrolysis, 
oxidation, reduction or complexation. Usually a base (potassium or sodium hydroxide) is 
added to the system containing the precursors of the oxide. The precipitation reaction itself 
involves reduction of the metal cation, and formation of a precipitate requires that the system 
reach saturation point. The precipitation method consists of three stages: nucleation, growth 
and agglomeration. To begin with, small crystallites are formed (nucleation), which over 

Method Advantages Disadvantages

Sulphate method Ability to control the crystalline structure; 
possibility of using low-quality ore

Susceptibility to agglomeration of particles; 
high energy costs; large quantities of waste 
produced and requiring disposal

Chloride method High-quality products (including for medical 
applications); defined morphological structure 
and high degree of particle dispersion

Need to use high-quality substrates; production 
of only the rutile form, advanced technology; 
hazardous reaction environment, toxicity; 
danger of uncontrolled emission of chlorine gas

Co-precipitation 
method

Homogeneous mixing of reactant precipitates 
reduces the reaction temperature; a simple 
direct process for the synthesis of fine material 
powders which are highly reactive in low-
temperature sintering

Not suitable for the preparation of a highly 
pure, stoichiometrically accurate phase; this 
method does not work well if the reactants have 
very different solubilities and precipitation 
rates; it does not meet universal experimental 
conditions for the synthesis of various types of 
metal oxides

Sol-gel route Low temperature processing and 
consolidation is possible; smaller particle 
size and morphological control in powder 
synthesis; sintering at low temperature also 
possible; better homogeneity and phase  
purity than in traditional ceramic methods

Raw materials for this process are expensive 
(in the case of metal alkoxides) compared with 
mineral-based metal ion sources; products have 
high carbon content when organic reagents are 
used in the preparative steps and this inhibits 
densification during sintering; since several 
steps are involved, close monitoring of the 
process is needed

Hydrothermal 
route

Powders are formed directly from solution; 
it is possible to control particle size and 
shapes by using different starting materials 
and hydrothermal conditions; the resulting 
powders are highly reactive, which aid low-
temperature sintering

Prior knowledge on the solubility of the starting 
materials is required; hydrothermal slurries are 
potentially corrosive; accidental explosion of the 
high-pressure vessel cannot be ruled out

Solvothermal 
method

An energy-efficient, environmentally 
friendly process; high-purity products can be 
synthesised; metastable and new phases can 
be accessed; simplified and precise control of 
the size, shape distribution, and crystallinity 
of the end product can be achieved via the 
adjustment of parameters such as reaction 
temperatures and time, the types of solvents, 
surfactants and precursors

The need for expensive autoclaves; safety issues 
during the reaction process; impossibility of 
observing the reaction process (“black box”)

Table 1. Advantages and disadvantages of the most commonly used methods for the synthesis of titanium dioxide.
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time become more thermodynamically stable and larger (the growth stage); then as more 
time elapses, the permanent crystallites combine into persistent agglomerate forms (agglom-
eration). The properties of the final material are strongly influenced by the initial nucleation 
stage. An important part is also played by the particle agglomeration stage, which determines 
the morphological properties of the system [27, 28]. To obtain the final product, the dried 
precipitate is subjected to thermal treatment at the required temperature in an appropriate 
atmosphere.

Liu et al. [29] prepared titanium dioxide by five different methods: co-precipitation, the sol-
gel route, hydrolysis, the hydrothermal method and sluggish precipitation. They investigated 
how the method used affected the physicochemical properties of the resulting TiO2. Synthesis 
of TiO2 by the co-precipitation method was carried out using titanium tetrachloride, hydro-
chloric acid, hydrogen peroxide and ammonia. Titanium tetrachloride as a precursor of TiO2 
was added to hydrochloric acid and deionised water. The resulting mixture was maintained at 
a temperature below 10°C, and hydrogen peroxide was added. Finally, ammonia was added 
to the solution (pH = 10). The resulting sample was calcined at 500°C for 2 h. XRD analysis 
showed that this procedure of TiO2 synthesis leads to a mixture of anatase and rutile phases 
with anatase predominant. The material synthesised by the co-precipitation method also 
demonstrated with good photocatalytic activity in the decomposition of helianthine (with 
absorbency equal to 0.25 and transmission equal to 60.0).

Muhamed Shajudheen et al. [30] synthesised titanium dioxide using titanium tetraisopro-
poxide as a Ti precursor and poly(vinyl pyrrolidone) (PVP) as a capping agent. To a mixture 
consisting of titanium tetraisopropoxide and propan-2-ol, PVP and then water were added. 
The resulting white precipitate was refluxed for 2 h and then stirred continuously for 1 day, 
followed by calcination at 800°C. The proposed co-precipitation method allows synthesis of 
the rutile phase of titania in a single-step process without impurities and other phases, as was 
confirmed by XRD and Raman spectroscopy.

To alter the physicochemical properties of titanium dioxide, Huang et al. [31] prepared 
SnO2/TiO2 catalysts using five different preparation methods: the sol-gel method (SGM), 
the sol-hydrothermal method (SHM), the co-precipitation method (CM), a co-precipitation-
hydrothermal method (CHM) and the hydrothermal method (HM). They determined the 
impact of the methodology for obtaining SnO2/TiO2 systems on the structure, chemical 
composition, particle sizes, specific areas, pore size distribution and energy band structure. 
The synthesis of SnO2/TiO2 by the co-precipitation method was carried out using TiCl4 and 
SnCl4∙5H2O, which were dissolved in deionised water. In the next step, the obtained solu-
tion was added to an aqueous solution of urea. At this stage of the synthesis, the reaction 
was carried out at a temperature of 80°C for 8 h. At the final stage, the resulting material 
was calcined at 550°C for 4 h. XRD analysis of the sample obtained by the co-precipita-
tion method revealed the presence of diffraction peaks indicating a pure rutile structure. 
Moreover, peaks corresponding to SnO2 were not present in the pattern. This may indicate 
that the Sn4+ ion was successfully incorporated into the crystal lattice sites of the titania to 
form uniform SnO2/TiO2 solid solutions, or that the reflection bands attributed to SnO2 over-
lapped with the crystalline plane of TiO2. Moreover, the synthesised sample demonstrated 
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good  photocatalytic activity in the degradation of methyl blue. It was shown that the struc-
ture, crystallinity, dispersity, light adsorption properties and photocatalytic performance of 
SnO2/TiO2 photocatalysts are critically dependent on the preparation method.

Another example of the use of a precipitation method to obtain TiO2/CeO2 and TiO2/SnO2 
systems is reported by Yu et al. [32]. As precursors of titanium dioxide, cerium oxide and tin 
oxide, they used titanium(IV) sulphate(VI), cerium(III) nitrate(V) hexahydrate and tin chlo-
ride pentahydrate. The precipitating agent was an aqueous solution of ammonia. Aqueous 
solutions of the oxide precursors were stirred for 1 h until the components dissolved com-
pletely, and then, ammonia solution was added to the reaction mixture. The process was 
carried out at room temperature, and the pH of the reaction mixture was maintained at 10. 
After all solutions had been added in the appropriate quantities, the system was stirred for 
a further 3 h. The material was then subjected to an ageing process for 48 h. The resulting 
precipitate was dried at 105°C for 12 h and then calcined at 500°C for 6 h. Physicochemical 
analysis revealed specific surface areas of 108 and 59 m2/g respectively for the TiO2/CeO2 and 
TiO2/SnO2 systems. X-ray analysis showed the TiO2/CeO2 system to have an anatase crystal-
line structure, while for TiO2/SnO2, the diffractogram contained peaks corresponding to rutile. 
In both cases, the crystalline structure of cerium or tin oxide was not observed. The catalytic 
properties of the systems were also investigated; they demonstrated excellent performance in 
the reduction of nitrogen oxides.

Zhang et al. [33] synthesised TiO2/ZrO2 mixed oxide (with molar ratio = 1:1) by a co-precipitation 
method from TiCl4 and ZrOCl2 aqueous solutions, which were hydrolysed with ammonium 
hydroxide. The precursors of Ti and Zr were dissolved in deionised water, and then, HCl was 
added. Ammonia was added to the solution until pH = 10. Finally, the samples were dried at 
110°C and then calcined at 500°C for 5 h. The Ti/Zr mixed oxide synthesised by a co-precipita-
tion method was found to have a high specific surface area of 234 m2/g, which is linked to the 
amorphous structure of the material. No diffraction peaks characteristic of TiO2 or ZrO2 were 
detected in the obtained sample. Moreover, the TiO2/ZrO2 mixed oxide exhibited good catalytic 
activity for the selective catalytic reduction of NO by NH3.

2.2. Sol-gel method

The sol-gel route is a wet chemical method and is a multi-step procedure involving both 
chemical and physical processes such as hydrolysis, polymerisation, gelation, drying, dehy-
dration and densification. In a typical sol-gel process, a colloidal suspension or sol is obtained 
as a result of hydrolysis and polycondensation of precursors, which are usually inorganic 
metal salts or organometallic compounds such as metal alkoxides. Polycondensation and the 
loss of solvent lead to a transformation from the fluid sol to the solid gel phase [34–38]. The 
sol-gel method is based on hydrolysis and condensation of metal alkoxides or metal salts [39]. 
The process involves the reaction of a metal chloride with metal alkoxide or an organic ether, 
which is an oxygen donor, according to Eqs. (1) and (2):

   MCl  n   + M  (OR)   n   → 2 MO  n /  2   + nRCl  (1)
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   MCl  n   +  (n /  2) ROR →  MO  n /  2   + nRCl  (2)

In these reactions, the formation of ≡M–O–M≡ type bonds is favoured by the condensation 
between ≡M–Cl and ≡M–OR, according to the reaction (3):

  ≡M–Cl + ≡M–O–R → ≡M–O–M≡ + R–Cl  (3)

In the reaction with ether (4), an alkoxide is formed as a result of a reaction of alcoholysis with 
≡M–Cl:

  ≡M–Cl + R–OR → ≡M–OR + R–Cl  (4)

These reactions run slowly, and usually, the formation of inorganic oxide is favoured by 
elevated temperature in the range 80–150°C. The main reaction (5) between metal chlo-
ride and metal alkoxide takes place at room temperature and leads to a solution of metal 
chloroisopropoxide:

  ≡M–Cl + ≡M–OR → ≡M–OR≡ + ≡M–Cl  (5)

The properties of materials obtained by the sol-gel method depend on such factors as pH, the 
presence of admixtures of other substances, the volume ratio of water to precursor, and the 
rate of stirring of the system. The pH also influences the size and shape of pores [38].

Advanced materials in a wide variety of forms, such as spherical or ultrafine shaped pow-
ders, fibres, thin film coatings, dense or porous materials including high-purity inorganic 
oxides, and hybrid (inorganic-organic) materials can be synthesised using the sol-gel method 
[40–43]. The sol-gel process is a useful synthetic method for the preparation of amorphous as 
well as structurally ordered products [44–49]. It is of particular interest because it gives very 
good compositional and morphological control over the product’s properties, such as specific 
surface area, nanoparticle size and degree of aggregation. The precipitates or gels obtained 
by sol-gel processing are typically amorphous, exhibiting a fairly high specific surface area 
and are in some cases even (meso)porous. A transition from the amorphous to the crystalline 
phase is typically induced by thermal treatment at temperatures higher than 300°C, leading 
in most cases to a deterioration of the pore system and an increase in the particle size, associ-
ated with a decrease in the specific surface area. In sol-gel processing, for better control of the 
hydrolysis and condensation process, many different modifiers of alkoxide precursors can be 
used, including acetylacetone [50–52], acetic acid [50, 53] and other complex ligands.

Mesoporous TiO2 nanocrystals were synthesised by Faycal Atitar et al. [54] using the sol-gel 
method in the presence of triblock copolymer as the structure directing agent. In the typi-
cal synthesis, triblock copolymer was first dissolved in ethanol, and the resulting mixture 
was added to CH3COOH and HCl. Next, Ti(OC(CH3)3)4 (TBOT) was added to the mixture. 
The resulting TiO2 nanocrystals were calcined at different temperatures (400, 500, 600, 700 
and 800°C for 4 h) to demonstrate how their structural properties such as crystallite phases, 
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morphology and mesoporosity affect the photocatalytic performance. X-ray analysis showed 
the samples to have a crystalline structure. The samples calcined at 400 and 500°C revealed 
the presence of anatase, but as the calcination temperature increased, the contribution of the 
anatase crystalline structure decreased in favour of rutile. All the synthesised materials were 
shown to be photocatalytically active, and the photocatalytic activity of mesoporous TiO2 
was strongly dependent on the final thermal treatment. The sample calcined at 500°C demon-
strated higher activity in the decomposition of imazapyr (98%) and phenol (95%) compared 
with the commercially available Aeroxide TiO2 (P-25). Based on the results obtained, the 
authors concluded that mesoporous titanium dioxide T-500 (calcined at 500°C) is an efficient 
material for the removal of organic pollutants from water.

The sol-gel route was also used by Mutuma et al. to obtain titanium dioxide [55]. The pre-
cursor used was titanium tetraisopropoxide (TTIP), which was dissolved in propan-2-ol and 
deionised water. The reaction mixture was heated to 80°C and maintained at that tempera-
ture for 5 h, after which it was cooled to room temperature. It was determined how the pH 
of the reaction system affected the physicochemical properties of the products. The pH was 
controlled by adding a precipitating agent in the form of a solution of sodium hydroxide or 
nitric(V) acid. The process was carried out at pH values of 2, 4, 7 and 9. The resultant systems 
were left to gel at room temperature for 24 h. The products were dried at 100°C for 12 h and 
then calcined at temperatures of 200, 600 and 800°C for 2 h. It was also determined how the 
process conditions influenced the crystalline and porous structures of the synthesised materi-
als, which have a significant effect on their photocatalytic properties. X-ray analysis showed 
that titanium dioxide that had not undergone calcination had an anatase structure. Calcination 
at 200°C led to the appearance of brookite, although the intensity of the band corresponding 
to that crystallographic form decreased as the calcination temperature increased. When the 
calcination temperature increases to 800oC, bands corresponding to rutile appeared, indi-
cating a transformation of anatase to rutile. In photocatalytic tests, the materials containing 
anatase-brookite (calcined at 200°C) or anatase-brookite-rutile (600 and 800°C) exhibited bet-
ter photocatalytic properties than an anatase-rutile system (800°C). It was also found that the 
specific surface area of the products depends strongly on the pH of the reaction system. As the 
pH increased, the surface area of the synthesised materials decreased, irrespective of the cal-
cination temperature. The experiments showed the systems with mixed crystalline structure 
to be an excellent photocatalytic material in the decomposition of non-biodegradable organic 
pollutants, for example from the textile industry.

Titanium dioxide powders were also prepared via the sol-gel method by Siwińska-Stefańska [56]. 
It was investigated how the conditions of preparation (addition of catalyst and chelating agent, 
temperature of calcination) affect the microstructural evolution, porous structure parameters 
and photocatalytic capability of the resulting TiO2 powders. The results of dispersive analysis 
showed that an increase in the amount of catalyst used in the process of obtaining titanium 
dioxide results in an increase in particle diameter. Moreover, the diameter of particles tended 
to decrease with a decreasing quantity of chelating agent. The addition of chelating agent also 
caused significant changes in the crystalline structure and porous structure parameters of 
the resulting samples. The TiO2 systems prepared by the sol-gel method with or without the 
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 addition of chelating agent exhibited relatively high photocatalytic activity in the decomposi-
tion of C.I. Basic Blue 9.

In a report by Italian researchers [57], the sol-gel method was used to obtain an SiO2/TiO2 sys-
tem. The precursors of the dioxides were respectively TEOS and TTIP. First, TEOS was mixed 
with an organic solvent (ethanol) in the molar ratio TEOS:ethanol:water = 1:2:1. Hydrochloric 
acid was added to the mixture to maintain a pH of 1. After stirring for 6 h, TTIP was added to 
the system. The resulting sol was matured for 3 days to obtain a gel, which was then dried at 
room temperature for 7 days. The resulting materials then underwent calcination at tempera-
tures of 600 and 800°C for 2 h. Detailed physicochemical analysis confirmed that the product 
consisted of titanium dioxide in rutile form and silicon dioxide. X-ray analysis showed that 
the system that had not been calcined had an amorphous structure, while calcination caused 
the formation of a crystalline structure. Calcination at 600°C leads to anatase, but when a tem-
perature of 800°C is used, rutile appears. TEM microscopic images revealed a tendency for the 
agglomeration of particles in the samples. Variation in the molar ratio of the oxides was found 
not to have a significant effect on the morphology of the oxide system.

Siwińska-Stefańska et al. [58] reported the preparation of nano- and microstructured TiO2 
doped with Fe and Co by the sol-gel method and determined the effect of doping on the 
physicochemical properties of TiO2. The doped materials were found to contain particles of 
smaller diameter and lower homogeneity than pure TiO2. XRD analysis revealed that the 
addition of iron or cobalt to the titania preparation process has a significant effect on crystal-
line structure formation.

Fan et al. [59] prepared a mesoporous TiO2/ZrO2 nanocomposite from titanium tetrabutoxide, 
ZrOCl2∙8H2O, Pluronic P123 and Macrogol 20000 as double templates utilising the sol-gel 
method. In typical synthesis, to a solution of titanium tetrabutoxide and nitric acid, ethanol, 
Pluronic P123 and Macrogol 20000 were added. The resulting material was calcined for 5 h 
at 800°C. The structures and physicochemical properties of the products were determined by 
X-ray diffraction (XRD), Raman scattering studies and N2 adsorption/desorption. The results 
proved that the use of double templates retarded the crystal phase transformation from ana-
tase to rutile, and the obtained materials showed high thermal stability. Moreover, photo-
catalytic tests confirmed that the sample prepared with double templates exhibited higher 
photocatalytic activity in the decomposition of Rhodamine B (92%) than samples prepared 
with a single template (90 and 91%).

In another study, Shao et al. [60] obtained pure TiO2 and TiO2/ZrO2 system using the sol-
gel method. The crystalline structure and particle shape and size were found to be strongly 
dependent on the calcination temperature and on the ratio of Zr to Ti. XRD analysis showed 
the crystalline structure of the synthesised materials to be significantly affected by the condi-
tions of calcination. As the content of ZrO2 increased, the intensity of the bands correspond-
ing to anatase (TiO2) decreased in favour of those corresponding to tetragonal ZrO2. When 
samples were treated at 800°C, the transformation of anatase to rutile was favoured, although 
a high content of zirconium dioxide retarded that effect. Further increase in the calcination 
temperature led to the transformation of tetragonal ZrO2 to monoclinic.
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Kraleva and Ehrich [61] obtained the oxide systems ZrO2/Al2O3 and TiO2/Al2O3 by the sol-
gel route. They used 2,4-pentanedione as complexing agent and n-butoxide as solvent. The 
precursors of the component oxides were the alkoxides of the respective metals. The molar 
ratio of the precursors was 1:1. An appropriate quantity of the precursors was dissolved in 
the solvent, and the reaction system was stirred continuously for approximately 30 min. A 
complexing agent with a pH of 8 was then added, and the mixture was stirred for another 
5 min. It was then heated to 70°C with the pH maintained at 8 for 10 min. Next, hydrolysis 
was performed by adding deionised water dropwise to the reaction mixture and stirring for 
1 h. The sample was then left to cool at room temperature for 12 h, and then, the solvent was 
removed by pressure evaporation at 110°C. After drying, the system was calcined at 500°C. 
The resulting systems had high specific surface area (320 and 200 m2/g respectively for TiO2/
Al2O3 and ZrO2/Al2O3). The materials differed significantly in terms of crystallinity: the sys-
tem containing titanium dioxide with aluminium oxide was completely amorphous, while 
that of zirconium dioxide with aluminium oxide had a crystalline structure. The synthesised 
materials were also shown to offer excellent performance as catalysts of the conversion of 
ethanol at 600°C, the products being H2 and CO (syngas).

Kraleva et al. [62] used the sol-gel method to obtain TiO2/ZrO2 systems with different con-
tents of ZrO2 (3, 6, 13 and 37% mol.). The synthesised materials were subjected to detailed 
physicochemical analysis. Analysis of their porous structure parameters showed that as the 
content of ZrO2 increased, there was an increase in the BET specific surface area. X-ray spec-
troscopy revealed that the addition of zirconium dioxide also has a significant effect on the 
crystalline structure and the phase composition of the resulting oxide systems. The TiO2/
ZrO2 system obtained with a ZrO2 content of 37% mol., calcined at 550°C, exhibited an amor-
phous structure. It was also observed that as the calcination temperature increased, diffrac-
tion bands appeared corresponding to srilankite—a mineral containing oxygen, titanium and 
zirconium.

2.3. Hydrothermal route

The hydrothermal method is one of the most advanced techniques for obtaining metals and 
their oxides. Hydrothermal synthesis is a non-conventional method defined as crystal syn-
thesis or crystal growth under high temperature and high pressure water conditions from 
substances which are insoluble at ordinary temperature and pressure (<100°C, <1 atm). Water 
may act both as a catalyst and as a component of the continuous phase during synthesis. 
Among the wet chemical preparation methods, the hydrothermal route has been recognised 
as an energy and time saver, with faster kinetics of crystallisation than classic co-precipita-
tion or sol-gel methods. The hydrothermal method has proven to be an excellent method for 
the synthesis of powders, fibres, single crystals, monolithic ceramic bodies, and coatings on 
metals, polymers, and ceramics [63]. By adjusting simple parameters such as temperature, 
pressure or precursor concentration, it is possible to alter the characteristics of the product 
particles, e.g. crystalline phase and particle size. In the hydrothermal method, the tempera-
ture of crystallisation is usually lower than in a typical thermal process. The agglomeration 
of particles can be prevented by carrying out crystallisation under high pressure. The prod-
ucts obtained without calcination and grinding are of high quality. Using this method, it is 
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troscopy revealed that the addition of zirconium dioxide also has a significant effect on the 
crystalline structure and the phase composition of the resulting oxide systems. The TiO2/
ZrO2 system obtained with a ZrO2 content of 37% mol., calcined at 550°C, exhibited an amor-
phous structure. It was also observed that as the calcination temperature increased, diffrac-
tion bands appeared corresponding to srilankite—a mineral containing oxygen, titanium and 
zirconium.

2.3. Hydrothermal route

The hydrothermal method is one of the most advanced techniques for obtaining metals and 
their oxides. Hydrothermal synthesis is a non-conventional method defined as crystal syn-
thesis or crystal growth under high temperature and high pressure water conditions from 
substances which are insoluble at ordinary temperature and pressure (<100°C, <1 atm). Water 
may act both as a catalyst and as a component of the continuous phase during synthesis. 
Among the wet chemical preparation methods, the hydrothermal route has been recognised 
as an energy and time saver, with faster kinetics of crystallisation than classic co-precipita-
tion or sol-gel methods. The hydrothermal method has proven to be an excellent method for 
the synthesis of powders, fibres, single crystals, monolithic ceramic bodies, and coatings on 
metals, polymers, and ceramics [63]. By adjusting simple parameters such as temperature, 
pressure or precursor concentration, it is possible to alter the characteristics of the product 
particles, e.g. crystalline phase and particle size. In the hydrothermal method, the tempera-
ture of crystallisation is usually lower than in a typical thermal process. The agglomeration 
of particles can be prevented by carrying out crystallisation under high pressure. The prod-
ucts obtained without calcination and grinding are of high quality. Using this method, it is 
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 possible to control the shape and size of particles; nonetheless, the process is slow and is 
unsuitable for use on an industrial scale [64].

Chae et al. [65] report the synthesis of titanium dioxide using titanium tetraisopropoxide 
(TTIP) as the precursor of TiO2 in an ethanol–water mixture as solvent. TTIP was added drop-
wise to a mixture of ethanol, water and nitric acid with pH = 0.7. After being well stirred, the 
solution underwent a reaction in a hydrothermal reactor at 240–300°C for 4 h. X-ray diffrac-
tion (XRD) analysis showed that hydrothermal processing at 240–260°C leads to a product 
with the greatest crystallinity, containing an anatase crystalline phase and a small quantity 
of brookite. Increasing the temperature of the hydrothermal reaction above 260°C caused 
the formation of agglomerates of primary particles. The size of the particles was strongly 
influenced by the concentration of the titanium dioxide precursor and by the molar ratio of 
ethanol to water and less so by the temperature and time of the reaction. An increase in the 
ethanol:water molar ratio led to smaller particles; also, when that ratio exceeded 8, a less crys-
talline product was obtained, with a tendency for the formation of aggregates. An increase 
in the concentration of TTIP in the reaction mixture retarded the increase in particle size. 
Porous structure analysis confirmed that smaller particle sizes in the resultant materials cor-
responded to higher specific surface areas.

Zhang et al. [66] used the hydrothermal method to obtain TiO2 nanowires with anatase crys-
talline structure. An appropriate quantity of white TiO2 powder with anatase structure was 
placed in a teflon-lined autoclave, and 10 M NaOH was added up to 80% of the capacity of 
the reactor. The mixture was heated for 24 h at 200°C, and the product was then dried for 6 h 
at 70°C. The resulting material underwent detailed analysis using X-ray diffraction (XRD) and 
scanning, transmission and high-resolution electron microscopy (SEM, TEM, HRTEM). XRD 
analysis confirmed the very high purity of the product. SEM images showed the titanium 
dioxide to have the form of numerous nanowires with uncontaminated surfaces. It was also 
found that the product had an anatase crystalline structure. The obtaining of titanium dioxide 
in nanowire form was conditional on the use of NaOH, which acted as a “soft” matrix and on 
the high process temperature. A lower reaction temperature would favour the formation of 
titanium nanorods. Advantages of the reported process include its low cost, the high purity of 
the products, and the large number of TiO2 nanowires produced.

Caillot et al. [67] carried out hydrothermal synthesis of TiO2/ZrO2 oxide systems. It was deter-
mined how the process conditions affected the morphology, crystalline structure and specific 
surface area of the products. The precursors used were zirconium oxychloride (ZrOCl2∙8H2O) 
and titanium tetrachloride (TiCl4), which were added to a solution of ammonia water 
(NH3∙H2O). Hydrothermal processing took place at a temperature of 220°C under a pres-
sure of 25 bar for 4 h. The resulting sample was dried at 120°C and finally calcined at 500°C 
for 10 h. Thermogravimetric analysis of the TiO2/ZrO2 system following the hydrothermal 
process showed it to have high thermal stability. The diffractogram obtained for TiO2/ZrO2 
following calcination at 500°C indicated an amorphous structure. Porous structure analysis 
showed the oxide system to have a specific surface area of 209 m2/g.

Hirano et al. [68] investigated the catalytic properties and thermal stability of materials con-
sisting of titanium dioxide and zirconium dioxide, obtained by the hydrothermal route from 
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TiOSO4 (titanium(IV) sulphate(VI)) and ZrCl4 (zirconium tetrachloride). Solutions were placed 
in hydrothermal reactors and heated at a temperature of 200 or 240°C for 48 h. The precipitate 
was dried at 60°C. Samples were additionally heated for 1 h at temperatures ranging from 400 
to 1000°C. Diffractograms obtained for samples following hydrothermal treatment at 240°C for 
48 h indicate the increasing presence of the monolithic structure of ZrO2 as the concentration of 
Zr in the initial solution increases. Diffraction bands corresponding to anatase are also visible. 
Transmission electron spectroscopy showed that the addition of ZrO2 causes a decrease in the 
sizes of crystallites. The photocatalytic activity of the products was tested in the decomposition 
of methylene blue (MB) under ultraviolet radiation. The TiO2/ZrO2 systems exhibited higher 
photocatalytic activity than a material consisting of pure TiO2.

2.4. Solvothermal method

The solvothermal method is similar to the hydrothermal method, the difference lying in 
the type of solvent used: in the hydrothermal method it is water, while in the solvothermal 
method, it is a non-aqueous solvent. The range of temperatures used in the solvothermal 
method can be much greater than in the hydrothermal method and depends on the boil-
ing point of the organic solvent used. In the solvothermal method, the control of the shape, 
size and crystallinity of TiO2 particles is easier than in the hydrothermal method. The solvo-
thermal method is considered a universal method for obtaining nanoparticles with a narrow 
range of size distribution. Using the solvothermal method, TiO2 nanoparticles or nanotubes 
can be produced with or without a surfactant [69, 70].

Zhu et al. [71] described a method for obtaining mesoporous TiO2 microspheres by a solvo-
thermal route. The precursor used was titanium tetrabutoxide (TBOT), which was added to 
a solution of polyetherimide (PEI) and anhydrous alcohol. The resulting white suspension 
was transferred to an autoclave, where a reaction was carried out at 180°C for 24 h. The white 
precipitate was then washed with water and ethanol, dried for 6 h at 60°C, and calcined for 2 h 
at 400 or 500°C. The product was analysed using the XRD, SEM, TEM, HRTEM, XPS and BET 
techniques and UV-Vis absorption spectra. Photocatalytic activity was investigated based on 
the reaction of degradation of phenol and methyl orange (MO) under sunlight. Mesoporous 
anatase TiO2 microspheres with high crystallinity were successfully obtained by the solvother-
mal method and exhibited high photocatalytic activity for both phenol and methyl orange.

The solvothermal method was used by Yang et al. [72] to synthesise titanium dioxide from 
titanium(IV) fluoride, which was dissolved in a mixture of deionised water and hydrochloric 
acid (used to stabilise the pH). The mixture was added, together with propan-2-ol and hydro-
fluoric acid, to a teflon-lined stainless steel autoclave. The reactor was placed in an electric 
oven at 180°C for between 5.5 and 44 h. X-ray analysis of the product showed the synthesised 
TiO2 to have an anatase structure. The average particle size in the system was measured by 
scanning electron microscopy at 1.09 μm. Porous structure analysis showed the specific sur-
face area of the titanium dioxide to be 1.6 m2/g.

Oshima et al. [73] used the solvothermal method to obtain TiO2 nanoparticles. Here, a polymer 
gel was used, which enabled strongly dispersed and homogeneous particles to be obtained. First, 
polyvinyl alcohol (PVA) was dissolved in water at 70°C. The reaction mixture was then cooled 
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to room temperature; next, the precursor of titanium dioxide [(NH4)8(Ti4(C6H4O7)4(O2)4∙8H2O] 
was added, and water was evaporated off using microwaves. The resulting polymer gel was 
mixed with ethanol, which served as a solvent, and the mixture was placed in an autoclave 
and heated for 18 h at 230°C. Finally, the product was dispersed in water at 50–70°C. X-ray 
analysis showed that prior to the solvothermal process, the material had an amorphous 
structure, but the diffractograms obtained for the titanium dioxide following solvothermal 
treatment contained peaks indicating formation of the anatase crystalline structure. The par-
ticle size distribution was found by transmission electron microscopy to lie within the range 
4.4–6.8 nm. Physicochemical analysis confirmed the soundness of the method used to obtain 
titanium dioxide, and that it leads to homogeneous particles without a tendency to form 
agglomerates.

Supphasrirongjaroen et al. [74] used the solvothermal method to synthesise TiO2/SiO2 and 
TiO2/ZrO2 systems. It was investigated how the addition of Si or Zr affected the photocatalytic 
activity of the oxide system. Titanium tetraisobutanol (TNB), tetraethoxysilane (TEOS) and 
zirconium tetraisobutanol were used as sources of titanium, silicon and zirconium. Titanium 
dioxide with admixed SiO2 and ZrO2 was obtained by dissolving TEOS and zirconium tetrai-
sobutanol in toluene. The resulting materials were placed in an autoclave (300°C, 2 h). The 
synthesis products were subjected to physicochemical analysis to determine how the process 
temperature affects the photocatalytic activity of the product. It was found that the samples 
treated at room temperature have higher photocatalytic activity. The process temperature 
was also found to have a significant effect on the specific surface area: in almost every case, the 
surface area was larger for the samples that had undergone calcination at 350°C. It was also 
found that the materials containing zirconium exhibited higher photocatalytic activity than 
those with silicon. The researchers concluded that the addition of an appropriate metal can 
improve the physicochemical properties of inorganic materials.

A study of the literature shows that research on the synthesis of advanced materials based 
on titanium dioxide is chiefly focused on the skilful control of processes (through appropri-
ate choices of methods and conditions) serving to generate changes in the properties of those 
materials. Key factors include the selection of appropriate raw materials, optimization of the 
pH of the reaction system, modification of the relative quantities of reagents and selection of 
an optimum temperature for thermal processing. These process parameters make it possible 
to synthesise materials with controlled physicochemical and structural properties, including 
grain size and shape, degree of crystallinity, crystallite size and phase or surface composition, 
as well as chemical and thermal stability. Temperature has a particularly significant effect on 
the crystalline structure of materials based on TiO2, which in turn determines their potential 
applications. This applies both to the calcination temperature and to the conditions of synthesis. 
It is of particular interest to carry out reactions in hydrothermal or solvothermal conditions, 
leading to products not only having a precisely designed crystalline structure—with the use of 
a much lower temperature than in other conventional methods—but also exhibiting a unique 
and diverse morphology. These methods also enable greater control of the size and shape of 
particles. A fundamental weakness of these processes, however, is the difficulty of increasing 
their scale. When selecting an appropriate method for the synthesis of titanium dioxide or 
hybrid materials incorporating it, attention should be given to the possibility of obtaining those 
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products on semi-industrial or full industrial scale. The transfer of optimum conditions of syn-
thesis from the laboratory to larger-scale processes is often problematic and should continue to 
be the subject of intensive research.

3. Titanium dioxide–based hybrid materials as active photocalatysts

Photocatalysis is a phenomenon in which chemical reactions are accelerated by the action of 
light. The most important stage of the process is the light-induced excitation of electrons from 
the valence band to the conduction band. This takes place provided that the energy of the 
incident radiation is equal to or greater than the band gap of the photocatalyst and leads to 
the creation of electrons (e−) and holes (h+). The electrons combine with atmospheric oxygen 
to produce active O2, while the holes combine with water or atmospheric water vapour to 
form OH• radicals. These hydroxide radicals are strong oxidising agents and can thus easily 
oxidise and decompose various organic pollutants (such as oils and fats). The active oxygen, 
on the other hand, triggers reduction reactions. In the photocatalysis process, oxidation and 
reduction reactions occur simultaneously. During photocatalysis, the created electrons and 
holes are subject to surface or voluminous recombination as well as taking part in redox reac-
tions. The process of photocatalysis is affected by a number of factors: rate of reaction, mass of 
catalyst, wavelength, initial reagent concentration and luminous flux [75–80].

A key factor in the process is the photocatalyst used. Many semiconductor materials are avail-
able on the market for use in photocatalysis processes, but efforts are constantly being made 
to develop new materials that are highly active in the visible and near ultraviolet ranges, 
while also being biologically inert and photostable [81]. Among the wide range of photocata-
lysts in use, the most promising material is TiO2, in view of its high photochemical activity. It 
is also regarded as a cheap, nontoxic material that is photostable and chemically and biologi-
cally inert [82].

Research has been carried out to investigate photocatalytic activity using two forms of TiO2: 
anatase and rutile. The amorphous form of TiO2 is considered to exhibit practically no such 
activity [83]. Photocatalytic activity is affected not only by the type of photocatalyst used, 
but above all by its physicochemical properties: specific surface area and pore type, degree 
of hydroxylation of the surface, particle size and degree of agglomeration and the degree of 
crystallinity and number of defects in the crystalline structure [84]. Differences in the per-
formances of photocatalysts are attributed largely to physicochemical properties such as the 
width of the band gap, the rate of recombination of e−–h+ pairs and the number of hydroxyl 
groups on the TiO2 surface.

The phase composition of the studied material is a very important factor in determining the 
photocatalytic activity of TiO2. It has been frequently reported that anatase exhibits much 
greater photoactivity than rutile [85–87]. Tanaka et al. [88] and Kumar et al. [89] have sug-
gested that the higher activity of anatase results from its lower capacity to adsorb oxygen, the 
higher degree of hydroxylation of the TiO2 surface and the high specific surface area, which 
provides more active sites for the adsorption of pollutants. Too high a surface area entails 
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the presence of a large number of structural defects, which means that the recombination 
of charge carrier pairs proceeds much more rapidly. The recombination rate is slowed by a 
larger number of OH− groups on the photocatalyst surface, which trap the holes generated 
[83, 90–92].

Titanium dioxide is the most widely used catalyst for photocatalytic degradation of organic 
compounds, but there are some limitations in using TiO2 for practical applications, which 
include:

• its large band gap;

• its low quantum yield;

• the low photon utilisation efficiency,

• the narrow available light spectrum (UV is the most responsive range).

Various strategies have been adopted for improving or enhancing the photocatalytic effi-
ciency of TiO2 (see Figure 3). These methods can be summarised as either morphological 
modifications, such as increasing surface area and porosity, or chemical modifications, by the 
incorporation of additional components into the TiO2 structure. Modifications include:

• the addition of transition metal ions (such as Cr, V, Zr, Mn, Fe, Mo) [93–96];

• preparation of the reduced form TiO2−x;

• sensitisation using dyes [97–100];

• doping with non-metals (such as N, S, C) [78, 101–103];

• use of hybrid semiconductors such as TiO2/SiO2, TiO2/Al2O3, etc. [10, 104, 105].

Table 3 contains information on selected methods of modifying titanium dioxide.

The absorption spectrum for titanium dioxide can be shifted towards the visible range by 
the incorporation of additional particles which cause significant changes in the material’s 
semiconductor properties. Doping was the first technique used by researchers to modify the 

Figure 3. Various modification methods for titania-based photocatalysts.
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electron structure of titanium dioxide [116]. Foreign ions or atoms are introduced into the tita-
nium dioxide crystalline lattice with the aim of modifying and improving its physicochemical 
properties. The success of the process is largely dependent on the type and the quantity of 
dopant, which usually does not exceed a few percent. Both metals and non-metals may be 
used as dopants in titanium dioxide [83, 117–120].

The incorporation of metals (iron, chromium, tungsten, platinum, etc.) into titanium dioxide 
leads to a reduction in the band gap and thus an increase in absorption of radiation in the 
UV-Vis range. The activity of TiO2 doped with metal ions depends largely on the valence of 
the dopant. If those ions have the same charge as the Ti ion in the crystal, the effect will be a 
change in the interactions between the metal atoms. The incorporation of metal ions of lower 
valence than Ti4+ (Y3+, La3+, Nd3+, Pd2+) favours a change in the size of the band gap and a 
reduction in the density of point defects [121–124].

Reports on the doping of titanium dioxide with iron confirm that the quantity of iron used, 
which may range from 0.05 to 50% Fe, has a significant effect on the increase in photocatalytic 
activity. In this process, a titanium atom in the anatase phase may be subject to substitution or 
else some of the iron atoms are incorporated into the titanium dioxide crystal lattice in anatase 
form to produce a composite, while some aggregates form the oxides Fe2O3 and Fe3O4. The 
doping process leads to the generation of shallow charge traps in the crystal structure, which 
decreases the recombination rate of electron-hole pairs. Introducing iron ions into the TiO2 
lattice not only leads to a lower electron-hole recombination rate but also increases excitabil-
ity by visible light. Titanium dioxide doped with iron exhibits better photocatalytic activity 
under UV and also under visible light irradiation [106, 125–129].

The doping of TiO2 with chromium not only increases its photocatalytic activity but also 
causes the photocatalyst to acquire ferromagnetic properties without losing its conductive 
properties. The enhancement of photocatalytic activity results from the formation of vast 
oxygen vacancies. The oxygen vacancies in TiO2 act as electron traps which can bind the 
photoinduced electrons and play a significant role in inhibiting the recombination rate of 
photoinduced electron-hole pairs [130]. In turn, tungsten can be incorporated into the TiO2 
structure in oxide form (WOx). This enhances the material’s photocatalytic activity by reduc-
ing charge carrier recombination and by increasing light absorption in the visible portion of 
the spectrum [131].

Doping with non-metals is usually carried out to extend the photocatalytic activity of TiO2 
in the UV-Vis range. The introduction of non-metals into the oxygen sub-lattice may cause a 
change in the position of the valence band and thus reduce the band gap. Promising results 
have been obtained by doping titanium dioxide with non-metals such as nitrogen, carbon, 
iodine, sulphur and fluoride. Such doping narrows the band gap or leads to the appearance 
of new internal levels between the valence band and the conduction band [108–111]. When 
TiO2 is doped with nitrogen, the dopant may replace an oxygen ion (in the case of a mate-
rial with anatase structure) or a titanium ion (in the case of a rutile structure) [108, 109]. In 
case of doping with carbon, the dopant may replace oxygen or titanium or else occupy an 
inter-nodal position, depending on the energy of formation of the product and the presence 
of oxygen in the reaction environment. If doping is carried out in oxygen-rich conditions, 
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substitution of carbon for titanium takes place or else it is incorporated in the inter-nodal 
position due to its small atomic size. If the environment contains little oxygen, the carbon 
atom takes the oxygen position, forming the structure C-Ti-O-C [117, 132, 133]. The doping 
of titanium dioxide with iodine, on the other hand, leads to increased visible light absorption 
and increased photocatalytic activity below the visible range. This phenomenon results from 
retardation of the recombination of electron-hole pairs due to the capture of electrons by the 
iodine. Substitution of iodine atoms for oxygen or titanium results in a narrowing of the band 
gap [134]. Doping titanium dioxide with sulphur is more difficult, due to the fact that the 
dopant replaces oxygen in the oxide crystal lattice, and the differences in the radii of the two 
atoms are significant [110, 111].

Reports on the doping of titanium dioxide indicate that a small quantity of dopant will not 
lead to major changes in the porous structure but may cause significant changes in the phase 
composition of TiO2 and in the size of crystallites. In the case of doping with nitrogen, an 
increase in the quantity of the dopant has been found to increase the thermal stability of ana-
tase and to alter the temperature of transformation of anatase to rutile [135–137].

Another method for modifying the electron structure of titanium dioxide is the formation of 
hybrid oxide systems. Among synthetic hybrid oxide systems, TiO2/ZrO2 materials, which 
thanks to the addition of zirconium dioxide have much greater surface area and mechanical 
strength than pure TiO2, deserve special attention. An admixture of ZrO2 prevents the phase 
change of anatase to rutile and causes a reduction in the particle diameter of the resulting 
hybrid. These factors contribute to the improved photocatalytic activity of TiO2/ZrO2 oxide 
systems. There are many publications with information on the application of TiO2/ZrO2 
hybrids in photocatalysis. The use of TiO2/ZrO2 hybrid materials in the photo-oxidation of 
organic compounds or degradation of dyes originating from various industrial processes is 
well known. It also has applications in the photo-reduction of atmospherically harmful oxides, 
like CO2 and NOx, resulting for example from the combustion of fossil fuels. The advantages 
of the TiO2/ZrO2 hybrid are its mechanical strength, nontoxicity and corrosion resistance and 
the ability to conduct photocatalytic processes using sunlight. These advantages may stimu-
late increasing demand for this material in the near future [59, 113, 138].

Zhou et al. [113] determined the photocatalytic properties of a TiO2/ZrO2 system obtained by 
the sol-gel method. Physicochemical analysis showed the products to have an anatase crystal-
line structure. An increase in the molar content of zirconium dioxide leads to a decrease in 
the crystallinity of the resulting materials, while an increase in the temperature of calcination 
increases their crystallinity. The specific surface areas of the materials (for all variant methods 
of synthesis) lay in the range 187.0–219.2 m2/g. Photocatalytic analysis indicated a fall in the 
effectiveness of photocatalysis as the temperature of calcination of the materials was increased.

The sol-gel method was also used by Fan et al. [59] to obtain a TiO2/ZrO2 system. It was found 
that the proposed method led to mesoporous materials with a well-crystallised anatase struc-
ture. The systems were found to have high specific surface areas, in the range 136.9–148.9 m2/g.

Combining titania with zinc oxide can also lead to a hybrid oxide system with good pho-
tocatalytic properties. The resulting material can be used, for instance, in the degradation 
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of organic impurities such as detergents, dyes and pesticides present in various types of 
wastewater. The TiO2/ZnO hybrid material can be synthesised by both physical and chemical 
processes, which enables enhancement of its properties, for example by widening its light 
absorption spectrum. Additionally, the photocatalytic activity of oxides may help reduce the 
susceptibility of pollutants to form aggregate structures [139].

Cheng et al. [140] determined the photocatalytic properties of a hybrid material (UTZ) con-
sisting of 3D nanospherical TiO2 with a “hedgehog” shape and one-dimensional ZnO in the 
form of “nanospindles”. The resulting system was highly homogeneous and contained the 
crystalline structure of anatase (TiO2) and the hexagonal wurtzite structure (ZnO). The TiO2/
ZnO system was found to offer significantly better photocatalytic performance than pure ZnO 
or TiO2 in the decomposition of methyl orange (MO) and nitrophenol. This high photocata-
lytic activity was probably due to the existence of a closely bound heterostructural surface 
between the ZnO and TiO2, enabling charge separation and reducing the rate of recombina-
tion of electron-hole pairs.

The marked improvement in photocatalytic activity in the case of titania/graphene hybrids 
is linked to the fact that the graphene component enables the transfer and/or trapping of 
electrons photogenerated in the oxide semiconductor structure, allowing the holes to form 
reactive sites. Therefore, charge recombination is suppressed, leading to improvement of the 
photocatalytic performance [141].

Yan et al. [114] obtained a novel three-dimensional (3D) reduced graphene oxide/TiO2 (rGO/TiO2) 
hybrid composite by wrapping TiO2 hollow microspheres with rGO sheets via a facile solvother-
mal route using poly(L-lysine) (PLL) and ethylene glycol (EG) as coupling agents. It was con-
firmed that the hybrid materials, containing mixed phases of TiO2 (with content of rutile - 20.8%), 
demonstrate higher photocatalytic activity in the decomposition of MB dye. Ni et al. [142] syn-
thesised high-photoactive GP strongly wrapped three-dimensional anatase TiO2. The prepared 
material demonstrated excellent photocatalytic activity under UV irradiation for the degrada-
tion of MB, much higher than that of commercial P25 titania. Similar results were presented by 
Thomas et al. [115], who synthesised high-performance functionalised FLG (FFLG) decorated 
with TiO2 photocatalyst, by simple mixing without any calcination or high-pressure treatment. 
The FFLG/TiO2 system produced a higher rate of degradation of Rhodamine B (Rhd B) as com-
pared with pure TiO2 nanoparticles and FLG-TiO2 (non-functionalised FLG).

Although titanium dioxide is an excellent candidate for photocatalytic applications, due to its 
band gap size, nontoxicity, chemical stability, inert nature and relatively low cost, it is sub-
ject to certain limitations, chiefly resulting from its relatively low activity in the visible light 
range and its high exciton recombination rate. For this reason, much research is carried out 
with the aim of improving and reinforcing the photocatalytic activity of TiO2 and increasing 
its spectral sensitivity. This may be achieved by modifying TiO2 during or after its synthesis, 
with the choice of a suitable method of activation (doping with metals or nonmetals, coupling 
with other semiconductor materials, increasing its crystallinity by calcination, or synthesis of 
hybrid materials). These solutions can lead to a material with enhanced photocatalytic prop-
erties, including increased sensitivity in the UV and visible light ranges, and with reduced 
recombination rate due to the provision of charge traps. New research trends also relate to 
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the combination of TiO2 with polymers or various forms of carbon nanotubes, fullerenes, gra-
phene oxide (GO) or reduced GO (R-GO), with the aim of obtaining multifunctional materials 
with a wide range of applications. With this in mind, it should be emphasised how many 
opportunities and technological solutions are available for implementation with the goal of 
obtaining unique titania-based materials.

4. Titanium dioxide derivatives as effective electrode materials

Recent years have seen intense development in research aimed at seeking new materials and 
design solutions to enable further progress in the technology of lithium-ion batteries, which 
are seen as one of the leading technologies for energy storage. Currently, the greatest chal-
lenge in the design of these batteries is to find an optimum combination of cathode and anode 
materials, as these largely determine the cell’s parameters, including capacity, voltage, revers-
ibility of the charge/discharge reaction, and chemical stability. The electrode materials must 
not only be compatible with each other but also should form a synergic system together with 
the electrolyte and separator [143–145].

Among a range of available materials, titanium dioxide and its derivatives have recently 
gained popularity as anodes for Li-ion batteries because they allow the design of operational 
devices with only minor safety concerns. This class of materials offers improved chemical and 
thermal stability, low cost, biocompatibility, relatively high surface area and porosity, a broad 
electrochemical window, rate capability and enhanced cyclic performance by virtue of their 
superior electrical conductivity. These features make titania-based derivatives a good candi-
date to replace the commonly used carbon (graphene) as an anode material in LIBs. However, 
limitations include the low capacity, low electrical conductivity, poor rate capability and poor 
cycling performance of titanium dioxide. Much research has been carried out to overcome 
the difficulties related to the use of TiO2 as an electrode material. Numerous scientific centres 
worldwide are working on ways of improving the electrochemical behaviour of titania and 
its derivatives. The chief aim is to enhance the electronic conductivity by producing differ-
ent titania nanostructures to increase its capacity through the incorporation of selected metal 
oxides into its structure. Another approach is to combine or coat TiO2 with carbonaceous 
materials or to introduce anionic or cationic dopants to form more open channels and active 
sites for Li ion transport [143–149].

Moreover, the electrochemical performance and the lithium intercalation/de-intercalation 
processes of titania-based materials typically depend on their crystallinity, structure, mor-
phology, particle size and surface area. In particular, it has been found that nanostructured 
titanium oxide leads to better capacity, longer cycling life and higher rate capability than the 
bulk materials. Titania has several allotropic forms, the best-known being tetragonal rutile 
and anatase, and orthorhombic brookite. Even though anatase has been considered the most 
electroactive form, other allotropes such as rutile and brookites are also widely studied for 
potential use as anodes. Moreover, synthesis of this type of system can effectively improve 
their capacitive performance by creating products with excellent high-rate cycling ability and 
stability. The application of such hybrid materials as anodes in lithium-ion batteries should 
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lead to charge redistribution in the lattice, facilitate the diffusion of Li+, and finally increase 
lattice defects and conductivity [145–152].

Kubiak et al. [153] investigated the electrochemical performance of a mesoporous TiO2 syn-
thesised via a sol-gel method utilising an ethylene glycol-based titanium precursor in the 
presence of an amphiphilic molecule as the templating agent. The obtained material presents 
pure anatase TiO2 without the presence of other phases, with a monomodal pore diameter 
close to 5 nm and BET surface area of 92 m2/g. The mesoporous anatase titania shows excellent 
rate capability (184 mAh/g at C/5, 158 mAh/g at 2C, 127 mAh/g at 6C, and 95 mAh/g at 30C) 
and good cycling stability. The authors concluded that the electrochemical performance of 
anatase titania was determined not only by surface area and crystallite size but also by meso-
pore size. The presence of mesopores was important for high-rate performance and favour-
able to electrolyte ion transport.

Mancini et al. [154] found that new Cu or Sn/mesoporous anatase electrodes offer excellent 
electrochemical performance, especially in terms of fast insertion/extraction capacity. The 
capacity after 200 cycles is 123, 147 and 142 mAh/g for uncoated, Cu-coated and Sn-coated 
anatase electrodes, respectively, with capacity retention of about 80% for all electrodes. 
The good electrochemical behaviour of metal/mesoporous anatase TiO2 is ascribed to the 
combined effects of mesopores and the electronically conductive metal layer. Moreover, the 
metal coating provides a lower polarisation of the electrodes, which indicates faster kinet-
ics of the electrochemical processes. The researchers suggested that a thin metal coating 
may be a very promising method in the development of high-rate electrode materials for 
Li-ion batteries.

Kubiak et al. [155] produced nanosized rutile TiO2 via a hydrolytic sol-gel route, apply-
ing a glycerol-modified precursor in the presence of an anionic surfactant. The proposed 
methodology led to rutile whiskers, which agglomerated to cauliflower-like aggregates of 
several micrometers, with a BET surface area of 181 m2/g. This interesting morphology of 
rutile titania favours contact between the active material and the electrolyte. The obtained 
material shows excellent electrochemical performance in terms of capacity, cyclability, 
stability and reversibility, especially at high charge/discharge rates. The authors demon-
strated that this high rate capability can be ascribed to shorter transport lengths for both 
electronic and Li+ transport, as well as a larger electrode/electrolyte contact area due to the 
high surface area.

Mesoporous anatase TiO2 was synthesised via a urea-assisted hydrothermal method by Jung 
et al. [156]. The authors investigated the influence of thermal treatment of mesoporous TiO2 
at 300, 400 and 500°C on its electrochemical performance. The prepared material was found 
to consist of monophasic TiO2 sub-microspheres with uniform particle size (ca. 400 nm), a 
crystallite size of 14 nm and a BET surface area of 116 m2/g. The capacity for the mesoporous 
TiO2 calcined at 400°C after 80 cycles is 154 mAh/g, with capacity retention of about 94.5%. It 
was concluded that the large surface area introduced by the highly porous nano-structured 
building blocks of each TiO2 sub-microsphere assisted in creating an easy and shorter diffu-
sion pathway for ionic and electronic diffusion. These results indicate the good power perfor-
mance of the synthesised material.

Advanced Hybrid Materials Based on Titanium Dioxide for Environmental and Electrochemical...
http://dx.doi.org/10.5772/intechopen.69357

169



Zhang et al. [157] showed that hierarchical nanostructures and composition play key roles 
in the electrochemical performance of TiO2 hollow microspheres used as anode materials. 
Mesoporous hollow TiO2 microspheres with controlled size and hierarchical nanostructures 
were synthesised by hydrothermal methods. The results show that the hollow microspheres 
composed of mesoporous nanospheres exhibit a very stable reversible capacity of 184 mAh/g 
at 0.25C and an extremely high power of 122 mAh/g at the high rate of 10C. It was also shown 
that the hollow structure and large mesoporous channels of the material facilitate electrolyte 
transportation and lithium ion diffusion, and the small mesopores and small-sized nanopar-
ticles increase the lithium storage capacity.

Metal oxides are one of the promising classes of materials to replace graphite anodes for LIBs, 
because these materials have diverse chemical and physical properties and can deliver high 
reversible capacities between 500 and 1000 mAh/g. The electrodes of metal oxides, which 
have high specific capacity, are prone to fail during their reaction with Li ions during the 
charge and discharge processes. To prevent these failures, TiO2 is introduced into these elec-
trodes to form TiO2/metal-oxide composites. The TiO2/metal-oxide composites for LIBs most 
commonly combine TiO2, which has good cycling performance and capacity for LIBs, with 
other metal oxides with high capacity for LIBs such as SiO2, ZnO, ZrO2, etc [154, 155, 158].

Opra et al. [159] obtained nanostructured Zr-doped (1 at.%) TiO2 (anatase) via a template sol-
gel method on carbon fibre. The obtained material consisted of microtubes (length 10–300 μm, 
outer diameter 3–5 μm) composed of nanoparticles with a size of 15–25 nm. Moreover, 
Zr-doped TiO2 shows significantly higher reversible capacity (140 mAh/g) after 20-fold cycling 
at a rate of 0.1C in the range 3–1 V in comparison with undoped titania (65 mAh/g). It was 
reported that the transport of Li+ ions depends significantly on the structural characteristics 
of titania [17]. When Zr4+ ions are incorporated into the anatase structure, the difference in the 
ionic radii of the metal ions increases the lattice parameters and creates defects. The creation 
of defects leads to charge redistribution in the titania lattice and increases the conductivity 
(according to EIS results).

Gao et al. [160] reported the successful production of TiO2/ZnO nanocomposite arrays for 
lithium-ion battery application. The sandwich-like TiO2/ZnO framework with 3D intercon-
nected construction shows stable cycling performance with a specific capacity of 340 mAh/g 
at a current density of 200 mA/g after 100 cycles. The authors noted that the uniform decora-
tion of ZnO nanoparticles onto the TiO2 nanosheet arrays plays a significant role in advancing 
their electrochemical performance.

Siwińska-Stefańska and Kurc [161] used a novel TiO2-SiO2-ZrO2 (TSZ) ternary oxide system 
(with a TiO2:SiO2:ZrO2 molar ratio of 8:1:1) synthesised via a sol-gel route as an anode material 
in a Li-ion battery. They combined titania with silica, which can react with a low discharge 
potential and can store a large quantity of lithium ions, as well as with zirconia, which is capa-
ble of suppressing SEI formation and enhancing electron transport to improve electrochemical 
performance. The specific discharge/charge capacity of the TSZ electrode is about 175 mAh/g.

Unique TiO2 nanotube arrays (TNAs) grafted with MnO2 nanosheets were synthesised as a 
Li-ion battery anode by Zhu et al. [162]. The obtained composite combines the advantages 
of both MnO2, with its high capacity (1230 mAh/g), and TNAs, with excellent cycle stability 
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and superior electrical conductivity. Sample TM-10 demonstrated a capacity of 610 mAh/g 
at a current rate of 350 mA/g and a capacity of 385 mAh/g at a rate of 700 mA/g even after 
700 cycles. It was proved that the layer thickness of MnO2 has a major impact on electro-
chemical performance.

Research on anode materials for lithium-ion batteries has also been focused on carbonaceous 
materials and transmission semiconductors such as TiO2. Carbonaceous materials have high 
stability, but low volumetric capacity, mainly due to their large initial irreversible capacity. 
Metal oxide semiconductors have many advantages as electrode materials, including robust-
ness, chemical and thermal stability, low cost, biocompatibility, and relatively high electronic 
conductivity. The synthesis of mesoporous oxide semiconductors like titania has become an 
important issue in the construction of smart nanosensors with electrodes decorated by metal 
oxides [163–166].

Qiu et al. [167] synthesised a mesoporous TiO2/graphene composite using graphene oxide 
(GO) and cheap TiOSO4 as precursors, via a facile one-step hydrothermal route. The obtained 
material exhibited a high discharge capacity (141.7 mAh/g) at the current density 5000 mA/g, 
an impressive value which is among the highest measured for any TiO2/graphene composite. 
The authors suggested that the conductive graphene in the composite may facilitate electron 
transfer and contribute to the higher rate capability of the TiO2/graphene composite electrode 
compared with the blank TiO2 electrode.

Carbon-coated TiO2/SiO2 nanocomposites (CTSO) were produced using a simple hydrother-
mal approach by Zhang et al. [168] as anode materials for lithium-ion batteries. The CTSO 
anode exhibits superior high-rate capability and excellent cycling performance. The specific 
capacity of the obtained material is much higher than that of pure TiO2 and silica-modified 
TiO2 without carbon nanocoating (TSO), which indicates that the material and structural 
hybridisation has a positive synergistic effect on the electrochemical properties. CTSO (0.05) 
presented the best cyclability, with 264 mAh/g retained after 270 cycles at 30 mA/g, and supe-
rior high-rate performance (233 mAh/g at 150 mA/g after 600 cycles, and even 167 mAh/g at 
300 mA/g after 1000 cycles).

Siwińska-Stefańska and Kurc [169] reported on the synthesis, electrochemical properties and 
performance of a new type of microsized titania/graphene oxide (TA/GO) composite applied 
as a new anode material in lithium-ion batteries. The material was characterised by the pres-
ence of microsized particles with anatase and rutile structure, and a BET surface area of 
6.2 m2/g. The specific discharge and charge capacities of TA/GO electrodes are approximately 
1850–2010 and 2050–2100 mAh/g, respectively. Strong Ti–O–C chemical bonds give the com-
posite resilient strength to facilitate the ordered assembly of TiO2 nanoparticles and formation 
of a mesoporous structure with a high tap density, enable the rapid transport of Li ions and 
electrons within the composite structure and maintain a stable mesoporous structure during 
the discharge/charge process of the resultant LIBs.

Mesoporous TiO2/CNTs 3D conductive network hybrid nanostructures were synthesised using 
a facile PEO-aided self-assembled process by Wang et al. [170]. The material  demonstrated 
high Li storage capacity, superior rate performance and excellent long-term cycling stability. 
Mesoporous TiO2/CNTs exhibits a reversible specific capacity of 203 mAh/g at 100 mA/g and 
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a stable capacity retention of 91 mAh/g at 8000 mA/g (47.6C) over 100 cycles. The obtained 
material also retained approximately 90% (71 mAh/g) of its initial discharge capacity after 
900 cycles at an extremely high rate of 15,000 mA/g (89C).

As this review of the subject literature shows, the search for new electrode materials is the 
subject of ongoing worldwide research efforts. The work is largely oriented towards the devel-
opment of new types of batteries with high energy density and cyclability, and with as fast a 
charging rate as possible. The search for new electrode materials, and modification of existing 
ones, to achieve increased electrical capacity and the possibility of operation over a wider range 
of potentials relative to the lithium electrode is part of a current trend in scientific research.

Based on the current state of knowledge and our own research, we foresee continued growth 
in research work oriented towards the synthesis of functional materials containing titanium 
dioxide. Studies to date show that the obtaining of such materials is particularly impor-
tant from both a theoretical and a practical standpoint. The good availability of methods 
for obtaining titania-based systems, their interesting physicochemical properties and their 
broad range of possible applications mean that these materials are coming to be used more 
and more widely in various branches of industry. Also of key importance is the synthesis 
of hybrid materials aimed at improving the physicochemical properties of TiO2, including 
through the careful control of the quantities of particular components. This creates a wide 
area for potential research and represents an alternative to the popularly used methods of 
synthesis. Research in this area is directed towards obtaining functional materials with not 
only photocatalytic but also antibacterial properties, offering defined electrochemical or bar-
rier effects. Also being intensively developed are combined methods, such as the microwave-
assisted sol-gel process, which also introduce interesting theoretical considerations regarding 
the synthesis of titania-based materials. This creates better possibilities for control of the syn-
thesis and of the physicochemical parameters of the products.

Analysis of the literature review presented confirms the justification for the continuation of 
research into the synthesis of functional materials based on TiO2.
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Abstract

TiO2 has been shown to be a potential candidate for photoinitiated processes, such as dye 
sensitized solar cells and water splitting in production of H2. The large band gap of TiO2 can 
be reduced by functionalizing the oxide by adsorbing dye molecules and/or water reduc‐
tion/oxidation catalysts, by metal/nonmetal doping, and by mixing with another oxide. Due 
to these methods, several different TiO2‐based complexes can be constructed having differ‐
ent geometries, electronic structures, and optical characteristics. It is practically impossible 
to test the photocatalytic activity of all possible TiO2‐based complexes using only experi‐
mental techniques. Instead, density functional theory (DFT)‐based theoretical simulations 
can easily guide experimental studies by screening materials and providing insights into 
the photoactivity of the complexes. The aim of this chapter is to provide an outlook for cur‐
rent research on DFT‐based simulations of TiO2 complexes for dye sensitized solar cells and 
water splitting applications and to address challenges of theoretical simulations.

Keywords: density functional theory, ab‐initio molecular dynamics, photocatalyst, TiO2, 
dye sensitized solar cells, water splitting

1. Introduction

Emergent technologies and the demand for alternative energy sources, which do not produce 
greenhouse gases as a byproduct lead to a growing awareness in using those renewable sources 
already provided by nature, such as sunlight. The ideal goal is to emulate the photochemical 
process with which the plants convert H2O and CO2 into O2 and carbohydrates by absorbing 
photons in the energy range between 3.3 and 1.5 eV (visible spectrum). Scientists then aim 
at designing new catalysts that can employ the easily available sunlight and convert it into 
chemical energy, without depending on the activation energy generated by traditional fuels.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



In 1938, for the first time, Goodeve and Kitchener [1] demonstrated the photocatalytic activity 
of the TiO2 surface, which can produce oxygen by absorbing UV light thus leading to the pho‐
tobleaching of dyes. This study has initiated many others toward discovering photocatalytic 
reactions that can be catalyzed by TiO2. The success of this material is also justified by its high 
stability, low cost, no side effects on humans and environment, and ease in large‐scale usage. 
In spite of the promising properties of TiO2, the photocatalytic activity of the bare surface 
is not optimal, due to the too large energy gap [2]. This limits the photons’ absorption and 
induces the fast recombination of the photogenerated carriers [3]. While these drawbacks sig‐
nificantly hinder the effective application of the pristine material, several possible solutions 
have been envisioned by considering surface modifications, such as composite semiconduc‐
tor coupling, metal/nonmetal doping, and functionalization by means of different types of 
adsorbates [4]. For instance, Zn‐porphyrin adsorbed on the TiO2 surface reduces the threshold 
for the photons’ absorption, and by allowing the fast electron injection toward the substrate, 
slows down the charge recombination process [5].

Among many photocatalytic applications of functionalized TiO2 surface, water splitting for 
H2 production and dye sensitized solar cells (DSSCs) are among the most widely studied top‐
ics. Although the increasing number of promising studies is going to build photocatalytically 
efficient and robust several TiO2‐based materials, in this field, the support of the theoretical 
approach to explore the properties of possible candidate materials is essential. The investiga‐
tion of proper atomistic models of the systems of interest, possibly including the electronic 
structure characterization and reproducing the relevant processes, can significantly help the 
screening of materials. In particular, it is necessary to understand the nature of the adsor‐
bate‐substrate interaction, and providing insights into the photoactivity prior to extensive 
experimental efforts. The aim of this chapter is to review the current progress and challenges 
in density functional theory (DFT)‐based simulations of functionalized TiO2 surfaces, includ‐
ing rutile, anatase, and TiO2 nanoparticles, with respect to the applications in photocatalytic 
water splitting and DSSCs.

2. Overview on density functional theory

DFT is developed by Hohenberg, Kohn, and Sham [6, 7] in 1964 as a minimization problem of 
the ground state energy as a function of electron density. The approach is to solve any fully 
interacting problem by mapping it to a noninteracting problem introducing exchange‐correla‐
tion functional, see Eq. (1).

  E =  T  s   [ ρ(r ) ]+J [ ρ(r ) ]+∫  v  ext  (r ) ρ(r ) dr +  E  xc   [ ρ(r ) ]  (1)

where   T  
s
    [  ρ  (  r )    ]     is the kinetic energy of the noninteracting system,  J  [  ρ  (  r )    ]     is the classical Coulomb 

repulsion energy,  ∫  v  
ext

  (r ) ρ(r ) dr  is the interaction of the external potential acting on the elec‐
trons, and   E      

xc
      [  ρ  (  r )    ]     term is the exchange and correlational energy. All of these terms are called 

functionals and they depend on the electron density  ρ(r ) , i.e., the number of electrons per unit 
volume.
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Electron density can be expressed in many ways [8]; however, Gaussian and plane wave for‐
malism is shown to be significantly efficient for the description of the orbitals [9]. A localized 
Gaussian basis set positioned at each atom is used to expand the Kohn‐Sham orbitals and an 
auxiliary plane wave basis set is used to describe the electron density, thus improving the 
computational performance in the calculation of the Coulomb interactions. This scheme is 
shown to be a suitable choice for large‐scale DFT simulations [10, 11].

Although the achievement in introducing electron density depends on the total energy instead 
of the electron wave function formalism and providing simple, universal, and self‐consistent‐
field description of the ground‐state electronic structure, any practical usage of DFT requires 
an accurate description to the exchange and correlational effects,   E      

xc
      [  ρ  (  r )    ]    , see Eq. (2).

   E  xc   [ ρ(r ) ]= ( V  ee   [ ρ(r ) ]− J [ ρ(r ) ])+(T [ ρ(r ) ]−  T  s   [ ρ(r ) ])  (2)

where  T  [  ρ(r ) ]     is the kinetic energy of the interacting system and   V      
ee

      [  ρ(r ) ]     is the nonclassical 
interaction between electrons. Although the exact analytic expression of the exchange‐cor‐
relation functional is not known, approximations to these terms have been demonstrated to 
be able capture most of the physical/chemical properties of many systems from the solid state 
to the liquid state.

Many methods have been proposed to calculate exchange‐correlation contribution to the total 
energy [12]. One of the most commonly used ones is the generalized gradient approximation 
(GGA), where the exchange and correlation energy depends on both electron density and its 
gradient [13]. This method includes semiempirical functionals that consist of one or more 
parameters fitted to experimentally observed quantities. Perdew‐Burke‐Ernzerhof (PBE) [14] 
and Becke exchange/Lee‐Yang‐Parr correlation (BLYP) [15] are the most popular semiempiri‐
cal functionals. These functionals are successfully applied to many systems from metals to 2D 
self‐assemblies [16]. However, it is shown that they fail to reproduce some of the experimen‐
tally observed properties of oxides accurately, due to the incorrect description of electronic 
localization by standard DFT [17]. The problem is the incomplete cancellation of the Coulomb 
self‐interaction in GGA functionals, which leads to stabilization of electron delocalization 
[18]. For instance, PBE density functional is shown to be quite good to capture structural 
properties of both bulk phase and the surface of TiO2; however, band gap of bulk TiO2 is pre‐
dicted as 1.74 eV [19] which significantly underestimates the experimentally measured band 
gap of 3.2 eV [20]. Therefore, for electronic structure analysis and band alignment of oxides 
one should go beyond GGA [21].

One of the commonly applied methods to overcome the failure of GGA is to use hybrid den‐
sity functionals that mix exact exchange from Hartree‐Fock exchange [22] and correlation 
from GGA. Applying hybrid functionals removes some of the self‐interaction error and favors 
localized electronic states by reducing the barrier to the localization [23]. Including orbital 
analogue of exchange formalism in hybrid functionals often improves the accuracy of the 
simulations; however, computational cost increases by at least an order of magnitude with 
respect to the pure GGA formalism. The most popular hybrid functionals are, e.g., HSE06 [24] 
and PBE0 [25]. The band gap of the bulk TiO2 is calculated to be 4.21 eV [26] and 3.35 eV [21] 
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by PBE0 and HSE06, respectively. Although larger band gaps are obtained for semiconduc‐
tors using hybrid functionals, one should carefully choose the exchange‐correlation formal‐
ism since significantly larger band gaps can also be obtained, e.g., PBE0.

For most of the photocatalytic applications of TiO2, a photosensitizer or an active catalyst is 
adsorbed on the surface in which case both chemical and physical interactions play a role on 
the adsorption geometry or stability of the complex. For instance, it is shown that cis/trans 
coordination of the ligand with respect to anchoring group adsorbed on anatase TiO2 (110) 
surface affects binding mode of the dye which likely arises due to the dispersion interactions 
[27]. It is well known that the exchange‐correlational functionals suffer for a poor descrip‐
tion of dispersion interactions or van der Waals interactions. To increase the accuracy of the 
simulations the missing dispersion interactions can also be incorporated into DFT. One way 
is to add dispersion energy correction term, Grimme‐D3 [28], which calculates pairwise inter‐
actions between atomic species and shows usual 1/r6 asymptotic behavior, on top of the total 
energy obtained by DFT.

Using DFT, one can optimize structures, determine the most stable adsorption geometries, 
calculate corresponding adsorption and interaction energies, and extract electronic proper‐
ties. Electronic structure can be analyzed by calculating projected density of states, which also 
provides energy band gaps, schematic representation of molecular orbitals, charge distribution 
maps, and charge density difference maps. On the other hand, the exploration of the conforma‐
tional space at finite temperature is obtained by running ab‐initio molecular dynamics simula‐
tions (AIMD) [29] through the generation of trajectories of several picoseconds. Phase‐space 
trajectories are generated via numerical integration of equations of motion. Due to the advances 
in the electronic structure calculations, forces can be derived directly from the electrons without 
any empirical parameters. Within the Born‐Oppenheimer approximation [30], electrons are fully 
decoupled from the nuclear motion at each MD step. Nuclei is subsequently propagated accord‐
ing to the forces obtained from the electronic structure calculation from timestep to timestep.

Although there are significant contributions to the modeling of materials/devices using many 
simulation methods, such as time‐dependent density functional theory (TD‐DFT) [31] or 
quantum mechanics‐molecular mechanics (QM/MM) [32], it is beyond the scope of this chap‐
ter to give a complete overview of all studies with different simulation techniques. Therefore, 
the following sections will focus on theoretical simulations of DSSC and water splitting using 
DFT, sometime in combination with AIMD.

3. Theoretical simulations for photocatalytic applications of TiO2

The photoinitiated reactions can be performed using TiO2 as a substrate‐like film having 2–3 μm 
thickness with 4–10 μm surface area [33], supported on another material, or in the form of 
nanoparticles ranging from 10 to 300 nm [34] depending on the preparation conditions [35]. 
There are three main stable crystal phases of TiO2 rutile, anatase, and brookite, that being inter‐
ested in heterogeneous catalytic processes. We consider the interactions at the TiO2 surfaces, 
and that the most stable surfaces, i.e., the exposed surfaces of TiO2 films or nanoparticles are the 
rutile (110) and anatase (101) surfaces [36]. Among these surfaces, the most stable one is known 
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to be the rutile and this is also the reason why it is easier to grow high quality single crystal thin 
films of rutile exposing the (110) surface [37]. Regarding the electronic structures, the band gaps 
of rutile and anatase are very similar, ≈3.2 eV; in the case of nanoparticles, some effects due to the 
finite size might appear, for example, the band gap increases slightly and becomes 3.35 eV [38].

For photocatalytic applications of TiO2, the anatase phase is often preferred to the rutile phase 
because of its higher activity [39]. This characteristic is attributed to the its larger conduction 
band (CB) edge energy [40]. On the other hand, the comparison of DSSC performance of rutile 
and anatase films shows that their voltage and current characteristics are very similar. The 
overall solar energy conversion efficiency of rutile is only a few percentage lower than the 
efficiency of the anatase cell [41]. Given the relatively small difference in activity, rutile and 
anatase phases are the most widely explored phases of TiO2. Therefore, in the following sec‐
tions, we are going to consider only the anatase and rutile TiO2 polymorphs.

3.1. Dye sensitized solar cells

3.1.1. Historical overview

DSSCs are obviously an important and promising application area of TiO2, converting pho‐
ton energy to electric energy. The very first examples of DSSCs have been developed in 1954 
by Rappaport and coworkers [42]. Gallium arsenide (GaAs)‐based p‐n junctions, which 
are formed by joining n‐type and p‐type semiconductors, were proposed providing a solar 
energy conversion efficiency of 6%. The main drawback of such a system has always been its 
high fabrication cost on a large scale, thus preventing its commercialization. In 1991, O'Regan 
and Grätzel [43] proposed the today’s known modern photovoltaic cell based on a n‐type 
highly porous layer of TiO2 film coated with a monolayer of dye molecules. This system can 
be produced at a much lower cost and it mimics photosynthesis providing a photon energy 
conversion efficiency of 7% under sunlight and 12% under diffuse natural light. Dye mol‐
ecules absorb photons in the visible light region, while TiO2 nanoparticles are employed to 
harvest the excited electrons from the dye’s conduction band. The large band gap of TiO2 is 
overcome by anchoring the dye to the TiO2 exposed surfaces by means of properly chosen 
linking groups, dyes to the device are chemically stabilized on oxide nanoparticles by anchor‐
ing groups, for instance by carboxylates. Another advantage with respect to the GaAs‐based 
photovoltaic cells is the extremely thin layer of dye molecules on a TiO2 substrate which facil‐
itates photosensitization and the electron injection into the TiO2 conduction band with an 
efficiency of close to unity [44]. The early discovery of these interesting features and of the 
advances obtained by the efficient combined dye/TiO2 systems, the research in this area has 
been strongly supported and it has led to significant progress in the field of photovoltaics.

3.1.2. Working principle of DSSC

A schematic representation of the most common TiO2‐based DSSC is shown in Figure 1(a) 
where the working principle of DSSC is also illustrated. A transparent conductive oxide (TOC) 
layer, commonly treated with a glass sheet, is the anode that is exposed to photons in the  visible 
 spectrum [45]. A mesoporous layer of TiO2 nanoparticles is deposited over the TCO layer. In 
order to facilitate the photosensitization, dye molecules having relatively small band gap are 
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chemically bonded to the surface of TiO2 nanoparticles. The environment is filled with an electro‐
lyte solution, typically consisting of acetonitrile as a solvent and iodine/triiodide (I−/I3

−) as a redox 
couple. The electrolyte is responsible for the regeneration of the dye molecules. The cathode part 
consists of TOC and an effective catalyst, generally Pt, to collect electrons from the anode.

Exposure to sunlight leads to charge separation in the dye molecules, thus generating excited 
electrons (e−) in the conduction band (CB) and electron vacancies, holes (h+) in the valence 
band (VB) of the dye. The photogenerated electrons are injected into the TiO2 CB, thanks to 
the characteristic ultrafast electron transfer (fs timescale) [47]. Through the oxide, the electrons 
can be transferred to the TOC at the anode part [48]. This is known as the indirect mechanism. 
The direct electron injection from the VB of dye into the CB of TiO2 is also possible which is 
reported to be faster than an indirect mechanism [49]. Transferring electrons from the anode 
to the cathode creates an electric current. The photogenerated holes in dye molecules combine 
with the electrons in 3I−, oxidizing 3I− to I3

−. The electrons at the Pt cathode reduce I3
− to 3I− so 

that regeneration of the electrolyte solution is also completed. Thanks to this working prin‐
ciple, solar energy is converted to an electric current in a complete cycle.

In order to be efficient, the described devise has to satisfy some essential conditions. The 
absorption spectra of the photosensitizers should have a good overlap with the whole solar 
light spectrum and some of the near‐infrared regions. Moreover, the dyes should have high 
molar extinction coefficient, which is a measure of how strongly a substance absorbs light at a 
given wavelength per molar concentration. The dye’s chemical stability is an another impor‐
tant feature, which affects the lifetime of the device. This can be achieved by chemically link‐
ing dyes and semiconductors using anchoring groups. In addition to the chemical stability, 
properly chosen anchoring groups might also strengthen the degree of coupling between the 
dyes and oxides thus enhancing the electron injection into the semiconductor CB [50].

It is necessary for a photosensitizer to promote electron injection into TiO2 layers efficiently. 
The dye’s LUMO has to be aligned correctly if the anchoring group is present, then also its 
LUMO alignment matters, in particular it has to be energetically close to the dye’s LUMO and 
probably partially overlapping. Besides, the LUMO of the dye should be higher than the CB 
edge of the oxide to make the electron injection possible. To achieve proper regeneration of 
the dye, its highest occupied molecular orbital (HOMO) should be below HOMO of the redox 
mediator, see Figure 1(b) for illustration of the complete charge transfer mechanism.

Figure 1. DSSC schematic (left) structure and (right) working principles. TCO stands for transparent conducting oxide. 
Reprinted with the permission from Ref. [46]. Copyright (2012) American Chemical Society.
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3.1.3. Insights on DSSC components

Dye molecules are relatively well understood with respect to the complex surface structures 
of TiO2 phases. The commonly used photosensitizers are either metal‐free organic donor‐
acceptor dyes, such as polythiophenes [51], polypyrroles [52], azobenzene, catechol, and 
anthraquinone [53] or transition‐metal based ligand complexes, such as Ru‐polypyridyl mol‐
ecules [54]. The metal‐free organic dyes have large  π  conjugation leading to  π‐  π   *   transitions 
following the photon absorption. Higher extinction coefficients can be obtained by functional‐
izing metal‐free organic dyes using different donor‐acceptor groups, introducing heteroaro‐
matic groups, or changing the number of double bonds in the dye structure thus enabling 
absorption spectra tuning [33]. Recent advances in designing purely organic dyes adsorbed 
on nanocrystalline TiO2 result in achieving solar to power conversion efficiency of 9.5% using 
indoline dye by Ito et al. [55] and 9.8% using thienothiophene conjugated chromophore by 
Zhang et al. [56]

Transition metal‐based dyes show higher efficiencies with respect to their fully organic coun‐
terparts. This is attributed to their capability of absorption in large spectrum range from the 
visible to the near‐infrared regime. The ligand system, i.e., polypyridyl‐based or phthalo‐
cyanine‐based, can be complexed with a chosen transition metal, i.e., Ru, Zn, Mg, and Co. 
The possibility of long‐lived metal‐to‐ligand (MLCT),  d‐  π   *  , or ligand‐to‐ligand (LLCT),  π‐  π   *  , 
charge transfer once exposed to solar light makes them promising candidates for DSSC appli‐
cations. However, all these advantages come with a cost, such as the presence of expensive 
transition metal, i.e., Ru, and rather difficult synthesis and purification steps. Nontoxic and 
cheap natural dyes that are already present in vegetables and fruits are another possibility to 
consider. However, unlike synthetic dyes, their recorded efficiency is only around 2% [57].

As already stated, dye molecules are bound to the TiO2 surface by anchoring groups to 
enhance chemical stability of the complex. The anchoring groups should be well chosen, since 
the presence of water in electrolyte solution may weaken the binding strength of the anchors 
to the TiO2 surface thus leading to desorption of the dye molecules. Phosphonate groups have 
been proposed for anchoring Ru‐dye/TiO2 complex and shown to be better candidates than 
carboxylates [58]. Formic acids are another common example of anchoring groups used in 
DSSCs [59]. In addition to chemical stability, anchoring groups also affect the degree of cou‐
pling between the dye and the semiconductor, which promotes/hinders electron injection into 
oxide CB. It is shown that strong coupling between Ru‐based dyes and TiO2 nanoparticles 
anchored by carboxylates leads to an electron injection on femtosecond timescale. On the 
other hand, SnO2 and ZnO thin films having lower density of states coupled to a dye/anchor‐
ing group have much slower electron injection time with respect to TiO2 [60].

3.1.4. Simulation studies for DSSC

Up to date, Ru‐based dyes such as N3 and N749 are the most widely investigated dyes with 
recorded efficiency of 11.4% [61]. Labat et al. [62] studied the electronic and structural proper‐
ties of N3 dye on anatase (101) surface using DFT. As depicted in Figure 2 while computed 
orbitals of the HOMO and HOMO‐1 are centered on N3 dye and correspond to a   t  2g   −  π   *   inter‐
action between Ru and the ligand, the LUMO is distributed over anatase slab. This picture 
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suggests a favorable electron transfer from the HOMO of the dye to the LUMO of the TiO2. 
Schiffmann et al. [27] modeled N3, N712, and N719 dyes adsorbed on anatase (101) surface in 
the presence of solvent acetonitrile using AIMD. Results indicate that the dyes that are doubly 
bound to the pristine anatase surface have higher stability. On the other hand, addition of 
surface protons changes adsorption geometry and mixed bidentate and monodentate binding 
modes become more favorable. Similarly, the modeling of protonated/deprotonated different 
N749/(TiO2)28 structures shows that the complexes with deprotonated dye molecules are more 
favorable with higher adsorption energies [63]. Lundqvist et al. [50] investigated the effects 
of several spacer unit and anchoring group combinations on the interfacial electronic cou‐
pling between a set of RuII‐(tpy)2 dyes and (TiO2)46 nanocrystal. Calculations show that while 
the strongest coupling is observed using a carboxylic acid anchoring group without a spacer 
unit, the weakest coupling is observed with the combination of the phosphonic acid anchor 
group and phenylene spacer group. A good comparison of the calculated structural and elec‐
tronic characteristics of several Ru‐based dyes and their interactions with TiO2 is available in 
a recent review [64].

Although Ru‐based photosensitizers are very often explored in the literature because of their 
specific photophysical characteristics and their better performance [65, 66], there are other 
studies which try to replace expensive Ru metal with cheaper transition metals, such as Fe, 
Cu, and Co. The experimental study of Ferrere and Gregg [67] investigating Fe(II)bipyridine 
molecule adsorbed onto nanocrystalline TiO2 films reveals the substandard performance 
of Fe‐based dyes. The low performance of Fe‐based dyes is attributed to the weaker ligand 
field which prevents MLCT state populations. While the strong ligand field in Ru‐based dyes 
results in having nanoseconds to microseconds lifetime of excited states, excited state lifetime 
in Fe(II)bipyridine is shown to be only around ps timescale. In spite of the lower performance 
of the cheaper transition‐metal deposited dyes, there are several theoretical studies investigat‐
ing structural and electronic properties of the most promising ones.

Figure 2. Calculated (a) LUMO, (b) HOMO, and (c) HOMO‐1 crystalline orbitals for the bridging adsorption mode of 
N3/TiO2\rm_22. Isovalues: |0.040| and |0.007| for HOMOs and LUMOs, respectively. Reprinted with the permission 
from Ref. [62]. Copyright (2010) American Chemical Society.
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Guillemoles et al. [68] modeled the Os‐based polypyridyl dyes with different linker groups 
(CN− vs. NCS−) and in different environments (gas vs. aqueous solution). Their study shows 
the effects of linker groups and environment on the structural and electronic properties of the 
dyes. Although in the gas phase the Os‐CN− distance becomes shorter than Os‐NCS− due to 
the better electron donation character of CN−, aqueous solution leads to contraction of Os‐CN− 
(Os‐NCS−) bonds and increases the Os‐pyridine distances. Calculated HOMO has contribu‐
tion from both Os and the linkers, while the LUMO is located on the bipyridyl ligand with   
π   *   character. Shalabi et al. [69] compared the optimized structures of Zn‐based porphyrin 
(ZnPor) and porphyrazin (ZnPz) macrocycles and their energy gaps using DFT. They showed 
that band gap becomes narrower for ZnPz with respect to ZnPor by more than 0.8 eV, which 
suggests that light harvesting efficiency can be increased by replacing porphyrin ligand with 
porphyrazin. Lu et al. [70] compared the electronic structures of several polypyridyl‐based 
dyes with Cu and Ru metal centers. HOMO‐LUMO gaps of all considered Cu‐based dyes 
are within the range of 2.41–2.93 eV providing properly aligned energies of the HOMO and 
LUMO with respect to the electrolyte solution and the CB of TiO2, respectively. The optical 
characteristics of Cu and Ru‐based dyes are shown to be similar in this study thus providing 
motivation for the future works on abundant metal‐centered dyes.

Fully organic dyes are the alternative of the transition metal deposited ones. One of the widely 
studied metal‐free dyes is catechol. The band gap of catechol, ≈4.2 eV, is larger than the TiO2 
band gap; however, it is shown that the absorption spectra of the catechol/TiO2 complex have 
an intense band at 2.95 eV [71]. This observation is explained by a direct electron injection 
into the CB of TiO2 from the catechol VB [72]. A DFT study by Persson et al. [73] attributes the 
reason of direct electron injection to the occupied  π  level of the catechol at the lower end of 
the anatase band gap. In terms of adsorption geometry, it is shown that two possible stable 
catechol monolayer structures present on the rutile TiO2 (110) surface are monodentate only 
or mixed monodentate‐bidentate configurations [74].

Oprea et al. [75] investigated several coumarin‐based dyes adsorbed on different sizes of ana‐
tase (101) nanoparticles. Preferential adsorption mode of the coumarin dyes is determined 
as bidentate bridging which results in localization of the HOMO state on the dyes and the 
LUMO on the substrate. De Angelis et al. [76] modeled squaraine dye adsorbed on anatase 
(101) slab in water environment using AIMD. They showed that adsorption mode of squara‐
ine changes from bridged bidentate to a monodentate as simulation time evolves. After 6 ps, 
however, squaraine is desorbed from the surface due to the strong solvent reorganization 
which weakens the binding strength of the anchoring group, carboxylic acid.

3.2. Photocatalytic water splitting

Molecular hydrogen has the highest specific energy content as compared to other energy 
carriers such as electricity and biofuels, conventional fuels such as coal and oil or renew‐
able energy sources as, for example, wind and biomass. Dihydrogen is also environmentally 
friendly because, the waste product after its reaction with pure dioxygen is only water. These 
features make H2 a potential candidate for energy carrier in the near future. One of the dihy‐
drogen generation methods is photochemical water splitting [77]. Several transition metal 
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deposited catalysts such as porphyrin‐derived molecules [78], cobaloximes [79], pyrphyrins 
[80], and molecules with polypyridine ligands [81] have been used for hydrogen evolution in 
homogeneous environment. Alternatively, to prevent photogenerated charge recombination 
and stabilize the system and reaction intermediate heterogeneous systems have been widely 
investigated.

Water splitting on the bare TiO2 surface is thermodynamically allowed; however, due to the 
large overpotential for both H2 and O2, the reaction is kinetically hindered. Therefore, the 
pristine TiO2 surface is inactive for water splitting and needs to be functionalized with metals/
nonmetals, large macrocyclic molecules, or mixed with other types of oxides. Several studies 
deduce the design criteria for an efficient overall water splitting devise based on TiO2 which 
can be summarized, as its valence band maximum should be more positive than the oxida‐
tion potential of water and its conduction band minimum should be more negative than the 
reduction potential of a proton [82].

In 1972, Fujishima and Honda [83] carried out the successful and inspiring experiment of 
water splitting using TiO2 as a photoanode. In a closed circuit photoelectrochemical cell, pho‐
togenerated electron and hole pairs move to the TiO2 surface where water molecules are oxi‐
dized to generate O2 and resultant protons are combined with electrons at the cathode, Pt, 
to generate H2. The correlation has been observed between the band gaps of the photoanode 
and its water splitting activity. If the band gap becomes closer to the free energy of the water 
splitting reaction, 1.23 eV, then the efficiency of the photoelectrochemical cell becomes rela‐
tively high, around 41%. Efficiency drops to 18% for a band gap of 2 eV. Further increase in 
the band gap, 3 eV, results in dramatic decrease in the efficiency of the cell, 0.05% [84]. These 
results engender band gap tuning of TiO2 by taking advantage of several methods, as dis‐
cussed below.

An alternative to the photoelectrochemical cells proposed by Fujishima and Honda [83], two 
other widely explored methods of water splitting using TiO2 have been recommended. One 
method is to use transition metal‐deposited TiO2 nanoparticles together with another metal 
oxide. An example is depicted in Figure 3(a) where photon absorption is followed by charge 

Figure 3. (a) Photosplitting of water on a composite catalyst. (b) Photosplitting of water: sacrificial donor effect. Reprinted 
with the permission from Ref. [85]. Copyright (1995) American Chemical Society.
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separation in TiO2 and photogenerated electrons and holes are transported into Pt for H2 gen‐
eration and RuO2 for O2 evolution, respectively. This design results in a substantial decrease 
in overpotential of the reaction [85]. Another proposed method is to use sacrificial agents to 
remove one of the photogenerated products. An illustration is shown in Figure 3(b) where 
CH3OH is used as a sacrificial specie. While photogenerated holes are injected into CH3OH 
which afterwards oxidizes water, excited electrons in TiO2 CB reduces water to H2 [85]. This 
system focuses on half reactions, either water reduction via sacrificial electron donor or water 
oxidation via sacrificial electron acceptor [86].

Prior to reviewing theoretical studies of water splitting on functionalized TiO2 surfaces, it is 
useful to first give a closer examination of the interactions between water molecules and the 
pristine TiO2 surface. It is shown that water molecules prefer to adsorb on oxygen vacancies of 
the rutile (110) surface [87]. Water adsorption is followed by a proton transfer to the adjacent 
two‐coordinated surface oxygen thus leading to a formation of hydroxy radical on the surface 
[88]. Zhao [89] calculated adsorption and decomposition energies of water molecules on dif‐
ferent rutile surfaces, such as (110), (100), and (001) using DFT. While dissociative adsorption 
of water is more favorable on the (110) surface, the activation energy of the water dissociation 
is largest on the (100) surface. Calculations by Hahn et al. [90] showed that the employed 
adsorbate coverage affects the favored adsorption mechanism of water molecules. While at 
low coverage water molecules tend to dissociate on the rutile (110) surface, increasing cover‐
age leads to an associative adsorption. Investigating interactions between water and bare TiO2 
surface is a fundamental research; however, for photocatalytic water splitting TiO2 surface has 
to be functionalized, as stated earlier.

Adsorption of large macrocyclic water reduction/oxidation catalysts on the TiO2 surface is 
shown to be a promising way of achieving the water splitting reaction. In this regard, Monti 
et al. [91] proposed a model system of Ru‐based catalyst/antenna/TiO2 complex for water 
splitting and investigated proton coupled electron transfer dynamics of the catalyst in water 
solution using AIMD. Results show that a water molecule binds to the Ru center and after 
1.9 ps of simulation, time proton transfer from the attached water molecule to the closest 
one in the solution is achieved. Gurdal et al. [21] modeled adsorption of co‐deposited pyr‐
phyrin (CoPyr), a water reduction catalyst [80], on the rutile TiO2 (110) surface using DFT. 
The band gap of the complex is decreased by more than 1.5 eV with respect to the bare sur‐
face. Additionally, the catalytic properties of CoPyr are preserved upon adsorption since the 
adsorption process does not lead to strong modifications of the electronic structure at the 
Co(II) active center.

Alternative complexes, metal/nonmetal deposited TiO2 structures, are investigated by many 
groups. Phase stabilities of Fe, Al, Si, and F deposited rutile and anatase phases of TiO2 are 
compared using DFT [92]. Results show that while cationic dopants in Ti lattice sites stabilize 
anatase slightly more than rutile, anionic doping with F substantially reduces the phase sta‐
bility of the anatase. Modeling Pt, Ru, and Co ions doped anatase TiO2 (001) surface shows 
that band gaps of the complexes decrease in the order of deposition of Co (by 1.8 eV), Ru (by 
1.7 eV), and Pt (by 0.4 eV) [93]. Nucleation and growth mechanism of Ru clusters on the ana‐
tase TiO2(101) surface reveals that in addition to decrease in the band gap, an electron accu‐
mulation at the metal/oxide interface is observed due to the electron flow from Ru to TiO2 [94].
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There are also other studies that focus on designing water splitting systems by mixing TiO2 
with another metal oxide. Graciani et al. [95] modeled water adsorption on the Ce2O3 doped 
rutile TiO2(110) surface. Results show that the proposed mixed‐metal oxide has a  promising 
ability to dissociate water exposing an exothermic dissociation energy of −0.7 eV with a 
small activation barrier of 0.04 eV. A relatively larger system is investigated by Pastore and 
De Angelis [96] who modeled TiO2/Ru‐dye/IrO2 complex using DFT. In the designed complex 
Ru polypyridyl dye, acting as a linker between the oxides, is attached to both the anatase 
TiO2(101) and IrO2 surfaces via phosphonic acid and malonate groups, respectively. Figure 4 
shows the orientation of the Ru‐dye with respect to the oxides. Electronic structure analysis 
shows that both the HOMO and LUMO are located on IrO2 showing a metallic‐like character. 
While the occupied molecular orbitals of the dye are located within the IrO2 VB, its unoccu‐
pied orbitals are distributed over the CB of both IrO2 and TiO2.

4. Challenges of DFT‐based simulations

In order to understand the physical properties of TiO2 complexes and develop photocatalyti‐
cally active and efficient devices, one has to use adequate theoretical methods. Although DFT 
is a powerful tool to analyze and screen TiO2‐based complexes for photocatalytic applica‐
tions, it also has some limitations. Accurate results can be obtained by increasing system size, 
i.e., increasing layers of the TiO2 slab. While the thickness of the slab has to be sufficient to 
reproduce the correct behavior at the surface and increase the calculated accuracy, increasing 
system size also increases computational effort. In the case of AIMD runs required computa‐
tional source becomes even more expensive than DFT calculations. Therefore, one needs to 
find a compromise between the accuracy and the computational cost. In this regard, Harris 

Figure 4. Optimized molecular structure of Ru‐dye in its partially deprotonated form, grafted to the (TiO2\rm_22)2\
rm_{82}2 cluster (a), to the (IrO22\rm_22)2\rm_{56}2.2H2\rm_22O nanoparticle (b), and tethered  across the TiO2\rm_22 
and IrO2\rm_22 systems, (c). Reprinted with the permission from Ref.~\cite{pastore2015} Copyright (2015) American 
Chemical Society
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and Quong [97] proposed a method named “25% rule” to determine the sufficient slab thick‐
ness that should be used in the simulations.

As already stated, the other issue is the uncertain forms of the exchange‐correlation func‐
tionals which limit the accuracy and cause a dilemma in trusting obtained results. Though, 
several methods beyond DFT are developed and  successfully used to increase the accuracy 
of the calculations, such as random phase approximation and Green function theory [98, 99].

In spite of several limitations, in both the accuracy of the DFT description and the size of feasi‐
ble models, this approach seems to be the most appropriate one so far. Constant improvement 
in computational algorithms together with rapidly increasing computer power, DFT, and 
AIMD are robust methods used to gain preliminary knowledge on the systems and supervise 
experimentalists to build promising materials for photocatalytic applications.

5. Conclusions

Search for renewable energy sources leads scientists to benefit from sunlight and convert pho‐
ton energy to chemical/electric energy using TiO2‐based materials. Although photocatalytic 
water splitting and DSSC applications are accomplished using TiO2 surface, large band gap of 
the oxide limits absorbing photons in the visible spectrum thus hindering device efficiency. 
Therefore, functionalizing TiO2 surface by adsorbing photosensitizers and/or water reduc‐
tion/oxidation catalysts, by metal/nonmetal deposition, or by mixing with other oxides, the 
optical response of the complex can be shifted from UV to the visible region. This is the crucial 
requirement in designing promising, robust, and scalable photocatalysts toward water split‐
ting and DSSC applications.

Together with the improvement in the computational power, today, DFT is an important 
tool to obtain optimized geometries of the complexes, analyze electronic structures, model 
many spectroscopic techniques, determine intermediate states of the reactions, and so on. In 
particular, it is powerful for modeling several TiO2‐based materials and testing their physi‐
cal/chemical/optical characteristics for photocatalytic applications. Although there are some 
limitations in DFT, several new exchange‐correlation density functionals and van der Waals 
correction schemes have been proposed to increase the flexibility and accuracy of the model. 
Using DFT, all phases of TiO2 surfaces, i.e., rutile, anatase, and TiO2 nanoparticles can be 
modeled. The outcome of the simulations serves as an initial knowledge on the systems for 
scientists without experimental effort.
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Abstract

Heterogeneous catalysis is a topic very studied in science. Its application in technologies
of energy conversion, water purification, chemical synthesis, car catalytic converter and
so on is studied. Recently, the TiO2 material in anatase and rutile phases has been used
extensively in photocatalytic systems; its band-gap is localized in visible and ultra-violet
spectra, proportioning a good material for generation of chemical radicals. Nowadays,
the density functional theory (DFT) is shown as a great tool to simulate all types of
materials and the possibilities to simulate bulk and surfaces of materials importance in
last few decades. Recently, quantum periodic calculations based on DFT methods have
been widely used to simulate materials and the main functionals applied are PBE, PBE0
and B3LYP; they are important for doping and adsorption theoretical investigations and
are present in various simulation programs, such as, Crystal, Wien, Vasp and others.
This methodology has investigate the influence of dangling bonds, cationic and anionic
doping, charge transfer, surface energy and more quantum properties. Quantum chem-
istry tools, in particular, DFT methods, are key points to develop high quality research
and technology once theoretical calculations are important to guide and understand the
molecular design in photocatalysis.

Keywords: solid state, chemistry of materials, simulation, electronic structure, bulk,
surface, optical property
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1. Introduction

Over the last few decades, the field of photocatalysis has assumed a remarkable importance in
environmental topics, mainly on technologies based on the capability of use of the main
supply of energy on Earth: solar irradiation. In this case, the solar light can be used to activate
a chemical process of radicals species, destroy undesired compounds or be transformed in
chemical energy; for example, hydrogen production from H2O [1, 2]. The aim of this field was
initially motivated by the oil crisis, which promoted the research about alternative energy
sources. In addition, the concern about pollution has attracted a recent economical, political
and scientific interest because of the toxicological potential of recalcitrant compounds for
environmental contamination, as well as for animal and human health. Thus, eco-friendly
methods became a fundamental topic, being the advanced oxidation processes (AOPs) the
most powerful tool to destroy recalcitrant synthetic species due to high reactive potential of
photoinduced radicals, which allows the extinction of a wide range of compounds [1, 3, 4].

Nowadays, heterogeneous photocatalysis proved its efficiency to degrade chemical contami-
nants through a photoinduced reaction in the presence of a semiconductor photocatalyst. This
method was originated in the decade of 1970 when Fujishima and Honda described the water
splitting by photoelectrochemical cell containing TiO2 [5]. Posteriorly, the scientific and tech-
nological interest in such methods has exponentially increased, TiO2 being the widely used
semiconductor material for charge carriers generation due to the photostability, chemical and
biologically inert nature, availability and low cost. Such material can be found/synthetized in
anatase, rutile and brookite phases, anatase being a polymorph, the most prominent candidate
for photocatalytic applications. Anatase TiO2 is an n-type semiconductor with indirect band
gap of around 3.2 eV. Several reasons were proposed to explain the higher photocatalytic
efficiency of anatase polymorph, such as increased surface area, –OH group concentrations
and electronic structure features. In particular, the electronic features have been shown as
the key advantages of anatase TiO2 mainly related to the band edge positions, which allow
the reduction or oxidation of protons from water creating –OH radicals as intermediate in the
photo-oxidation reactions to break organic compounds because of high oxidation poten-
tial [1, 6, 7].

However, due to large band gap (3.2 eV), anatase TiO2 absorbs only UV light above 400 nm,
which amounts for 4–5% of the solar photons. To enable the effective use of solar radiation in
photocatalytic process with TiO2, much effort has been directed to the narrowing of band gap
from UV to the visible spectra range. Such efforts include the crystal shape engineering and the
doping or co-doping process. Recently, a lot of theoretical and experimental studies have been
developed to investigate metals (Fe, Cr, V, Mo, Re, Ru, Mn, Co, Rh) and non-metals (N, S, B, C, F)
doping effects on electronic structure of anatase TiO2 photocatalysts [7–9]. In the metal doping
process, the theoretical and experimental reports suggest that a redshift of the band gap occurs
due to the insertion of a new electronic band closer to the conduction band minimum (CBM)
improving the photocatalytic properties. Despite narrowing of the band gap, foreign cations
frequently act as recombination center, suggesting that significant improvements in the
photocatalytic efficiency are possible only at low concentration of dopants [10–12]. Alternatively,
the coupling of TiO2 with another semiconductor (SnO2, WO3, CdS and others) is commonly
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used as an approach to improve the photocatalytic efficiency through the band structure
mismatch, which allows a physical separation between the photoinduced charge carriers, reduc-
ing the recombination rate. On the other hand, for non-metal doping, there are three different
main opinions about the band-gap narrowing that can be related to the shift of valence band
maximum (VBM), creation of impurity levels or oxygen vacancies [7–9].

Therefore, the main challenge in titania-assisting photocatalytic process remains on the tailor-
ing of their electronic structure in order to improve and stabilize the photoinduced reactions.
From a lot of experimental and theoretical researches, it is possible to investigate the
understating of the main features of these complex reactions, such as the control and engineer-
ing of band gap, band edges, charge transport and recombination rate. In this aspect, theoret-
ical analyses are helpful due to the precision of quantum mechanics-based methods to predict
structural-electronic properties and its changes from chemical compounds. For example,
recently it was published in manuscripts announcing the reliability of density functional
theory (DFT) methods to research the band structure distribution, band-gap evaluation and
engineering, electron-hole transport and dielectric constant, which are key properties of semi-
conductor photocatalytics. Besides the theoretical endeavor to investigate and predict bulk,
surface chemistry, electronic structure and other properties have played a fundamental role in
the understanding of morphological transformations and crystal growth, as well as for adsorp-
tion and reaction phenomena [13–15].

In this chapter, we propose a theoretical point of view about the photocatalytic properties of
TiO2, focusing on the evaluation of electronic structure parameters for both bulk and surface-
oriented materials. The following sections are dedicated to explain (i) the mechanism of titania-
assisted photocatalytic properties, (ii) benchmark of DFT methods on the investigation of
photoinduced properties and (iii) theoretical results and discussion for different TiO2 models.

1.1. Basic mechanism of TiO2 photocatalysis

Photo-driven processes, such as used in photocatalytic and photovoltaic devices, are based on
the conversion of light energy into other forms of energy such as electricity (solar cells) or
chemical compounds (photocatalysis, water splitting, CO2 reduction and others). These tech-
nologies, mainly photocatalytic processes, require the semiconductor electronic structure for
the light absorption and conduction of the photoinduced charge carriers. In a molecular point
of view, the general mechanism behind such devices can be divided in three steps: (i) light
adsorption; (ii) electron-hole dissociation and (iii) charge carriers dynamic [1, 2, 13].

In the first step, commonly described as light adsorption, the light interacts with the electronic
structure of the semiconductor. In this case, the light wavelength must be equal to or higher
than the band gap, the energy difference between VB and CB, to promote an electron (e�) from
the VB to CB, inducing an electronic vacancy in the VB, denominated as hole (h•). The electron-
hole pair interacts through a Coulomb attraction and plays a fundamental role in subsequent
steps, controlling the photocatalytic efficiency of semiconductors. Especially for sunlight
absorption, an optimum band gap is required due to the light wavelength commonly found
in solar radiation. For the solar-driven photocatalysis, the optimum band gap belongs to the
range between 1.6 and 2.5 eV. In addition, for photoinduced reactions, another compromise
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needs to be achieved: besides the band-gap value, the energy of the electron/hole should be
high enough to perform the given reactions. These chemical potentials depend on the position
of energy levels in the semiconductor, which is one of the key advantages of TiO2 among other
semiconductors because both the reduction of protons (ENHE(H

þ/H2) ¼ 0.0 ev) and the oxida-
tion of water (ENHE(O2/H2O) ¼ 1.2 ev) can be activated simultaneously. Moreover, the super-
ficial –OH groups can act as donor species to generate OH• radicals that have a very high
oxidation potential, which enables the subsequent reactions used in chemical decontamina-
tion [1, 6, 9, 13].

Another important feature associated with the optical excitation corresponds to the band-gap
nature, which plays an important role in the absorption coefficient of the semiconductor. For
semiconductors the band gap can be direct or indirect, depending upon the localization of the
VBM and CBM along the Brillouin zone. In photocatalysis, the band-gap nature is important in
the recombination of photo-generated electrons and holes due to differences in the electron
decay from CBM. For semiconductors with direct band gap, such as rutile TiO2, the recombi-
nation of the charge carriers emits a photon once the CBM and VBM are located in the same k
vector. However, for indirect band-gap semiconductors such as anatase, the recombination is
assisted by a phonon due to the difference between CBM and VBM, making the direct recom-
bination difficult between excited electrons and holes, which results in an increased electron-
hole lifetime. As a key result, the diffusion rate and the reaction time of the excited electron
hole in indirect semiconductor also increase, making them promising candidates with superior
photocatalytic performance than direct semiconductors [16, 17].

In the next step, the electron and hole have to be dissociated to obtain free charge carriers,
which will be used in the electron transport of the device. This dissociation depends on the
electron-hole binding energy (Eb) that is inversely proportional to the semiconductor dielectric
constant. If we assume that the electron-hole dissociation will be made by the thermal energy,
Eb should be lower than kBT (kB ¼ Boltzmann constant and T ¼ absolute temperature) around
25 meV at room temperature, and the semiconductor must have a dielectric constant around
10. For TiO2, both rutile and anatase polymorphs have a superior dielectric constant, which
enables a lower binding energy between the electron holes, making the dissociation eas-
ier [13, 16].

The final step corresponds to the diffusion of free charge carriers. In this step, the electron and
the hole are transported to their active sites where they will be used before the recombina-
tion [1, 6, 13, 16]. The diffusion (D) is strictly related to the mobility (μ—Eq. (1)) of the charge
carrier which in turn is linked to the effective mass (m*) and the collision time (τ) of the charge
carrier (Eq. (2)). Therefore, D is increased if the effective mass of the photogenerated carriers
becomes lighter resulting in enhanced photocatalytic efficiency. Furthermore, the ratio
between the effective mass of electrons (me

*) and holes (mh
*) is a powerful tool to predict the

electron/hole pair stability with respect to the recombination process. In this case, a larger
effective mass difference induces distinct mobility, which reduces the electron-hole pair recom-
bination, increasing the photocatalytic efficiency [13, 14, 17, 18].

D ¼ kBT
e

ð1Þ
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μ ¼ e
τ
m

ð2Þ

However, the simulations involving scattering process are very expensive and the evaluation
of mobility of charge carriers requires an alternative approach. The effective mass can be
associated with the band curvature at the top of the VB or at the bottom of CB. For a single
isotropic and parabolic band, the effective mass can be obtained through the expression:

1
m

¼ 1
ħ
∂2E
∂k2

ð3Þ

Therefore, me
* can be obtained by fitting the bottom of the conduction band, whereas mh

*

corresponds to the fitting along the top valence band. In order to acquire the validity of the
parabolic approximation within the CBM and VBM regions, the parabolic fitting must be done
within an energy difference around 26 meV near to the CBM and VBM, corresponding to the
thermal dissociation energy of carriers at room temperature [18, 19].

2. Theoretical methods and density functional theory

The theoretical methods based on quantum mechanical simulations are an important tool to
evaluate material properties, mainly at the molecular level. Historically, the development of
new materials to technological applications appears as a difficult task which requests a long
time of studies. Meanwhile, the theoretical-computational method plays the traditional role of
study of materials already discovered. However, the technological advancement is extremely
dependent on development of new materials, once such materials are responsible for the
improvement of available technologies. Front of such need, the theoretical methods helped
chemists and physicist on the development materials at higher speed; it was possible once the
theoretical investigation provides the materials characteristic and the limitations to its applica-
tions [20–22]. A large number of computational methods is available for investigation of
material properties; however, in the last three decades, the use of DFT has changed the world
because it offers an excellent relation between results precision and calculation time. The
importance of this theory on material investigation is evidenced by the number of manuscripts
based on its application since is very superior than the number of manuscripts based on
Hartree-Fock (HF) and semi-empirical methods simulations as for inorganic chemistry as for
organic compounds [20, 21, 23].

2.1. Density functional theory

The material properties can be evaluated through several computational approaches, such as
molecular dynamics, ab initio methods and semi-empirical methods. The calculations based on
molecular dynamics evaluated the system properties based on the behavior of ball-and-springs
model under application of a force external field to atoms representation. In turn, the ab initio
and semi-empirical methods employ different approaches to solve the Schrödinger Equation
and for the obtainment of system wave function (Ψ) [24]. Particularly, the DFT system inter-
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pretation is not based on wave-function (Ψ), once it assumes the system total energy as a single
functional of electronic density (ρ). Poorly, this theory can be simplified in two basic postu-
lates [24, 25]:

i. The density functional (ρ) determines exactly and completely all the ground state prop-
erties for a system. Thus, ρ is only dependent on three variables that determine the
position (x, y and z);

ρ x, y, zð Þ ¼ E0 ð4Þ

ii. Any function for electronic density will have energy greater than or equal to the ground
state energy for a real system.

E νð Þ ρ0
� �

≥ E 0ð Þ ρ0

� � ð5Þ

Nevertheless, the analytical function for electronic density is not yet known and the electronic
density is obtained by HF equations for achievement of ρ by a self-consistent field (SCF)
method. Hence, the HF method is very similar to DFT so that the difference lies in the
equation's formalism. Although this similarity was observed, the DFT shows highest precision
and low time (computational cost) regarding HF simulations due to number of variables in
each methodology. The HF and semi-empirical methods employ a high number of variables for
a system investigation; the number of variables is in the 4n order, where n refers to the number
of electrons in the system. In turn, DFT is dependent on three variables [20, 22, 24, 25].

Actually, the quantum calculation based on DFT applied the theorem developed by Kohn and
Shan (KS) in 1965; the KS equation describes all the functional theories (Eq. (6)) and their
representation for molecular orbitals (Eq. (7)). In such equations, ∇2 is the kinetic energy for
non-interacting electrons; u(r) refers to classic Coulomb potential for a density of n electrons; d
refers to the system space and ϕ corresponds to molecular orbital [26]. The KS equation was
applied on two different systems; the first considers that there are no interactions between
electrons, whereas the other assumes that such interactions are observed. The obtained results
for both systems indicate a significant difference of energy between them. In order to correct
this difference, the exchange-correlation term (EXC) was inserted in DFT formulism; the
EXCconsists of the sum of kinetic and potential energy difference between interacting and
non-interacting systems. In terms of system interpretation, this energy refers to 1% of system
total energy, and its physical meaning is the interaction between electrons in the investigate
compound. Thus, DFT describes 100% of system total energy.

EKS ¼ � 1
2

X
i

ð
d3rφ�

i rð Þ∇2φi rð Þ þ
ð
d3r

1
2
u rð Þ þ Vext rð Þ

� �
ρ rð Þ þ EXC ρ

� � ð6Þ

� 1
2
∇2 þ Vef f rð Þ

� �
φi rð Þ ¼ EKS

i rð Þφi rð Þ ð7Þ

Titanium Dioxide216



pretation is not based on wave-function (Ψ), once it assumes the system total energy as a single
functional of electronic density (ρ). Poorly, this theory can be simplified in two basic postu-
lates [24, 25]:

i. The density functional (ρ) determines exactly and completely all the ground state prop-
erties for a system. Thus, ρ is only dependent on three variables that determine the
position (x, y and z);

ρ x, y, zð Þ ¼ E0 ð4Þ

ii. Any function for electronic density will have energy greater than or equal to the ground
state energy for a real system.

E νð Þ ρ0
� �

≥ E 0ð Þ ρ0

� � ð5Þ

Nevertheless, the analytical function for electronic density is not yet known and the electronic
density is obtained by HF equations for achievement of ρ by a self-consistent field (SCF)
method. Hence, the HF method is very similar to DFT so that the difference lies in the
equation's formalism. Although this similarity was observed, the DFT shows highest precision
and low time (computational cost) regarding HF simulations due to number of variables in
each methodology. The HF and semi-empirical methods employ a high number of variables for
a system investigation; the number of variables is in the 4n order, where n refers to the number
of electrons in the system. In turn, DFT is dependent on three variables [20, 22, 24, 25].

Actually, the quantum calculation based on DFT applied the theorem developed by Kohn and
Shan (KS) in 1965; the KS equation describes all the functional theories (Eq. (6)) and their
representation for molecular orbitals (Eq. (7)). In such equations, ∇2 is the kinetic energy for
non-interacting electrons; u(r) refers to classic Coulomb potential for a density of n electrons; d
refers to the system space and ϕ corresponds to molecular orbital [26]. The KS equation was
applied on two different systems; the first considers that there are no interactions between
electrons, whereas the other assumes that such interactions are observed. The obtained results
for both systems indicate a significant difference of energy between them. In order to correct
this difference, the exchange-correlation term (EXC) was inserted in DFT formulism; the
EXCconsists of the sum of kinetic and potential energy difference between interacting and
non-interacting systems. In terms of system interpretation, this energy refers to 1% of system
total energy, and its physical meaning is the interaction between electrons in the investigate
compound. Thus, DFT describes 100% of system total energy.

EKS ¼ � 1
2

X
i

ð
d3rφ�

i rð Þ∇2φi rð Þ þ
ð
d3r

1
2
u rð Þ þ Vext rð Þ

� �
ρ rð Þ þ EXC ρ

� � ð6Þ

� 1
2
∇2 þ Vef f rð Þ

� �
φi rð Þ ¼ EKS

i rð Þφi rð Þ ð7Þ

Titanium Dioxide216

The main characteristic of EXCis the possibility of description by several forms dependent on
what exchange-correlation functional was employed. Thereby, the choice of a functional to
describe EXC has a giant effect on material properties evaluation, as offering better results and
as offering a reduction in computational cost. The first functionals are called local functionals
and are based on an electron cloud model to represent the system electronic density; among its
class of functionals, stands out the local density approximation (LDA)/local spin density
approximation (LSDA) and generalized gradient approximation (GGA) [20, 22, 25, 27, 28].
Further ahead, the use of hybrid functionals gains force due to high proximity to experimental
results.

2.1.1. Exchange-correlation functionals

The EXC term can be described in several forms according to the employed functional.
Recently, the functionals are classified as local, non-local and hybrid functionals. Among the
local approximations, stands out the LDA that is a general approach to represent the electron
gas model and offers a simple description of exchange correlation at local character. The
employment of LDA functional results in exact values for system kinetic energy shows better
results when applied to a system where ρ slowly changes similar to a uniform electron gas. It is
observed because of the LDA evaluates a real system, in which electronic density is E[ρ](r), by a
homogeneous electrons gas system with the same density. Although such representation is
valid, the density ρ becomes independent of position since the electrons are evenly distributed
in the system. Hence, the investigation of real system by LDA functional is not accurate and
over-estimates the correlation energy at 100%. The non-local functionals are developed in
order to correct this failure [24, 25]. Furthermore, the LSDA is also a local description of the
EXC term and is very similar to LDA; both functionals are based on electron gas model but the
LSDA includes the electron spins to system properties determination [20, 24].

The non-local functionals were developed aiming to correct the LDA failures in representation
of real system. These approaches are based on a charge gradient and are also commonly
known as corrected gradient functional. Among the non-local approximations, stands out the
GGAwhich uses the electronic density gradient; this gradient consists of the first derivative of
ρ as a function of its position. The GGA functional obtains the EXC terms by the sum of
correlation energy (EC) and exchange energy (EX), both negative values. The GGA functionals
offer better results than LDA and LSDA approximations since the relation between ρ and
position is considered. Compared to LDA and LSDA approximations, the GGA shows a
deviation of 1% for system EXC once the electronic density distribution is treated in real form
and not as an electron gas model [25, 29, 30]. However, the results presented by GGA approx-
imations can be improved from Correlations (Becke Functionals) and Exchange Functionals
(LYP and P86) [24].

Ultimately, the other class of functionals is known as hybrid functionals. Such functional
employs Hartree-Fock method parameters to determine the EXC energy. The first hybrid
functional was the half-half functional which was developed by Becke, and it was developed
by a linear description of electronic density. However, this functional shows several limita-
tions. Thus, in 1993, Becke proposes the B3PW91 model that uses three empirical parameters
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(a ¼ 0.20, b ¼ 0.72 and c ¼ 0.81) to adequate the theoretical results to experimental results
combined to Perdew and Wang correction gradient (PW91). This new functional has excellent
results compared to half-half functional due to its more precise description of EXC energy and
parameterization [21, 27, 28, 31, 32].

In 1994, Frisch and co-authors adapted the LYP corrections rather than PW91 creating the
B3LYP that uses the same empirical parameters of B3PW91. Such functional employs the Slater
exchange plus Vosko, Wilk, Nusair (SVWN) to improve the correction proposed by LYP. In the
last few years, B3LYP has become one of the most used for computational calculations because
of the excellent results obtained. Another factor responsible for the wide use of hybrid func-
tional is its versatility, and once such functional was used to investigate semiconductors, pro-
teins, organic compounds and others [20, 21, 24, 26–28, 31–35].

The hybrid functionals are differentiated according to the percentage of parameters of the
Hartree-Fock method employed in the determination of EXC. For example, B3LYP uses 20% of
HF parametrization in its formalism. In 1996, Perdew and co-workers increased the HF per-
centage to 25% in PBE functional and created the PBE0 functionals. The increase in HF aims to
minimize the over-estimation of factors arising from the electrons interaction; the PBE0 uses
the GGA to evaluate the EXC energy and it does not present adjustable parameters in its
formulation (empirical parameters are defined as a ¼ 0.25, b ¼ 0.75 and c ¼ 1). Other differ-
ences regarding B3LYP is less sophisticated formulation to PBE0 [27, 36, 37]. Moreover, PBE0
has great efficiency in material properties determination.

Another functional that is largely used is the HSE which was developed by Heyd, Scuseria and
Ernzerhof. This functional investigates the EXC energy by slitting it in two parts: a short-range
part and a long-range part. Particularly, the HSE hybrid functional employs the parameter ω in
function of Bohr radius. Thus, the short-range part is treated in the same form as that in the
PBEh global hybrid, that is, it uses 25% short-range exact exchange and 75% short-range PBE
exchange; whereas, the long-range part is investigated by PBE. If ω goes to 0, the short-range
part dominates and HSE reduces to PBEh; if ω goes to infinity, the short-range part disappears
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originated from interactions between all constituent atoms since the atomic energy levels are
perturbed by the neighbor atoms. Thereby, in these materials, the overlap of a large number of
valence atomic orbitals results in the formation of molecular orbitals with very close energy,
forming a quasi-continuous band; that is, an energy band is a continuum of closely spaced
electron states [39–41]. Each energy band is occupied by two electrons (α and β) as predicted
by Pauli exclusion principle. In solid-state materials, the electrons are observed in the lowest
energy states; the last occupied energy level refers to the top or VBM, whereas the first
unoccupied energy level is the bottom or CBM. There is no electronic state in the region
between the VBM and CBM and it is called the band-gap which has direct influences on
conduction properties of a solid [42]. According to band-gap energy, a material is classified as
conductor (band gap > 1.0 eV), semiconductor (band gap from 1.0 to 4.0 eV) and insulator
(band gap 4.0 eV or higher) [40, 43].

3.1. Density of states (DOS) and band structure

The DOS analysis (Figure 1) consists of a graphical representation of packing level of energy
states in a quantum system, that is, the number of states in each region of energy. A high
amount of energetic states results in a high density of states on projected DOS. In general, the
DOS analysis is employed to investigate the energy levels nearest to band gap. As observed in
Figure 1, the band of lowest energy refers to valence band and the higher energy band is the
conduction band. Besides, the DOS analysis can also provide the contribution of each atom to
compose the valence and conduction bands; by contribution of this analysis, it is also possible

Figure 1. Projected DOS on Ti and O atoms of anatase TiO2. The region before Fermi energy (EF) is the valence band and
the region after �1 eV is the conduction band.
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to clarify the chemical bond composition and predict the electronic configuration of atoms [40–
43]. Furthermore, applying the one-third of Simpson rule [44] on projected density of states for
pure and doped models, it is possible to evaluate the number of available states in VB and CB.
Such methods consist of numeric integration of the area under the DOS curve. Then, the
number of states obtained from numeric integration is divided by unit cell volume. The values
for CB and VB represent the number of available states for the formation of holes and electrons
in electronic structure, respectively. According to the number of available states, a semicon-
ductor material is classified as p-type (greater number of holes) or n-type (greater number of
electrons) [44].

However, the energy bands for solid materials are not regular in all crystalline structures, and
the same band can show a different energy level at each high symmetry point of Brillouin zone.
Such symmetry points vary according to the spatial group of the crystalline structure and are
labeled to their coordinates in space. The band structure analysis provides the energy of bands
and the position of VBM and CBM. Thus, the band structure evaluation offers the band-gap
nature to a material, that is, if the electron excitation occurs directly or indirectly [40]. Figure 2
presents the band structure for anatase TiO2; it is observed as an indirect band-gap and that
the bands are not regularly distributed at high symmetry points.

The band structure study can also provide the effective mass for a solid-state material. In
general, the transfer rate of electron-hole pair is inversely proportional to their effective mass.
Thereby, a great effective mass denotes a low transfer rate of carriers, whereas, a small effective
mass indicates that the charge carriers are extremely stable. The stability for these carriers also
promotes the migration of electron and holes, as well as inhibits their recombination. The

Figure 2. The band structure analysis for anatase TiO2 shows an indirect band-gap.

Titanium Dioxide220



to clarify the chemical bond composition and predict the electronic configuration of atoms [40–
43]. Furthermore, applying the one-third of Simpson rule [44] on projected density of states for
pure and doped models, it is possible to evaluate the number of available states in VB and CB.
Such methods consist of numeric integration of the area under the DOS curve. Then, the
number of states obtained from numeric integration is divided by unit cell volume. The values
for CB and VB represent the number of available states for the formation of holes and electrons
in electronic structure, respectively. According to the number of available states, a semicon-
ductor material is classified as p-type (greater number of holes) or n-type (greater number of
electrons) [44].

However, the energy bands for solid materials are not regular in all crystalline structures, and
the same band can show a different energy level at each high symmetry point of Brillouin zone.
Such symmetry points vary according to the spatial group of the crystalline structure and are
labeled to their coordinates in space. The band structure analysis provides the energy of bands
and the position of VBM and CBM. Thus, the band structure evaluation offers the band-gap
nature to a material, that is, if the electron excitation occurs directly or indirectly [40]. Figure 2
presents the band structure for anatase TiO2; it is observed as an indirect band-gap and that
the bands are not regularly distributed at high symmetry points.

The band structure study can also provide the effective mass for a solid-state material. In
general, the transfer rate of electron-hole pair is inversely proportional to their effective mass.
Thereby, a great effective mass denotes a low transfer rate of carriers, whereas, a small effective
mass indicates that the charge carriers are extremely stable. The stability for these carriers also
promotes the migration of electron and holes, as well as inhibits their recombination. The

Figure 2. The band structure analysis for anatase TiO2 shows an indirect band-gap.

Titanium Dioxide220

effective mass of electrons and holes allows to assess indirectly the rate of charge carriers as
presented in Eq. (8); in this formula, m* is the effective mass of the charge carrier, k is the wave
vector, ℏ is the reduced Planck constant and ν is transfer rate of photo-generated electrons and
holes. Besides, the effective mass for electrons (me� ) and holes (mh� ) should be investigated
regarding the CBM and VBM; such points are very important to determine the Eg for a
material. The values for effective mass were calculated by a fitting parabolic function around
these points (Eq. (9)); in such an equation, m* is the effective mass of the charge carrier, k is the
wave vector, ℏ is the reduced Planck constant and E refers to the energy of an electron at wave
vector k in that band. In order to guarantee the validation of the parabolic approximation
within the CBM and VBM, the parabolic fitting is performed considering a difference of 1
meV around the CBM and VBM regions [45–48].

ν ¼ ℏk=m� ð8Þ

m� ¼ ℏ2 d2E
dk2

 !�1

ð9Þ

3.2. Photoinduced properties

The photoinduced properties of a solid compound determine how it interacts with electro-
magnetic radiation. In case of solid-state materials, a material interacts only with radiation
which has energy equal to or higher than the material band gap [40, 41]. Thus, through
evaluation of Eg values, it is possible to determine the characteristic type of radiation that
interacts with each investigated material. Allied to the deep electronic structure investigation,
it is possible to determine the bulk and surfaces of photoinduced behavior of materials and its
applicability on photocatalytic process. Such a condition is essential to form the electron-hole
pair (e–-h•), which is the precursor to start the photocatalysis process. Another point is focused
on energetic stability of e–-h• pair, and this factor can be estimated by reduced mass; however,
the half-life time is not provided.

A practical example and much discussed in literature is comparing the electronic structures of
rutile and anatase TiO2 to clarify these concepts. Analyzing the band structures of both
materials, we found band gaps of 3.50 and 3.80 eV (Figure 3), respectively. The minor band
gap for anatase structure shows a photoinduction of e–-h• pair from wavelength close to 326
nm, whereas, for rutile polymorph the e–-h• pair is photogenerated around to 354 nm. Such
difference is possible because of the major disorder associated with the TiO6 cluster of anatase
phase in relation to rutile structure; the displacement of Ti atom from central position of the
unit cell in anatase causes modification in electronic structure through overlap between oxy-
gen 2p orbitals and titanium 3d orbitals. This overlap orients to TiO6 cluster to a TiO5 cluster
configuration, while, in rutile phase this effect is smaller. However, the anatase TiO2 has an
indirect band gap and rutile TiO2 shows a direct band gap indicating that for anatase the e–-h•

pair recombination process is less possible because it requires a photon-phonon coupling and
in rutile structure such phenomenon is direct, that is, localized in the same symmetric region.
Thus, for anatase structure as photoinduction energy required to make the e––h• pair as
possibility of its recombination are more favorable than rutile phase. Now, let us evaluate the
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energetic stability of the e–-h• pair photoinduced through effective mass. The effective mass for
electron and hole charge carriers calculated for anatase phase was 0.46 and 0.14, respectively;
then, the electron/hole ratio is 3.29, indicating that e–-h• pair is favorable in anatase phase as
carriers. Nevertheless, for rutile structure, this effective mass for electron and hole carriers is
0.65 and 0.32, respectively; likewise, the electron/hole ratio is 2.03 showing that the e–-h• pair is
less favorable than anatase structure. Therefore, every electronic structure of anatase TiO2

material from its crystalline structure is more inclined to photocatalytic process in comparison
to rutile TiO2 polymorph because anatase structure has small and indirect band gap and the
e–-h• pair is more favorable.

3.3. Surface properties

Surface chemistry is an interesting and challenging topic in photocatalytic applications. In this
case, the molecular level can be described by the combination between the surface structure
and the interface region, where the main reactions involving photoinduced charge carriers
occur. Therefore, the understanding of surface chemical reactions plays a fundamental role in

Figure 3. The crystalline structure and band structure for titania materials. (a) anatase crystalline phase and (b) rutile
crystalline phase.
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the description of chemical bond between surface and adsorbed molecules, which are the
fundamental basis to clarify the material photocatalytic activity [14, 15].

Recently, a lot of theoretical studies show the benchmark of DFT methods to reproduce the
main effects behind the catalytic behavior of transition metal surfaces [49, 50]. For example,
Cheng and co-workers systematically investigate the water splitting along rutile (110) surfaces
combining DFT and molecular dynamics [51]. In addition, Migani and Blancafort studying the
photocatalytic oxidation of methanol on TiO2 (110) surfaces trough DFT/HSE06 calculations
highlighted the role of excitons to produce formaldehyde [52]. Several related reports have
appeared recently in the literature, as described by Nolan and co-authors that summarize the
main advances in ab initio-based design of photocalytic surfaces [53].
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Abstract

This chapter aims to provide researchers in the field of photovoltaics with the valuable
information and knowledge needed to understand the physics andmodeling of titanium
dioxide for dye-sensitized solar cell and photocatalytic reaction. The electronic band
structure of titanium dioxide, the treatment of the excited state of titanium dioxide, the
molecular dynamics and ultrafast quantum dynamics simulations, and several promis-
ing photocatalytic schemes and important considerations for theoretical study are
addressed and reviewed. The advanced computational strategies and methods and opti-
mized models to achieve exact simulation are described and discussed, including first
principle calculations, nonadiabatic molecular and quantum dynamics, wave function
propagation methods, and surface construction of titanium dioxide. These advanced
theoretical investigations have become highly active areas of photovoltaics research and
powerful tools for the supplement and prediction of related experimental efforts.

Keywords: electronic band structure, first principle calculation, excited state, molecular
modeling, photophysical process, photochemistry and photocatalysis

1. Introduction

With the increasing concerns about energy issues and the associated environmental pollution,
renewable energy technologies are devoted to being the most promising strategy for sustainable
energy supply [1, 2]. Among all of these technologies, including hydro, solar, wind, geothermal
heat, and biomass, photovoltaic (PV) technology that converts solar energy into electricity have
attracted considerable attention. At present, the solid-state junction devices based on silicon mate-
rial have dominated PV solar energy converters.However, the light-induced degradation of silicon
materials limits the device stability and hinders its effective. Third-generation photovoltaics are

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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able to produce high-efficiency photon to electricity conversion devices at a cheaper production
cost. This is a consensus that the price is decreased, and the cell efficiency is maintained for the
third-generation solar cell. There are unique features for this kind of cells; the cell should be
sensitized by a photoactive material among dye, quantum dots (QDs), and perovskite system [3].
Work on sensitized photovoltaics started during the 1970s with the use of organic dyes as the
sensitizer [4]. The similar structure of these solar cells is that in the case of the original design: The
cell has three primary parts, glass sheet with transparent conducting oxide coating (ITO or FTO) as
anode and the counter electrode (CE) on top and bottom, respectively; and TiO2 film deposits on
the conductive side of the glass sheet which is then immersed in amixture of a photosensitizer and
a solvent for charge transport. The working principle looks also dynamically analogical. But in
quantum dot-sensitized solar cells (QDSSCs), that replaced organic dyes in dye-sensitized solar
cells (DSSCs) with inorganic sensitizers, the total performance is promoted by the utilization of
nano-sized crystals with a short band gap and a high extinction coefficient. Along with this line of
thought, since 2009, the perovskite materials as sensitizers have been used initially andworks very
well with the solid-state hole transfermaterial. Until now, its efficiency has touched over 21% [5, 6].
For DSSCs, the photoanode components are the dye sensitizer, a mesoporous semiconducting
oxide layer and a transparent conducting oxide (TCO). In DSSCs, the transport of charges (elec-
trons) to the external circuit beginswhen electrons exit the semiconducting network layer and ends
when the redox mediator in the charge transport medium returns them to the sensitizers [7]. The
photoelectric anode consists of a TCO substrate with a semiconductor oxide layer (usually TiO2)
and a dye sensitizer. In fact, there are two TiO2 layers. The first layer is a slender and blocking
layer to inhibit electron recombination with ionized dyes and/or mediators. The second layer
is more than 20–30 nm thickness of mesoporous TiO2. The larger surface area of the
mesoporous TiO2 area allows a greater amount of dye to be adsorbed on its surface. An
electrolyte usually with an iodide/triiodide couple is needed for DSSC. The electrolyte can be
in liquid/gel or solid form.

2. The electronic band structure of titanium dioxide

A typical DSSC consists of the wide band gap TiO2 semiconductor, the dye is employed to
absorb light radiation, and the photo-excited electrons are subsequently transferred to the
TiO2 [8]. The fast interfacial electron transfer between the dye and TiO2 could, in principle,
minimize the loss of the utilized photon energy as heat through the electron-phonon relaxa-
tion pathway. Through this process, the absorption range can be efficiently extended to the
visible region, which dominates the solar spectrum. In the many semiconductor metal
oxides, titanium dioxide (TiO2) is expected to play an import role in PV devices due to its
high chemical and optical stability, nontoxicity, and corrosion resistance, low-cost [9]. TiO2 is
a semiconductor material with a band gap of �3.2 eV, corresponding to a wavelength of
�390 nm. The anatase structure is preferred over other polymorphs for solar cell applications
because of its potentially higher conduction band edge energy and lower recombination rate
of electron–hole pairs [10]. This is not the case for excellent UV photocatalysts such as rutile
or anatase polymorphs of TiO2 due to the rather high band gap that these materials exhibit
(Figure 1). This has prompted chemists and material scientists to search for modifications of
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TiO2 which could exhibit photocatalytic activity under visible light. Doping seemed to be
one of the obvious options.

3. First principle calculations and modeling simulation

In this section, we will provide a comprehensive insight on the different levels of theoretical
methods used in the description of the electronic structures, and particularly attention was paid
to methods involved in the excited state in the metal oxide. At present, the wave function-based
ab initio method and density functional theory (DFT) are the two main types of theoretical
method. However, both methods have drawbacks, which are Born-Oppenheimer (BO) approxi-
mation break down when treating the excited state potential energy surface (PES). Of course, the
BO approximation is good for description of the ground state properties, such as the geometry
optimization, electronic structure calculation, since the nuclei are fixed for the ground state.
Stochastic methods need to be developed to properly account for the excited state, but this kind
of method is usually time-consuming since it requires the evaluation of the second-derivative of

Figure 1. Band structure of rutile and anatase calculated by PBEsol with the respectively relaxed crystal structures.
(Copyright 2016 Royal Society of Chemistry).

Theoretical Studies of Titanium Dioxide for Dye-Sensitized Solar Cell and Photocatalytic Reaction
http://dx.doi.org/10.5772/intechopen.68745

231



Hessian matrix. In this respect, choosing a particular computational method must take a compro-
mise between accuracy and its feasibility.

3.1. The DFT theory

Quantum mechanics calculations have widely used to address the physical and chemical
properties of metal oxide. The level of the theoretical method includes Hartree-Fock (HF) self-
consistent field (SCF), second-order Møller-Plesset (MP2) perturbation theory, coupled cluster
(CC) theory, as well as the most popular DFTmethod. DFT has been the standard “answer” for
the electronic structure calculations of a series of material systems, from molecules to solids,
and from clusters to periodic systems. The one-electron density matrices can be expressed as
follows:

ρ0ðX
!Þ ¼ N

ð
Ψ �

0ðX1
!
, X2
!
,…, XN

! ÞΨ ðX1
!
, X2
!
,…, XN

! Þd
X2
! …d

XN
! ð1Þ

where the subindex zero indicates density originates from the ground state wave function. For
one N-electron system, DFT approximates the ground state energy of the system as a function
of the electron density, that is to say, the ground state energy can be determined as long as the
density function is given. However, the exact expression of density functional is still unknown.
There are substantial works devoted to exploring the accurate density functionals. Generally,
the density functional is given by:

E½ρ� ¼ Ts½ρ� þ Vert½r� þ VCoulomb½ρ� þ VXC½ρ� ð2Þ

Ts½ρ� is the kinetic energy term of the noninteracting electrons, the Vert½r� is the external
potential, and VCoulomb represents the Coulomb repulsion. The last term VXC[ρ] accounts for
the exchange-correlation effect, which is difficult to get the exact expression. The success of
DFT depends on whether we can find out the appropriate approximations to the exchange-
correlation term. Generalized gradient approximation (GGA) and local density approximation
(LDA) are mostly used for exchange-correlation functionals in condensed matter systems, and
meta-GGA and hybrid functionals are often used in isolated molecule. DFT in the local density
approximation (LDA) and various GGA consistently predicts that anatase is more stable than
rutile [11], and no significant improvement can be achieved when using more sophisticated
DFT approaches, including hybrid functionals (PBE0 and HSE06) [12] and DFT plus the
Hubbard U correction (DFT + U) [13, 14], and various dispersion-corrected DFT methods. A
similar situation also occurs for the DFT + U method, which predicts rutile to be more stable
only if an unphysically large U value is used.

3.2. The treatment of excited state of titanium dioxide

The relative stability of different polymorphic phases of a material is often addressed in
terms of the ground state total energy [15, 16], but generally speaking, other degrees of
freedom, including, in particular, those of nuclei vibration, may also play a significant role.
The contributions of vibration, including the zero-point energy (ZPE) and finite-temperature
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vibration enthalpy and entropy, can be obtained from the phonon spectrum calculated in the
harmonic approximation. We have found the resort that by considering high-order correla-
tions in the adiabatic connection fluctuation–dissipation theory with the random phase
approximation (ACFDT-RPA), rutile is correctly predicted to be more stable than anatase,
which can be physically attributed to different characters in the electronic band structure of
rutile and anatase, including, in particular, that rutile has a smaller band gap than ana-
tase [17]. In the framework of DFT, the most efficient way to approach the excitation prob-
lem is its time-dependent formalism (TD-DFT) based on the Runge-Gross theorems, which
may be seen as a consequence of the time-dependent Schrödinger equation (TD-SE) to
describe the time-dependent phenomena [18]. TD-DFT can be viewed an alternative formu-
lation of time-dependent quantum mechanics but, in contrast to the normal approach that
relies on wave functions and on the many-body Schrödinger equation, its basic variable is
the one-body electron density. The key exceptions so far that should be mentioned here are
the development of extending CIS, TDHF, and TD-DFT to one-dimensional system like a
one-dimensional chain of hydrogen molecules by Hirata et al. [19, 20], and the recent
implementation of TD-DFT to periodic systems in the CRYSTAL code by Bernasconi et al.
[21]. Walker et al. also developed the Turbo TDDFT code to make it is possible to carry out
TD-DFT calculations using plane wave basis sets for the large condensed system [22]. How-
ever, in spite of using periodic boundary conditions, which is a necessary requirement to
date, this formalism is only implemented for finite systems. The introduction of a portion of
the Fock exchange is not the only strategy to improve the description of the band gap in the
oxide and related materials, where LDA and GGA are even qualitatively ineffective. One
common method is to add two parameters to the LDA or GGA exchange-correlation func-
tion, as in the Hubbard model, an exchange (J) term between electrons with the same orbital
angular momentum, to mimic the effective field Coulomb (U) term [23].

Among the various possible approaches going beyond the DFT band structure calculations to
predict the band gap of oxides, a growing interest is nowadays dedicated to the so-called GW
quasiparticle approach (Green’s function G and the screened Coulomb interaction W). The
quasiparticle approach permits simulation of the ejection or the absorption of an electron from
an N-electron state to an N� 1 electron state. And then, the direct comparison of the calculated
results with photoemission or inverse-photoemission experiments can be performed based on
this in principle. The first formulation of the GW method dates back to the work from 1965.
However, the approach was not applied to large-scale, numerical electronic structure calcula-
tions before the mid-eighties. The resulting band gaps compare much better with experiment.
The GW approximation is an approximation made in order to calculate the self-energy of a
many-body system of electrons. The approximation is the expansion of the self-energy in terms
of the single particle Green’s function G and the screened Coulomb interaction W [24]. The
whole formalism is rather complex, and a more detailed description can be found in the review
paper of Huang and Carter [25]. Nevertheless, the ever-growing computational facilities have
made GW calculations indeed attractive in solid-state computational simulations. The GW
approach consists of updating both Green’s function and the dielectric potential at every itera-
tion. The amplitudes and the excitation energies, E, can be obtained from the Bethe-Salpeter
equation (BSE), which can be written as an eigenvalue equation according to
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where εQP
p and εQP

h are the quasiparticle eigenvalues of the particle and the hole, respectively.

The sum in Eq. (3) runs over the kernel Kph,p0h0 , which can be split into two terms:

Kph,p0h0 ¼ Kexc
ph,p0h0 þ Kdir

ph,p0h0 ð4Þ

Kexc
ph,p0h0 is the particle�hole exchange operator, which has the usual form:

Kexc
ph,p0h0 ¼

ð
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Kdir
ph,p0h0 is the screened Coulomb operator, where a term depending on the inverse screened

dielectric tensor is applied, similarly to the case for GW:

Kdir
ph,p0h0 ¼

ð
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In the same framework, neutral excitations (e.g., optical and energy-loss spectra) are also well
described today through the solution of the Bethe-Salpeter equation. A self-contained method
is able to perform both the starting self-consistent field calculation in the generalized Kohn-
Sham (gKS) framework and the many-body perturbation theory (MBPT) post-treatment, and
then that can produce GW quasiparticle energies, optical spectra and the dielectric screening,
prior to Eqs. (3)–(6) through a solution of the BSE. Entertainingly, Onida et al. have shown that
the BSE is intimately related to the linear response formulation of TDDFT [26].

3.3. The molecular dynamics simulation

The extremely small size of these particles makes them ideal candidates for investigation
with molecular dynamics (MD) simulation, which has been a long-established simulation
technique to extensively investigate structural and dynamic properties of solids and fluids at
the atomic scale. A large number of force fields have been reported in the literature for
modeling TiO2 polymorphs [27–29]. For example, based on the Hubbard-corrected DFT + U
and first-principles molecular dynamics (FPMD) simulations, facet-dependent trapping and
dynamics of excess electrons at anatase TiO2 surfaces and aqueous interfaces could be
achieved. Whereas no electron trapping is observed on the (101) surface in vacuo, an excess
electron at the aqueous (101) interface can trigger water dissociation and become trapped
into a stable surface Ti3+-bridging OH complex [30].

4. The titanium dioxide used in DSSC

TiO2 semiconductor is the widely used electron conductor in Gråtzel-type photovoltaic DSSC,
because of its low-cost and ease of synthesis. A typical DSSC consists of the wide band gap
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achieved. Whereas no electron trapping is observed on the (101) surface in vacuo, an excess
electron at the aqueous (101) interface can trigger water dissociation and become trapped
into a stable surface Ti3+-bridging OH complex [30].

4. The titanium dioxide used in DSSC

TiO2 semiconductor is the widely used electron conductor in Gråtzel-type photovoltaic DSSC,
because of its low-cost and ease of synthesis. A typical DSSC consists of the wide band gap
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TiO2 semiconductor, the dye is employed to absorb light radiation, and the photo-excited
electrons are subsequently transferred to the TiO2. Two major crystal phases of TiO2: rutile (a)
and anatase (b), are shown in Figure 2. The rutile phase is energetically stable since the crystal
structure is symmetric. Each Ti atom is sixfold, and coordinated with threefold O atom. The
anatase phase has the similar coordination number as rutile but with asymmetrical structure.
DFT calculation suggests that the anatase (101) surface is the most active surface since it has
unpassivated Ti and O atoms, which has been widely used to simulate the interface electron
transfer process [31, 32].

4.1. The rule of titanium dioxide

So far, solid-state devices based on silicon have dominated photovoltaic solar converters.
However, light-induced degradation of silicon materials limits device stability, while the
relatively high cost (high purity) of photovoltaic power generation hinders its effective
competition with fossil energy. Pure silicon has a little use, but doped silicon is the basis for
most semiconductors. An attractive alternative to crystalline silicon photovoltaic devices is a
unit made of mesoscopic inorganic semiconductors that can be easily prepared and provide
a very low-cost manufacturing prospect. In these devices, inorganic semiconductors are
primarily used as electron acceptors and provide direct or tortuous paths for electron trans-
port, and in some cases, they can act as scaffolds for absorbing light collectors. Holes reside
in the valence band, a level below the conduction band. Doping with an electron acceptor, an
atom which may accept an electron, creates a deficiency of electrons, the same as an excess of
holes. Among many semiconductor metal oxides, TiO2 nanomaterials appear to be differen-
tiated candidates because of their high chemical and optical stability, non-toxic, low-cost and
corrosion resistance. Anatase TiO2 has a crystal structure corresponding to the tetragonal
system, but the distortion of the TiO6 octahedron is slightly larger for the anatase phase. The
anatase structure with improved electrical properties is superior to other polymorphs used
in solar cells because of its potentially higher conduction band edge energy, and it enables

Figure 2. The crystal structure of rutile (a) and anatase (b) TiO2. (Copyright 2013 American Chemistry Society).
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remarkably efficient spatial separation of electron–hole pairs on the submicrosecond time
scale. The physical and chemical properties of TiO2 nanocrystals are affected not only by the
intrinsic electronic structure but also by their size, shape, texture, doping and surface prop-
erties. The smaller effective mass in anatase is consistent with the high mobility, band like
conduction observed in anatase crystals. It is also responsible for the very shallow donor
energies in anatase. In addition to the large surface area, TiO2 nanomaterials should also
have high electron mobility, making it possible to efficiently collect electrons injected into
TiO2. Since the defects in the TiO2 nanomaterials can be used as electron captures and
present in the grain boundaries at the junctions between the nano-sized particles, it is
expected to use a network structure consisting of TiO2 monocrystalline nanowires rather
than TiO2 nanoparticles rapid electronic transmission. Besides, the properties of TiO2 also
strongly relay on the modifications of the TiO2 material host and on the interactions of TiO2

materials with the environment. The surface modification not only affects the interfacial
energy offset but also has significant impact on the charge separation, transport, and recom-
bination processes.

4.2. The charge transfer process and Marcus theory

The Marcus theory is the most fundamental theory for a description of the electron transfer
(ET) process in condensed material. Its formula can be given by [33–35]:

kðTÞ ¼ κAσ2 exp �
wr þ λ
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The above equation explicitly takes various contributions to the free energy into account,
where Aσ2represents the collision frequency, and σ is the distance between the reacting species.

ΔGο is the reaction free energy, Δ~G
ο
is the free energy after work correction. wr and wp are the

work corresponds to the reactant and product state. λ is the reorganization energy, contains
the contributions coming from the reactant and solvent.

λ ¼ λr þ λsol ð9Þ

The reactant and solvent contributions of the reorganization energy are given by:
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where f ðrÞi and f ðpÞi are the force constants of the given normal mode for reactant and product
states, respectively; Δq is the changes of the ith nuclear coordinate; and Δe is the amount of
transferred charge from reactant to product. εs and εop are dielectric constants of the solvent for
static and optical. The original Marcus theory assumes that diabetic PES can correspond to the
reactant and product states, and this simplifies the description of the ET.

4.3. The ultrafast quantum dynamics

Nonadiabatic ET involves the participation of the nuclear, the Fermi’s Golden rule is usually
employed to evaluate the electron transfer rate KI->F of nonadiabatic ET.

kI!F ¼ 2π
ħ
j〈FjH0jI〉j2δðEF � EIÞ ð12Þ

This formula originates from the first-order time-dependent perturbation theory (TD-PT). Where
I〉 is the initial state, F〉 is the final state, and H0 is the time-dependent perturbation Hamiltonian
due to the nuclei vibration. The advantage of FGR is that ET rate can be determined from
electronic structure calculation, that is, the coupling between initial and final state depends on
the atomic orbital coefficient. This greatly simplifies the calculation of electron transfer for the
chromophore-semiconductor system.

A conceptually similar but rougher approach is proposed by May, in which the rate constant
derivates to be:

ki!ff g ¼ 2Γ ¼ 2π
ħ2

NjVe j2 ð13Þ

This equation is based on linear response approaches, in which Γ is the absorption line broaden-
ing. Ve is average density of states. Labat and coworkers derivate an even more simple expres-
sion for the electron transfer time based on the Newns�Anderson approach [36]:

τ ¼ 658
Δ

ð14Þ

Δ is the broadening of the dye donor orbital. Generally, this method gives the electron transfer
timescale half of the experimental value [37].

The electron transfer rate constant estimated using Marcus and Fermi’s golden rule can be
calculated at different levels of theory method. But these methods just focus on the description
of the single process. However, the electron transfer process might be subject to the influence of
environment. Accurate estimation of the electron transfer rate depends on the exact solution of
TD-SE, especially the nuclei part at the quantum mechanics level.

iħ
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It is challenging to treat nuclei quantum mechanics. This is because a given system can contain
a nucleus with different mass and speed. Therefore, it is difficult to developing a universe
density functional to treat nuclei vibration. The accurate solution of Eq. (15) only fed with the
small system based on the grid method. But as the size of the system increases, the above
method becomes impractical. The alternative is to treat the nuclei classically, and then a semi-
classical expression can be obtained:

iℏ
∂ ~χi

�
t, RðtÞ

�

∂t
¼
X
j

EjðRÞδij � iħ2
p
M

dð1Þij

n o
~χj

�
t, RðtÞ

�
ð16Þ

In the above equation, the classical momenta p is introduced. Surface hopping method is
suitable for mimic the wave-packets branching using a classical trajectory. Fewest switches
surface hopping (FSSH) is the most popular semi-classical method for nonadiabatic molecular
dynamics. The electron transition rate from state i to state j at the small time interval g(t) can be
expressed as follows:

gi!jðtÞ ¼ maxð0, Pi!jðtÞÞ ð17Þ

where

Pi!jðtÞ ¼ 2

ðtþΔt
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Δt
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Here, ci(t) is the time-dependent expansion coefficient. The hopping probability is compared
with a random number to determine whether it is hopped to a new state or remain in the current
state. Nuclear velocity is rescaled to conserve the total energy. More details of the implementa-
tion of FSSH can be found in the literature [38, 39]. It is worthy of noting that classical path
approximation (CPA) is employed for treating the large system. CPA assumes that the electron
depends on nuclei motion, but a nucleus is independent of the electron, and this is the so-called
quantum backreaction problem. CPA is valid in case the heavy nuclei has the large energy than a
lighter electron, and this could enable the nuclear evolution is not affected by the electron-
nuclear interaction. The use of CPA could lead to the large computational saving since the many
stochastic surface hops can be achieved along the precomputed MD trajectory.

The original FSSH formulas take the hop-rejection into consideration, and this is given by the
following:

gi!jðtÞ ! gi!jðtÞbi!jðtÞ ð19Þ

bi!jðtÞ ¼
exp �Ej � Ei

kBT

� �

1, Ej ≤Ei

, Ej > Ei

8><
>:

ð20Þ

The transition probabilities gi!jðtÞ in the above equation are rescaled by the Boltzmann factor,

taking the detailed balance between transition up and transition down in energy.
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4.4. Wavefunction propagation methods

The previous section discussed the semi-classical method for nonadiabatic molecular dynamics.
That semi-classical method does treat the nuclear classically. However, in some cases, the nuclear
quantum effect cannot be neglected, for example, the evaluation of Franck-Condon factor
involved in the electron excitation. Explicitly propagation of the nuclear wave function can
achieve this goal. Methods like multiconfiguration time-dependent Hartree (MCTDH) method
and quantized Hamiltonian dynamics (QHD) are developed for a different level of accuracy.
These methods are based on the propagation of Gaussian wavepacket, which has been proposed
to study the quantum effects of nuclear dynamics. The MCTDH method is one of the most
accurate methods for wave-packet propagation. The nuclei wave function is expressed as follows:

j ~χiðt, R1, R2,…Rf Þ〉

¼
Xn1
j1

…
Xnf

jf

A1
j1…jf ðtÞjχ1

j1
ðt, R1Þ〉…jχ1

jf
ðt, Rf Þ〉 ð21Þ

MCDTH provides the exact and accurate solution to the quantum description of nuclear behav-
iors. Therefore, it is extremely time-demanding in computation. Its complexity scales as Nf,
where fis the number of freedom of the total system, while Nf is the number of the atomic orbital
basis function. However, this method is only suitable for the system with limited atoms and has
been improved using multilayer MCTDH (ML-MCTDH) technique:

j ~χiðt, R1, R2,…Rf Þ〉 ¼
Xn1
j1

…
Xnp

jp

A1
j1…jp

ðtÞjχ1
j1
ðt, Rcoll,1

1 Þ〉…jχ1
jp
ðt, Rcoll,1

p Þ〉 ð22Þ

The concept of collective coordinates (Rc�ll) is introduced. In principle, ML-MCTDH theory
can be fed with the system contains several thousands of degrees of freedom [33].

In addition to the MCTDH method, quantum dynamics method based on the propagation of
electronwave function is also of interest. Time-dependent electronwave function can be expressed
as linear combination of atomic orbitals

j∅ðtÞ〉 ¼¼
X

i,α
Bi,αðtÞji,α〉 ð23Þ

ji,α〉 is the corresponding atomic orbital α of atom i. The expansion coefficient can be expressed
as follows:

Bi,αðtÞ ¼
X

q
Qq

i,αCq exp � i
ħ
Eqt

� �
ð24Þ

Solving the generalized eigenvalue equation:

HQq ¼ EqSQq ð25Þ

S is the overlap matrix in the atomic orbital basis, H is the Hamiltonian matrix which is
determined from the extended Hückel theory (EHT) calculations. The extended Hückel
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calculation is a semi-classical quantum chemistry method. Within the scheme of EHT, the
off-diagonal Hamiltonian matrix can be given as follows:

Hij ¼ KSij
Hii þHjj

2
ð26Þ

where K is theWolfsberg-Helmholtz constant, ~1.75. In EHT, only valence electrons are included;
the core electron energies are assumed to be constant.

The population of the electron wave function can be determined from the overlap matrix and
atomic orbital basis function,

PðtÞ ¼
���
XMOL

i,α

X
i,β
B�
i,αðtÞBj,βðtÞSi, jα,β

��� ð27Þ

The combination of theoretical methodology enables the realistic description of the ET process
in the large system, and we have this method to investigate the ET in dye/TiO2 interface. We
have established the detailed mechanism of electron transfer in DSSC [40].

5. The titanium dioxide used as photocatalyst

Another important application of TiO2 is a photocatalytic reaction. The titanium dioxide (TiO2)
has been also widely used as a photocatalyst. Numerous studies have been carried out on the
popular photocatalysts of TiO2. The reaction turns out to be very complicated, and its mechanism
is still not well understood. It is time to use the theoretical tools to find some important insights
out. Photoexcitation of TiO2 leads to the formation of free electrons and holes in CB and VB,
respectively. There are several carrier dynamic pathways that might happen. First, an electron in
CB recombines non-radiatively with a hole in VB in the form of heat. Second, electron acceptors
are reduced by photogenerated electrons; and third, electron donors are oxidized by
photogenerated holes. The photochemical reaction may happen once the electron and hole diffuse
to the TiO2 crystal surface, and then the photogenerated electron and hole can interact with the O2

or H2O molecules to achieve the oxidization or reduction process. Some typical oxidization and
reduction process are shown in Figure 3.

The elementary reaction steps can be expressed as follows:

TiO2 þ hvðλ < 390nmÞ ! e� þ hþ

hþ þH2O ! OH• þHþ

e� þO2 ! O�
2

ð28Þ

5.1. The surface of titanium dioxide

Theperformance of the TiO2-basedphotocatalyst device can be regulated by the surfacemolecular
adsorption, and particularly, the adsorption of O2 and H2O on TiO2 has been widely discussed.
Investigation of adsorption of H2O onto TiO2 mainly focuses on which sites water molecular
adsorption is favored, and also the form of water adsorption, molecular or dissociative. Rutile
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TiO2 (110) surface, the most stable TiO2 polymorph, is usually employed to model the surface
adsorption. Experimentally, awatermoleculewaspredicted onbeingmolecularlyadsorption onto
the stoichiometric rutile TiO2 (110) surface under the low coverage [41–44]. Theoretically, both
molecularly and dissociative absorptions have been suggested by theDFTcalculation [45–47]. The
difference between theory and experiment arising from the exact parameters used in DFTcalcula-
tion, such as the exchange-correlation function, and from the limitation in the simulation scales, for
example, experimental systemusually has the diameter up to tensof hundredsof angstrom,which
is far beyond the capability DFTcan handle at the current stage.

Band-gap engineering is an efficient way to tune the photoactive of the semiconductor. Different
heteroatoms like anionnonmetals andcation-metals aswell as cation-nonmetalshavebeenused to
doping in the semiconductor. Generally, semiconductor doping can introduce gap-state in the
band gap, and this leads to the reduction of the optical band gap, improving the photoactive.
Electronic structure calculation based onDFT has been used to elucidate the possible effect caused
by the dopant. For example, substitute the Ti atomof bulk TiO2withmetal cations, such as Cr and
V, is an n-type doping. This will introduce the electron donor states within the band gap, which
allows for the reduction of the optical band gap, thus the better performance for utilizing the
photon energy, extending the photocatalytic activity into visible part of the solar spectrum [48–
51]. Replace the O with N or C atoms belongs to the p-doping, which introduce the electron
acceptor states. Therefore, dopant states have the large extent of overlap between the electronic
states of TiO2, this minimizing the problems arisingwith the localized states in n-type doping.

5.2. The CO2 photocatalytic reaction

From the viewpoints of a theoretical worker, one can determine the every property of a given
materials using just its coordinates, and this is exactly the idea of first-principles calculation.

Figure 3. Schematic representation of typical photocatalyst process. (Copyright 2013 American Chemistry Society).
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The properties include the geometrical structure, the ground state energy, the work function,
and the band structure. In order to design the more efficient photocatalyst, it is necessary for
theoretical worker knows the basic physics prior to performing first principle calculations.

First, the photocatalyst performance depends on the chosen of the TiO2 surface. Asymmetric
anatase (101) surface has the most uncoordinated Ti and O atoms, and thus, it is suitable for
the molecular adsorption of CO2, thus the better photocatalyst performance (Figure 4). Second,
proper energy alignment between TiO2 and the adsorbed molecules is required. This is due to
the built-in driving force largely affect the direction of the ET, and a negative driving force
should lead to the inefficient ET process, in order to avoid this issue. The TiO2 CB should be
higher than the molecular LUMO orbital, whereas the TiO2 VB should be lower than the
molecular HOMO orbital. Third, the interface details between TiO2 and adsorbed molecule
affect the time scale of interface charge separation. This is because interface charge transfer can
be described using the Fermi’s Golden rule if the coupling between the electron/hole donor
orbital in TiO2 and acceptor orbital in adsorbed molecule is large, then the ETwill be fast. The
interface interaction depends on the adsorption details of molecular onto TiO2 surfaces.

The last, the work function is defined as the minimum energy required transferring an electron
from the highest filled level of a solid to a point in the vacuum outside the solid surface. The
work function is a property of the surface, which has been widely used to measure how
difficult the charge transfer is. Screen the materials with the proper work function is required.

5.3. Other main photocatalytic reactions

The (101)-(001) surface heterojunction constructed on polyhedral TiO2 nanocrystals has
recently been proposed to be favorable for the efficient electron-hole spatial separation due

Figure 4. Photocatalytic reduction of CO2 on the anatase TiO2 (101) surface (Copyright 2016 American Chemical Society).
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to the preferential accumulation of electron and hole on (101) and (001) facets, respectively.
The formed free electron and hole can promote reactive oxygen species (ROS) production,
which potentially can be used for inactivation of bacteria. For the biological system, the
theoretical investigation with electronic level is still a challenging for researchers and here
only an example for readers a general understanding. A series of truncated octahedral
double cone TiO2 nanocrystals co-planar with (101) and (001) facets are prepared to form
(101) to (100) of various ratios for optimizing the electron-(001) surface. All of these polyhe-
dral TiO2 nanocrystals can produce ROS more prominently than spherical TiO2

nanocrystals, exhibiting more bacteria against gram-negative (E. coli) and Gram-positive
(Staphylococcus aureus) bacteria under simulated sunlight high antibacterial activity.
Surface heterojunction as a new strategy is expected to develop effective antimicrobial
nanomaterials [52].

6. Summary

In this chapter, we aimed to review and summarize of recent important theoretical studies
of titanium dioxide for dye-sensitized solar cell and photocatalytic reaction. How to build
a suitable TiO2 model to start a theoretical study for fast interfacial electron transfer
between the dye and TiO2 in DSSC system, and the mechanism for photocatalytic reac-
tions on the TiO2 surface will be impressive for readers. We need to describe the electronic
band structure of excited state or ground state of TiO2, the surface morphology, active
energy for reaction as well as the fast interfacial electron transfer between the adsorbed
molecule and TiO2 accurately for fine theoretical studies. For some situation, we also need
to do molecular dynamics for the surface structure of adsorbed TiO2. May the summary
report will help the readership to strengthen the fundamental knowledge or to find more
interesting ideas.
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