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Abstract
Titanium dioxide (TiO2) is a wide-band gap semiconductor with band gaps around 3 eV
for the principal polymorphs rutile and anatase. Although TiO2 has been
commercialized in applications that utilise its special chemical and optical properties, its
band gap should be reduced to improve its performance, especially as an active photo
catalyst. Band gap engineering of TiO2 has therefore attracted many researchers looking
to extend its applicability as a functional material.
Reduction of TiO2 introduces oxygen vacancies, initially forming disordered TiO2–x and
eventually forming the ordered Magnéli phases TinO2n–1 ( n  1 x ), which have been
commercialized in battery electrodes. Reduction of TiO2 under a hydrogen atmosphere
is a promising method which can increase the visible-light absorption efficiency of
TiO2, but the mechanism by which hydrogen exposure enhances its electrical properties
is subject to controversy. TiO2 can also be reduced by carbon-containing gases,
including CO, CO2 and CH4. Using methane as a reducing agent has the advantage of
consuming a greenhouse gas in favour of producing oxygen deficient TiO2 for cocatalyst free methane decomposition processes. Reduced rutile is bluish in colour, while
reduced anatase is black. Slightly reduced anatase or rutile nanoparticles have been
reported to be yellow.
Hydrogen-modified TiO2
In the first part of the project, carried out at Griffith University, the focus was on
fundamentals, particularly the production and influence of O vacancies under vacuum
and hydrogen, aiming to understand the action of hydrogen as a reducing agent. Oxygen
deficient TiO2‒x was produced by exposing rutile to hydrogen at temperatures up to 500
C. Magnéli phases were produced by exposing rutile to vacuum at temperatures up to
1100bC.

The

absorption

and

desorption

of

hydrogen

were

studied

by

thermogravimetric analysis at temperatures up to 730 C, with simultaneous mass
spectrometry measurements. The structural modifications caused by hydrogen
absorption and desorption were confirmed by in-situ x-ray powder diffraction
measurements at temperatures up to 1100 C. It was found that the Magnéli phases
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produced also absorbed hydrogen and desorbed higher amounts than hydrogen-modified
rutile.
Recent explanations of the enhancement of the electrical properties of hydrogenmodified TiO2 propose mid-band gap states just below the conduction band and, based
on the absence of obvious structural changes in x-ray diffraction measurements, relate
these to surface disorder. The reasoning behind this conclusion is that the volume of
material subject to structural change must be too small to contribute noticeably to the
measured diffraction pattern. On the other hand, x-ray diffraction is insensitive to light
elements such as oxygen. In-situ high-resolution neutron powder diffraction with
deuterium in place of protium was carried out to test this hypothesis, based on the high
neutron scattering length of O relative to Ti. A small contraction of the unit cell was
found, accompanying the introduction of oxygen vacancies. By refining the O
occupancy, it was determined that TiO2–x with x = 0.2 (equivalent in stoichiometry to a
Ti5O11 Magnéli phase) was formed under 50 bar of deuterium at 500 C. This indicates
that vacancies are introduced throughout the volume of the TiO2 particle, because a
surface-only structural change would not be resolvable. The sample was bluish in colour
as is usual for reduced rutile. It therefore appears that the explanation of enhanced
electrical properties owing to surface-only processes is wrong, or at best incomplete.
Reduction and Carburization of TiO2 by Methane
The second part of the project, carried out at University of California Santa Barbara,
focused on applications of reduced TiO2. TiO2 reduction was studied using methanecontaining gas (CH4-H2-Ar). In addition, catalytic decomposition of methane to
hydrogen and carbon over reduced TiO2 surface was investigated. Oxide reduction
using methane-containing gas occurs through adsorption and dissociation of methane
with formation of adsorbed active carbon. Methane decomposition on metal oxides and
solid solutions has been limited by carbon formation and deactivation. Carbon
formation in the alkane dehydrogenation process is problematic because even small
amounts of carbon can deactivate catalytic surfaces by physically blocking active sites.
Methane pyrolysis experiments were performed in a lab-scale fixed-bed reactor and
molten salt environment by flowing CH4 through a molten halide (LiCl-KCl eutectic
mixture)/TiO2(Degussa P25) mixture. The highest degree of CH4 conversion (~34%

iii

initially) occurred at 1000 °C, but owing to catalyst coking and sintering fell quickly to
~20.0%. Temperature-programmed reaction (TPR) was also performed on the molten
salt/additives mixture. The H2 yield of the LiCl-KCl/TiO2 mixture was not much higher
than that of plain salt. The salt mixture turned yellow and TiO2 particles precipitated in
the bottom of the reactor. Since it is known that CH4 reduces TiO2 to TiO2–x, the yellow
colour of the molten salt/TiO2 mixture was likely due to the presence of TiO2–x. The
higher density of the TiO2 particles relative to the molten salt, and ability to be wetted
by the molten salt, caused them to settle in the reactor. It is concluded that the
precipitation of TiO2 particles in the bottom of the reactor caused the low yield of the
salt/catalyst mixture. More experiments should be done to confirm the catalytic activity
and stability of TiO2 and Magnéli phases for methane pyrolysis.
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1.1

Introduction

Background and motivation

Titanium dioxide (TiO2) is a functional metal oxide which has been used in applications taking
advantage of its optical properties since being reported to dissociate water to form hydrogen in
1972 [1]. However, its band gap of more than 3.0 eV means that TiO2 can absorb only the UV
part of the solar spectrum, which accounts for only about 5% of the solar radiation at the Earth’s
surface. Hence the efficiency of TiO2 for harvesting solar energy is rather low [2]. Much effort
has been devoted to improving the photocatalytic performance of TiO2, such as by doping with
metal and/or non-metal elements [3-6]. Reduced TiO2 has been found to be more effective as a
battery anode than pristine TiO2 [7-9], and TiO2 reduced to form Magnéli phases has been
commercialized in batteries [10, 11]. Ultimately, all such properties originate in the electronic
band structure.
Titanium dioxide is used in numerous applications, including solar cells, air purification, selfcleaning coatings, wastewater treatment and heterogeneous catalysis. Determining the
relationship between surface reactivity and defects is critical to understanding the reactivity of
reducible metal oxides such as TiO2.
Real TiO2 crystals may contain several kinds of defects, both intrinsic and deliberately
introduced. It appears that the performance-related properties of TiO2 are closely related to
defect disorder. Linear and planar defects are produced during processing or crystal growth. In
contrast, the concentration of point defects is determined by the temperature. This type of defect
includes oxygen vacancies (𝑉𝑂 ), cation vacancies, cation interstitials, interstitial oxygen and
foreign ions. The electrical, optical, catalytic, light induced properties and density of crystals are
all affected by the creation of point defects via the electronic band structure [12].
Oxygen vacancies are particularly important, as they lead to the formation of Ti 3+, which are
associated with colour centres [13-15] and enhance the absorption of visible light [5, 16-22]. In
small concentration, the disordered TiO2 formed is usually denoted TiO2-x. Higher concentrations
of (𝑉𝑂 ) lead to the formation of two-dimensional planar defects known as crystallographic shear
planes (CSP) and the Magnéli phases TinO2n-1 [23], where 𝑛 = 1⁄𝑥 . The creation of oxygen

2

vacancies is quite sensitive to the conditions of reduction such as temperature, nature of reducing
agent, duration of experiment, etc. Henderson et al. reported that Ti interstitials are in fact the
major diffusive defects rather than O atoms or vacancies in rutile [13].
Despite the very large body of research in the field of reduced TiO2, the special properties of Hmodified samples compared to the pristine ones are poorly understood. Whether H remains in the
sample and if so what its role is, and the nature of the diffusing species, remain controversial.
Rutile TiO2(110) can be studied using modern surface science techniques, so it is widely studied
as a model for oxide surfaces. In an important study, Benz et al. [24] used vacuum-reduced TiO2
for the reductive coupling of benzaldehyde to stilbene. The significance of this reaction is that
benzaldehyde coupling depends on subsurface defects, and not surface vacancies, which are
generally thought to be involved in other reductive processes promoted by reducible oxides.
Benz et al. concluded that Ti interstitials dictate the surface reactivity of benzaldehyde over
vacuum reduced TiO2(110). They found well-ordered TiO2(110) islands by annealing the sample
at 623 C, which is evidence for Ti migration from the subsurface region [24]. It was also shown
that the activity of reduced TiO2 improved with increased bulk reduction of TiO2(110). In
another study, oxygen vacancies and titanium interstitials in yellow TiO2 were investigated using
various characterization techniques, and their formation mechanism was proposed [25]. The
authors concluded that the yellow colour was caused by the creation of intrinsic defects (not
Ti3+) which can actually initiate and promote H2 production driven by visible light.
This thesis first addresses hydrogenation of TiO2 nanocrystals as a method for band-gap
engineering of TiO2 to enhance its photocatalytic and other electrochemical activity. Oxygen
vacancies were introduced by exposure to hydrogen at temperatures between 500 and 730 °C,
and under vacuum at temperatures up to 1100 C. Both TiO2-x and TinO2n-1 Magnéli phases were
made from pristine rutile in nanoscopic and microscopic forms. The samples were studied by
thermogravimetry, mass spectroscopy, x-ray diffraction and neutron diffraction. Important
questions addressed in this work were (i) is the enhancement of electrochemical functionality
owing to hydrogen exposure purely a surface phenomenon, as proposed by Chen et al. [26]; (ii)
does hydrogen have a role in addition to production of oxygen vacancies?
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The second part of the Thesis addresses the potential for reduction of TiO2 using methanecontaining gas (CH4-H2-Ar). Since methane is one of the most stable molecules, it can be
abundantly found underground and on the Earth’s surface. Moreover, methane is a potent
greenhouse gas: methane is believed to warm the earth 25 times as much as the same mass of
CO2. Utilization rather than emission of methane is therefore one of the most significant
environmental issues today.
The catalysis properties of reduced TiO2 for methane dehydrogenation were studied in fixed-bed
and molten-salt media. Reducing agents such as H2 and CH4 are expected to create Ti3+ defects
in the bulk, as indicated by the development of a blue tint as oxygen is removed. It has been
found that reduced TiO2 has a smaller work function than pristine TiO2 [27]. As Degussa P25
TiO2 is added to the LiCl-KCl eutectic molten salt at 460 °C, a yellow colour appears, indicating
the creation of oxygen vacancies and/or Ti interstitials. Blue colour was also seen at higher
temperatures and in adding TiO2 nanorods to the molten salt. Important questions addressed in
this work were (i) is the use of molten salts as a reaction medium an effective method for
preventing deactivation and coking.
1.2

Objectives

The overall objective of this research was to investigate band-gap engineering of TiO2 via the
introduction of oxygen vacancies. This was pursued through experimental investigations of the
roles of surface and bulk defects, especially oxygen vacancies.
1.3

Thesis structure

This first chapter provides background and motivation for studying hydrogen-modified TiO2.
Chapters 2 and 3 provide detailed reviews of the properties of pristine TiO2 and hydrogenmodified TiO2 and their applications. Chapter 4 provides information about materials and
methods used in the experimental work. Chapters 5 and 6 detail the experiments performed.
Conclusions and suggestions for further work are presented in Chapter 7. In detail:
Chapter 1: Puts into context the importance of studying the hydrogen modification of TiO2 and
its applications, and outlines the motivations of the work carried out.
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Chapter 2: The authors’ preprint of a published paper: N. Rahimi, R.A. Pax and E.MacA. Gray,
Prog. Solid State Chem, 44, 86–105 (2016) (doi: 10.1016/j.progsolidstchem.2016.07.002),
Review of functional titanium oxides. I: TiO2 and its modifications. A review of functional
titanium oxides and its modifications is presented. Numerous modifications by surface loading
with metals, doping and introduction of oxygen vacancies are surveyed. In addition, recent
progress in applications including UV screening, photocatalysis and water splitting is described.
Chapter 3: Based on a draft manuscript: N. Rahimi, R.A. Pax and E.MacA. Gray, to be submitted
to Prog. Solid State Chem, Review of functional titanium oxides. II: Hydrogen-modified TiO2. In
this paper, the focus is on the production and influence of O vacancies and other defects such as
interstitial cations under vacuum and hydrogen. The particular modification of TiO2 in which O
is removed from the crystal structure is considered in detail.
Chapter 4: Materials and experimental methods used in the project are described.
Chapter 5: Experiments on the hydrogenation of TiO2 samples are reported in detail.
Thermogravimetry combined with in-situ mass spectroscopy, and in-situ lab-XRD (Griffith
University) and neutron diffraction experiments (Australian Centre for neutron Scattering,
ANSTO) provide information about the hydrogen absorption/desorption behaviour of TiO2
samples and the structural changes occurring during hydrogen modification.
Chapter 6: An investigation of CH4-Ar mixture as a reducing agent for TiO2 is reported. This
chapter focuses on experiments on the catalytic decomposition of methane to hydrogen and
carbon over reduced TiO2 which were performed at University of California Santa Barbara
(UCSB). It presents the details and findings of experiments using fixed-bed and bubble-column
and reactors.
Chapter 7: Contains an overview of the outcomes of the work and suggestions for further work.
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2

First review paper:

Review of functional titanium oxides. I: TiO2 and its modifications
2.1

Introduction

TiO2 was singled out as an important oxide material in the wide-ranging review of future
directions in solid state chemistry by Cava et al. (2002) [1] for the US National Science
Foundation. It was seen to have general relevance to Earth science and fundamental solid state
chemistry, and particular relevance to photovoltaic/photoelectrochemical cells. The fruitful
connection between solid state chemistry and condensed matter physics was said to be in its
infancy. Especially from the viewpoint of this review, in which we emphasise the origins of
functionality in band structure, that connection has strengthened greatly, evidenced by the
number of references to publications in condensed matter physics.
TiO2, the naturally occurring oxide of titanium, was discovered in 1795, and its commercial
production started in the 1920s [2]. About 95% of titanium ore is processed into titanium
dioxide, which is the most widely used titanium product. The global TiO2 market was valued at
US$ 13.14 billion in 2013 and is anticipated to reach US $17.12 billion by 2020, with a market
rise of 8.0 million tonnes annually. The Asia-Pacific region dominated the global titanium
dioxide market with a share of over 40% in 2013 [3].
TiO2 has been utilized in numerous commercial applications including as an opacifying agent in
paints, plastics, paper textiles and inks, corrosion-resistant coatings, anti-bacterial agents, water
and air purification, self-cleaning surfaces, food additives and as an ultra-violet absorber in
cosmetic products [4-9]. In addition to its current use in industry, TiO2 has been extensively
studied for applications in water remediation, photocatalysis, recharcheable batteries, super
capacitors and sensor devices etc. [10-12]. The functional performance of TiO2 is fundamentally
determined by its electronic structure. Its properties in the visible and UV portions of the
electromagnetic spectrum are especially significant.
TiO2 is a simple inorganic compound existing in four fundamental crystal forms (space groups):
anatase (I41/amd), rutile (P42/mnm), brookite (Pbca) and TiO2(B) (C2/m). Furthermore, the TiO2
phase diagram is rich at elevated pressures, including high pressure phases thought by geologists
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to be candidates for the minerals in the Earth’s mantle. Columbite (Pbcn), baddeleyite (P2 1/c),
cotunnite (Pnma), pyrite and fluorite structures are high pressure polymorphs of TiO2 [13-23].
Rutile is the most stable phase at ambient pressure and temperature in macroscopic sizes while
anatase is more stable in nanoscopic sizes [24, 25]. The more compact structure of rutile relative
to anatase causes important differences in physical properties. Rutile has a higher refractive
index, higher specific gravity and greater chemical stability than anatase. Rutile melts at 1825 ˚C
while anatase irreversibly transforms to rutile beginning at about 500 ˚C. Brookite is the rarest
naturally occurring form of TiO2 and is difficult to produce in pure form. Brookite has the same
colour and lustre as rutile. Its hardness and density are nearly the same as those of rutile. TiO2(B)
is less well known than rutile, anatase and brookite. TiO2(B) was synthesized in 1980 by
Marchand et al. [26], and found in nature by Banfield et al. in 1991 [27]. “B” in TiO2(B) stands
for bronze, by analogy with the tungsten bronze compounds. TiO2(B) is the least dense of the
four natural polymorphs of TiO2, so it seems to be an excellent host for Li intercalation in
comparison with the other polymorphs [26, 28]. However, because of its metastable properties,
only a few investigations have been carried out in the electrochemistry field.
Titanium-based pigment is by far the largest end-use of titanium feedstocks, accounting for over
50% of the market share. For rutile a particle size of around 0.25 microns yields the highest
scattering efficiency across the whole visible spectrum, while the ideal particle size for anatase is
around 0.3 microns. Nanoscale titanium dioxide is approximately 100 times smaller than
commercial TiO2 pigments and has different physical properties. Nanoscopic TiO2 is used in
sunscreens to attenuate both the UVB (290–320 nm) and UVA (320–400 nm) sorption of the
solar spectrum [5]. Since Fujishima and Honda [29] studied TiO2 as a photocatalyst to split water
to hydrogen and oxygen in 1972, it has gained significant attention, and attempts have been
made to improve its catalytic performance. The biggest barrier to using TiO2 as a photo-activated
catalyst is its large energy gap between the conduction and valence bands. Excitation of electrons
across this wide band gap is possible for only 3–4% of the air-mass 1.0 solar spectrum.
Therefore, many attempts have been made to reduce the TiO2 band gap so as to operate
effectively with visible light. Lowering the band gap of TiO2 is also expected to pave the way to
applications in the renewable energy sector, including photovoltaic cells and hydrogen
production by photo catalysis [30].
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There are numerous methods of modifying titanium dioxide to alter its electronic structure,
including annealing at high temperatures, anion/cation doping, implantation, dye-sensitization
etc. In this review, the focus is on the functional properties of modified TiO2 and their
relationship to crystal structure, kinetic and thermodynamic properties and especially, electronic
structure. For the prior state of knowledge about TiO2, the reader is referred to the very wideranging review by Diebold (2003) [31], to the review of photocatalysis-related phenomena,
emphasizing those related to environmentally hazardous compounds, by Carp et al. (2004) [32],
and to the review of photocalalysis and related surface phenomena by Jujishima et al. (2008)
[33]. These very comprehensive papers concentrate on phenomenology, whereas our aim is to
examine the link between structure and function as increasingly revealed by the modern
theoretical tools that have become readily available and more reliable in the intervening decade
or so. Companion reviews by the present authors will provide more detail about oxygen-deficient
TiO2 and Ti-based Magnéli phases from a similar viewpoint. Because of their high surface area
and short internal diffusion paths, nanoscopic TiO2 and its modifications, now becoming readily
available commercially, are of special interest.
2.2

Preparation and characterization

Titanium dioxide micro- and nanoparticles have been synthesized via hydrolysis, sol-gel, microemulsion or reverse micelles, flame pyrolysis, solvo/hydrothermal, chemical vapour deposition
and physical vapour deposition. Among these techniques hydrolysis is preferable because its
operating conditions are the closest to ambient temperature and pressure. Anatase and rutile are
commonly synthesized by hydrolysis of titanium compounds such as titanium tetrachloride,
titanium sulfate or titanium alkoxides in water solution. Producing the pure brookite phase is a
difficult process, so most of the studies have reported the synthesis process for the mixture of
brookite, rutile and/or anatase phases. TiO2(B) was prepared by hydrolysis of K2Ti4O9 followed
by heating at 500°C [26].
Relatively macroscopic TiO2 is produced industrially by chloride and sulfate processes [34, 35].
The chloride process is generally lower in cost and produces a higher quality product due to the
inherent purity of the rutile ore. In contrast, using low-grade ilmenite ore in the sulfate process
leads to a higher production cost per tonne of TiO2.
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Alkoxide is another precursor which has been used for producing different phases of TiO2 in
aqueous solutions of variety acids and bases. Metal alkoxide is usually used as a precursor in the
sol-gel method, which produces fine, spherically shaped powders with uniform size <1.0 mm.
The high price of the alkoxide has limited the commercialization of this method [36].
Template synthesis has been used for preparation of a variety of micro- and nano-materials. In
this process a desired material is synthesized within the pores of “track-etch” polymeric
membranes and porous alumina membranes. In this method, desired nanomaterials are prepared
in cylindrical pores of uniform diameter [37]. There are five recognized chemical strategies to
conduct template synthesis within the alumina and polymeric template membranes:
electrochemical deposition, electroless deposition, chemical polymerization, sol-gel deposition
and chemical vapour deposition (CVD) [38].
In 1998, Kasuga et al. [39] reported a simple method for the preparation of TiO2 nanotubes,
without the use of sacrificial templates. This method could be used after the sol-gel process to
convert the derived fine TiO2-based powders to nanotubes by treatment of amorphous TiO2 with
a concentrated solution of NaOH (10 mol dm−3). In (e.g., for 20 h at 110 °C) with a 5–10 M
NaOH aqueous solution in a PTFE-lined batch reactor [39].
Among the three most utilised TiO2 polymorphs, anatase at small particle sizes is the most stable
phase, but rutile becomes the most stable phase under ambient conditions as the particle size
increases beyond ~ 14nm [40]. Ding et al. [41] reported that the anatase-to-rutile transformation
reaction rate decreases with grain growth of nanoparticles. During the annealing process some
anatase particles convert to rutile and others agglomerates to larger particle sizes. Therefore, the
efficiency of phase transition decreases by time, and the grain growth process rate increases by
anatase-to-rutile transformation [41]. The anatase-rutile transformation kinetics is size-dependent
and proceeds faster with decreasing particle size.
Thermoanalytical techniques have been used to characterize the phase transformation process.
Ye et al. analysed the structural transition of nanocrystalline brookite-based TiO2 through TGDTA (thermogravimetry/differential thermal analysis). They observed two endothermic peaks in
the DTA curve which correspond to desorption of physi-and chemisorbed species and the
structural phase transformation of brookite to anatase then to rutile, respectively [42, 43].
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Mehranpour et al. worked on the phase transformation kinetics of TiO2 nanoparticles (50 nm)
prepared by sol-gel method. The XRD studies in the temperature range of 200 to 800 °C show
that the anatase–rutile phase transition starts at temperatures lower than 200 °C. They concluded
that the faster phase transition of the prepared sample is because of the better size uniformity and
shape of the sample [44].
The common polymorphs of TiO2 are readily distinguishable by XRD and Raman spectroscopy.
XRD (Cu Kα radiation) patterns of the three common structural modifications of TiO2
nanoparticles, prepared by hydrothermal treatment, are shown in Figure 2.1 [45, 46]. In addition,
the XRD patterns for different nanocrystallite sizes of rutile and anatase phases are shown in
Figure 2.2 and 2.3.

2 .1. XRD (Cu Kα radiation) patterns of TiO2 nanoparticles prepared by hydrothermal treatment: (a)
anatase, (b) rutile and (c) brookite. A small fraction of rutile (<5%) exists in the brookite phase [45].
(Reprinted with permission from eyes-Coronado, D., G. Rodriguez-Gattorno, M. Espinosa-Pesqueira, C.
Cab, R. De Coss, and G. Oskam. Nanotechnology, 2008. 19(14): p. 145605. Copyright IOP Publishing,
2008.)
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Figure 2.2. XRD (Cu Kα radiation) patterns of nanosized-rutile TiO2 for different crystallite sizes. The
short vertical bars at the bottom are reflection markers for bulk rutile [47]. (Reprinted with permission
from Swamy, V., B.C. Muddle, and Q. Dai, Applied physics letters, 2006. 89(16): p. 3118. Copyright
American Institute of Physics, 2006.)

2 .3.XRD (Cu Kα radiation) pattern of nanosized-anatase TiO2 for different crystallite sizes [48].
(Reprinted with permission from Wang, J.W., A.K. Mishra, Q. Zhao, and L.P. Huang, Journal of Physics
D-Applied Physics, 2013. 46(25): p. 255303. Copyright IOP Publishing, 2013.)

Cheng et al. [49] synthesised uniform nano-sized rutile and studied the produced nanoparticles
by Raman spectroscopy. They reported that the Raman peaks of smaller particles were broader
and less intense than those of bigger nanoparticles. A new broad band was also detected at ca.
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112 cm−1 in the smaller particles. Swamy et al. confirmed the observation of the additional low
frequency band at ca. 105 cm−1 which was attributed to a surface vibrational mode as shown in
Figure 2.4 [47].

Figure 2.4. Raman spectra of rutile TiO2 for indicated average size of nanoparticles [47]. (Reprinted with
permission from Swamy, V., B.C. Muddle, and Q. Dai, Applied physics letters, 2006. 89(16): p. 3118.
Copyright American Institute of Physics, 2006.)

The Raman spectra of natural brookite crystals from Switzerland and Brazil and a synthetic
brookite were compared by Tompsett et al. There is a characteristic intense band at 153 cm −1
(Figure 2.5). In contrast, anatase has a band of similar intensity at 144 cm-1 and rutile lacks a
strong band in this region [50].
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Figure 2.5. Raman spectra from 100 to 900 cm-1: (a) brookite (010) face, Swiss brookite; (b) brookite
(010) face, Brazilian brookite; (c) synthetic brookite; (d) synthetic anatase; (e) synthetic rutile [50].
(Reprinted with permission from Tompsett, G., G. Bowmaker, R. Cooney, J. Metson, K. Rodgers, and J.
Seakins, Journal of Raman Spectroscopy, 1995. 26(1): p. 57-62. Copyright John Wiley and Sons, 1995.)

Figure 2.6 shows the Raman spectra of brookite in parallel (XX, YY, ZZ) configurations using
different excitation laser lines. The authors observed two missing modes of the Tompsett et al.
brookite Raman spectra (seven A1g modes at 125, 152, 194, 246, 412, 492, and 640cm−1) at 324
and 545 cm−1 [51].
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(a)

(b)

Figure 2.6. Raman spectra of brookite at 300 K with 633 nm, 515 nm and 458 nm excitation. The DFTcalculated values are shown at the bottom of the plot [51]. (Reprinted with permission from Iliev, M., V.
Hadjiev, and A. Litvinchuk, Vibrational Spectroscopy, 2013. 64: p. 148-152. Copyright Elsevier Science,
2013.)

Since the crystal phase significantly affects the properties of nanocrystals, phase control and the
process of phase transformation of anatase-to-rutile and brookite has been well investigated
during the last decades [52]. Particle size is a determining factor in the phase transition sequence
of anatase-to-rutile and brookite-to-rutile because of sized-dependent thermodynamic stability of
TiO2 nanoparticles. In 2000 Zhang and Banfield [53] did a comprehensive study on the phase
transformation behaviour of TiO2 nanocrystals isothermally (at 723, 853, and 973 K) and
isochronally (in the temperature range of 598–1023 K). They studied the enthalpy change of
TiO2 polymorphs with respect to the particle size. Regarding this fact that surface energy alters
with particle size, they concluded that for the same particle sizes, anatase is the most
thermodynamically stable phase at sizes less than 11 nm, between 11 and 35 nm brookite is the
most stable and for the particle sizes greater than 35nm, rutile is the most stable phase. In
addition to the particle size, temperature is another important factor which affects the phase
transition reactions.

In a relatively recent study, Zhang et al. [54] followed the phase

transformation of anatase to rutile by XRD (Cu Kα radiation), UV-visible Raman spectroscopies
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and transmission electron microscopy (TEM). The TEM images of the TiO2 sample calcined at
500 °C revealed a particle-size range of 10–30 nm. During calcination by increasing the
temperature to 800 °C, the particle size could increase to 200 nm. XRD and Raman spectroscopy
measurements (Figure 2.7) relate those agglomerations to the development of the anatase phase
and to the anatase-to-rutile phase transition. Figure 2.7 (a) shows the XRD pattern of initially
amorphous TiO2 at different calcination temperatures. The peaks of anatase are stronger and
sharper below 500 °C. For higher calcination temperatures (> 550 °C) the anatase peak
intensities decrease and the peaks from rutile start to appear. The diffraction peaks of anatase
completely disappear at 750 °C, showing that the transition to rutile is complete. The visibleRaman spectroscopy of initially amorphous TiO2 is also shown in Figure 2.7 (b), confirming the
XRD results.
(a)

(b)

Figure 2.7. a) XRD (Cu Kα radiation) patterns and b) visible Raman spectra of TiO2 calcined at different
temperatures [54]. (Reprinted with permission from Zhang, J., M.J. Li, Z.C. Feng, J. Chen, and C. Li,
Journal of Physical Chemistry B, 2006. 110(2): p. 927-935. Copyright American Chemical Society,
2006.)

Zhu et al. [55] studied the effects of grain size and the phase content on the phase transition in
the temperature range of 200–600 °C. Figure 2.8 shows the XRD patterns of a prepared sample
comprising anatase (grain size: 4.9 nm) and brookite (grain size: 5.8 nm) with average content
55.3 wt. % anatase. The brookite content of the sample starts to increase at 400 °C, reaching 55.4
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wt. %, which demonstrates that anatase starts to transform to brookite before rutile. At higher
temperatures (> 500 °C) anatase and brookite transform to rutile directly.

Figure 2.8. XRD patterns of a sample includes 55.3 wt. % anatase annealed at various temperatures; (b–h)
200, 300, 400, 500, 550, 600 and 650 °C [55]. (Reprinted with permission from Zhu, K.-R., M.-S. Zhang,
J.-M. Hong, and Z. Yin, Materials Science and Engineering: A, 2005. 403(1): p. 87-93. Copyright
Elsevier, 2005.)

Wang et al. [48] studied the phase transformation of anatase nanoparticles with initial size of 5
nm to rutile. They used a pyroprobe heater, for the first time, with ultra-fast heating to study
sintering and phase transformation at the beginning of the process. They concluded that the
transition rate is faster for the smaller particles, and the rutile-like structure evolves with time,
initially at the interface between anatase nanoparticles and followed by growth of rutile nuclei.
They also studied the anatase-to-rutile phase transition by Raman spectroscopy to explore the
initial stage of the rutile-like structure production and they concluded that heat treatment of
anatase nanoparticles at 600 °C initiates the production of rutile-like structural elements (figure
2.9) which evolves by heat treatment at 800 °C for 10 s.
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Figure 2.9. Raman spectra of anatase nanoparticles with initial size of 5 nm after heating at 600 and 800
°C for 10 s [48]. (Reprinted with permission from Wang, J.W., A.K. Mishra, Q. Zhao, and L.P. Huang,
Journal of Physics D-Applied Physics, 2013. 46(25): p. 255303. Copyright IOP Publishing, 2013.)

2.3

Properties of TiO2

2.3.1 Structure
Figure 2.10 shows the crystal structure and building blocks of rutile, anatase and brookite. Figure
2.11 shows the TiO6 polyhedral representation of TiO2(B) [25]. Anatase and rutile have
tetragonal structures and brookite and TiO2(B) crystal systems are orthorhombic and monoclinic,
respectively [35, 45]. Anatase and rutile have common TiO6 octahedron building blocks in a
more or less distorted configuration. The octahedron structure is more distorted in anatase than
rutile, see Figure 2.10. In rutile the unit cell contains two TiO2 units, and Ti and O coordination
numbers are six and three, respectively. On the other hand, the tetragonal unit cell of the anatase
has four TiO2 units with the same coordination numbers of Ti and O as in the rutile. The lattice
parameters of the known titania phases are shown in Table 2.1. In both rutile and anatase there
are two different lengths of titanium-oxygen bonds in each octahedron. Rutile has four Ti-O
distances of 1.946±0.003 Å, and two of 1.984±0.004 Å. Anatase has also four Ti-O distances of
1.937±0.003 Å and two Ti-O distances of 1.964±0.009 Å [46]. Unit cell volumes of the
polymorphs are: 35.27 Å3 for TiO2(B), 31.12 Å3 for rutile, 32.20 Å3 for brookite and 34.02 Å3 for
anatase [26].
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Figure2.10. Planar Ti3O building-block representation (left) and TiO6 polyhedra (right) for the TiO2
phases rutile (a), anatase (b) and brookite (c) (Ti (white); O (red)). The experimental lattice parameters a
= b= 4.5937 Å; c = 2.9581 Å for rutile, a=b= 3.7842 Å; c = 9.5146 Å for anatase and a = 9.16 Å; b = 5.43
Å; c = 5.13 Å for brookite [56]. (Reprinted with permission from Landmann, M., E. Rauls, and W.G.
Schmidt, J Phys Condens Matter, 2012. 24(19): p. 195503. Copyright IOP Publishing, 2012.)

Figure 2.11. TiO6 polyhedra for TiO2(B) phase [57]. (Reprinted with permission from Dylla, A.G., G.
Henkelman, and K.J. Stevenson, Accounts of chemical research, 2013. 46(5): p. 1104-1112. Copyright
American Chemical Society, 2013.)
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Table 2.1. Experimental lattice parameters and band-gap energy of TiO2 polymorphs [26, 45, 58, 59].

Phase

Crystal
structure

Density
(g/cm3)

a (Å)

b (Å)

c (Å)

rutile

tetragonal

4.24

4.5937

4.5937

2.9581

Band-gap
energy
(eV)
3.0

anatase

tetragonal

3.83

3.7842

3.7842

9.5146

3.20

brookite

orthorhombic

3.17

9.16

5.43

5.13

3.26

TiO2(B)

monoclinic

3.64

12.16

3.74

6.51

The surface structure of the rutile TiO2(110) surface has been well characterized. It consists of
rows of bridging oxygen atoms that lie above the in-plane surface [56]. The ball-and-stick and
space-filling models of the rutile TiO2(110)-(1×1) surface demonstrate the two-fold and threefold-coordinated oxygen atoms (Figure 2.12, 2.13). The two-fold-coordinated ones are so-called
bridging oxygen atoms which can easily be removed by thermal annealing due to their
unsaturated coordination. The rows of bridging oxygen atoms are located directly on top of the
6-fold coordinated Ti rows [60-62].
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Figure 2.12. Ball-and-stick model of the rutile TiO2 (110)-(1×1) surface. Large light balls, oxygen; small
black balls, titanium. Vacancies in bridging oxygen rows are common on vacuum-annealed surfaces. The
two types of bulk defects that are prevalent in reduced TiO2 crystals, i.e. oxygen vacancies and titanium
interstitials, are also indicated [62]. (Reprinted with permission from Diebold, U., Applied Physics AMaterials Science & Processing, 2003. 76(5): p. 681-687. Copyright Springer Science+Business Media,
2003.)

Figure 2.13. Space-filling model of bulk terminated TiO2 (110)-(1×1). Small spheres represent Ti and
large spheres represent O [63]. (Reprinted with permission from Charlton, G., P. Howes, C. Nicklin, P.
Steadman, J. Taylor, C. Muryn, et al., Physical Review Letters, 1997. 78(3): p. 495. Copyright American
Chemical Society, 1997.)

Ramamoorthy and Vanderbilt [64] studied the shapes and surface energetics of titanium dioxide
by the Wulff construction method. The calculated surface energies are shown in Table 2.2.
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Table 2.2. Surface atomic coordination and surface energy for several 1×1 surfaces of different
orientations [64].

2, 3

Surface
energy
(meV/a.u.2)
(unrelaxed)
30.7

Surface
energy
(meV/a.u.2)
(relaxed)
15.6

5

2

33.8

19.6

(011)

5

2, 3

36.9

24.4

(001)

4

2

51.4

28.9

Surface

Surface Ti
coordination

Surface O
coordination

(110)

5, 6

(100)

Regarding the calculations, the (110) surface has the lowest surface energy while the (001) is
nearly unstable. The equilibrium shape of a macroscopic crystal of rutile is plotted in Figure
2.14. The equilibrium shapes of the different structures depend on the synthesis conditions due to
variations of the surface energy and surface tension in different environments [65, 66]. The
equilibrium shape of rutile in the Wulff construction consists of a tetragonal prism bounded by
(110) and terminated by a pair of tetragonal pyramids bounded by (011). According to the
results, the most stable surface among the rutile crystal facets is (110) [66].
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2 .14. The equilibrium shape of macroscopic crystals of rutile TiO2 using the Wulff construction [64].
(Reprinted with permission from Ramamoorthy, M., D. Vanderbilt, and R. King-Smith, Physical ReviewSection B-Condensed Matter, 1994. 49(23): p. 16721-16727. Copyright American Chemical Society,
1994.)

From the Wulff construction and surface energies, the equilibrium shape of the anatase phase is
shown in Figure 2.15 (a) [25], and compared to an anatase mineral crystal in Figure 2.15 (b).
Figure 2.15 (a) and (b) show the Wulff shape of brookite and TiO2(B) crystals [65, 67]. The
equilibrium crystal structure of brookite has seven different facets (Fig 2.16 (a)) [67]. A flat
pseudo hexagonal prism constructed from (001), (100), (110) and (11̅0) is the equilibrium shape
of TiO2(B), see Figure 2.16 (b).

Figure2.15. (a) The equilibrium shape of a TiO2 crystal in the anatase phase, according to the Wulff
construction and surface energies. (b) Picture of an anatase mineral crystal [25]. (Reprinted with
permission from Lazzeri, M., A. Vittadini, and A. Selloni, Physical Review B, 2001. 63(15): p. 155409.
Copyright American Chemical Society, 2001.)

(a)

(b)
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Figure 2.16. Equilibrium shape of macroscopic (a) brookite [65], (Reprinted with permission from Gong,
X.-Q. and A. Selloni, Physical review B, 2007. 76(23): p. 235307. Copyright American Chemical
Society, 2007.) and (b) TiO2(B) crystals using the Wulff construction and the surface energies [67],
(Reprinted with permission from Vittadini, A., M. Casarin, and A. Selloni, Journal of Materials
Chemistry, 2010. 20(28): p. 5871-5877. Copyright Royal Society of Chemistry, 2010.)

2.3.2 Kinetic and thermodynamic properties
Surface energy is a determining factor for the thermodynamic properties of micro-and
nanoparticles. Nano-sized particles have higher surface areas, and thus greater surface energy. In
an earlier study, Mitsuhashi et al. [68] utilized high-temperature oxide melt solution calorimetry
for determining the enthalpies of brookite and anatase-to-rutile phase transitions. The samples
were single crystals of size 0.1 to 0.2 mm of anatase and natural brookite from Magnet Cove,
Arkansas. The enthalpies of solution for the brookite-rutile and anatase-rutile transformations are
−0.17±0.09 kcal.mol−1 and −0.78±0.2 kcal.mol−1, respectively, at 971 K. The transformation
enthalpies confirm that the relative stability sequence of the three polymorphs is rutile > anatase
> brookite [68]. A stability reversal hysteresis of the anatase-rutile transformation is due to the
higher surface energy of rutile compared to anatase [52, 55, 69]; rutile has more unsatisfied
charges per unit surface area [53, 70].
Figure 2.17 shows the free energy dependence on the particles size [55]. It was concluded from
these data that relative phase stability depends on particle size, with the most stable phase being
anatase at sizes less than 4.9 nm, brookite at sizes between 4.9 and 30 nm and rutile at sizes
larger than 30 nm.
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Figure 2.17. Free energy vs. the grain size for anatase, brookite and rutile [55]. (Reprinted with
permission from Zhu, K.-R., M.-S. Zhang, J.-M. Hong, and Z. Yin, Materials Science and Engineering:
A, 2005. 403(1): p. 87-93. Copyright Elsevier, 2005.)

2.3.3 Electrical and optical properties
The electronic structure of TiO2 polymorphs has been studied experimentally by applying Auger
electron spectroscopy (AES) [71, 72], X-ray emission spectroscopy (XPS) [73, 74], X-ray
absorption spectroscopy (XAS) [75, 76], electron energy loss spectroscopy (EELS) [75, 77],
resonant photoemission spectroscopy [76] and impedance spectroscopy [78].
In addition to experimental investigations, theoretical modelling is essential to understand the
functional perspectives of TiO2 and its modifications. Theoretical studies of TiO2 polymorphs,
especially rutile, have attracted a lot of attention. In an early study, Daude et al. [79, 80] used the
combination of the tight-binding approximation and pseudopotentials to calculate the electronic
band structure of TiO2 for interpretation of the experimental data [79, 80]. Poumellect, Durham
and Guo [81] studied the electronic band structure of rutile TiO2 by the linear muffin-tin orbital
(LMTO) method [82]. Soft core ab initio pseudopotentials were also used with the local density
approximation (LDA) to predict the electronic properties of rutile TiO2 [83]. Some other
researchers used cluster methods, such as the embedded-cluster numerical discrete variational
method, to calculate the band gap and density of states of rutile TiO2 [84, 85]. Pseudopotential
Hartree-Fock, ab-initio full-potential-linearized-augmented plane wave and self-consistent
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orthogonalized linear combination of atomic orbitals are some other methods using to calculate
the electronic and optical properties of the TiO2 polymorphs [86-89].
Although the theoretical studies are enormously useful for predicting and understanding the
electronic properties of materials, the difficulty in accurately calculating the band structure of
semiconductors and insulators leads to significant differences between theoretical and
experimental results. Kohn-Sham density functional theory (DFT) and the Hartree-Fock (HF) are
the most common methods for the prediction of the band structure of materials. DFT within the
local density approximation (LDA) or even in the generalized gradient approximation (GGA)
predicts a band gap for rutile, anatase and brookite of approximately one-third less than the
experimental values ca. 3.0 eV. This reflects errors in the approximations as well as fundamental
issues in using DFT to calculate band gaps [90].
There are two general methods to compensate for the underestimation of the band gap while
using DFT. The first is to apply a self-interaction correction [91], the second is to utilize the
many body (GW) approximation [92]. In the GW approximation, the many-body self-energy is
approximated by the product of the single-particle Green function G and the screened interaction
W. It is a numerically challenging theory, in part due to evaluation of the screening equation for
W [93].
On the other hand, compared to DFT, HF theory generally overestimates band gaps. Thus, it has
been proposed that the introduction of exact HF exchange into conventional DFT will improve
the accuracy of the calculated band gap of TiO2 [94, 95]. The resulting approaches are known as
“hybrid schemes”. Hybrid functionals used in band structure calculations include Becke’s threeparameter hybrid functional (B3LYP) which includes Becke’s three parameter exchange and
Lee-Yang-Parr correlation [96, 97]; PBE0, which mixes 25% of HF exchange with the PBE
exchange-correlation functional [98, 99]; HSE06 which mixes 20% of HF exchange with the
HSE exchange-correlation functional [100-106].
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Figure 2.18. Band structures of rutile (a), anatase (b), and brookite (c) TiO2 and total density of states (d)
calculated by the hybrid DFT method with δ = 13%. The valence-band maximum is taken as the energy
zero [107]. (Reprinted with permission from Yong-fan Zhang, W.L., Yi Li, Kai-ning Ding and Jun-qian
Li, J. Phys. Chem. B, 2005. 109: p. 19270-19277. Copyright American Chemical Society, 2005.)

Zhang et al. [107] studied the electronic structures of rutile, anatase and brookite with hybrid
functional theory using various percentage contributions of HF exchange. Different theoretical
approaches with different percentages of HF exchange alter the magnitude of the band gap, and
the positions of the minima and maximum of the density of states. They showed that 13% HF
exchange can correctly predict the electronic structures of rutile, anatase and brookite. Using the
all electron basis sets of the Crystal Package with the threshold of total energy of 10 −7 a.u.,
hybrid functional with 13% HF exchange predicts a direct band gap for rutile at Γ and an indirect
band gap from M to Γ for anatase, Figure 2.18 [107]. The total and ion-decomposed electronic
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density of states of anatase and rutile using HSE06 are shown in Figure 2.19. This figure shows
that Ti3d states are the host of excess electrons and the electron holes centred on O2p states [108].

Figure 2.19. The total and ion-decomposed electronic density of states of anatase (a) and rutile (b) using
HSE06 [108]. (Reprinted with permission from Scanlon, D.O., C.W. Dunnill, J. Buckeridge, S.A.
Shevlin, A.J. Logsdail, S.M. Woodley, et al., Nature materials, 2013. 12(9): p. 798-801. Copyright Nature
Publishing Group, 2013.)

Labat et al. also studied the structural and electronic properties of TiO2 polymorphs with PBE0
and B3LYP functionals, Figure 2.20 [109]. There are O2s states around −18 eV, O2p states as
topmost states of the valence band (VB) approximately −6 to 0 eV and Ti3d states above the
Fermi level at the bottom of the conduction band. The valence band states are primarily formed
from O2p states with non-negligible hybridization with Ti3d states. The conduction band is
composed of both Ti3d and O2p states, but the contribution from Ti3d states is much more than
from O2p states. Ti3d states contain the excess electrons whereas the electron holes will be centred
on O2p states. A splitting of the O2p band was observed due to the bonding and antibonding O2p
states. Furthermore, because of the octahedral environment of Ti atoms, Ti 3d states split to Ti t2g
and Ti eg states [108]. Studying the band structures of rutile and anatase shows the partially ionic
behaviour of the Ti−O bond, and indicates that the covalent character of bonds is larger in rutile
than anatase [109-111]. They used PWGGA (Perdew-Wang exchange-correlation functional)
and PW1PW (DFT-HF hybrid) methods to predict the structure and electronic properties of
rutile. Both methods show that rutile TiO2 is a direct-gap semiconductor. They used the highest
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symmetry points in the Brillouin zone including Z→A→M→Γ→Z→R→X→Γ. Their results
showed that the smallest indirect gap of rutile structure is along the Γ→M direction [110].

(a

(b

)

)

Figure 2.20. Calculated band structure, total and projected DOS of Osp and Tid of PBE0 method for (a)
rutile and (b) anatase [109]. (Reprinted with permission from Labat, F., P. Baranek, C. Domain, C. Minot,
and C. Adamo, J Chem Phys, 2007. 126(15): p. 154703. Copyright American Institute of Physics, 2007.)

Ekuma et al. employed the LDA and LCAO to study the electronic and structural properties of
rutile TiO2. They solved the Kohn-Sham and the ground-state charge density equations selfconsistently using the Bagayoko-Zhao-Williams (BZW) method [112-115]. The LDA-BZW
calculations found an indirect band gap of 2.95 eV, from Γ→R for rutile, and the calculated
direct band gap of 3.05 at Γ is in good agreement with the experimental results [112].
Landmann et al. [56] combined density functional theory and many-body perturbation theory to
study the electronic and optical properties of TiO2 polymorphs. The obtained band structures for
rutile, anatase and brookite are shown in Figure 2.21. They used a modern nonlocal, rangeseparated, screened coulomb density functional proposed by Heyd-Scueria and Ernzerhof
(HSE06) [116, 117]which compensates the underestimation of the band gap of TiO2 polymorphs
compared to standard DFT [56, 118].
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Figure 2.21. TiO2 band structures for the rutile (a), anatase (b) and brookite (c) polymorphs in the HSE06,
and quasiparticle (QP) energies (dots) obtained from PBE-G0W0 [56]. (Reprinted with permission from
Landmann, M., E. Rauls, and W.G. Schmidt, J Phys Condens Matter, 2012. 24(19): p. 195503. Copyright
IOP Publishing, 2012.)

Yun et al. used PBE and HSE06 methods for structural and density of states studies of anatase,
rutile and fluorite phases. The results show that both methods correctly predict the structure of
TiO2 polymorphs, but the screened hybrid DFT method improved the density of states and band
gap energies of all polymorphs [119, 120]. Table 2.3 provides a comparison of calculated band
gaps of different theoretical methods.

Table 2.3. Comparison of the calculated band gaps of TiO2 with different methods.

Structure

Authors

Band gap Eg

Method

Basis

(eV)
Rutile

Experimental
value (eV)

12.14 (D)

HF

LCAO

1.88 (D)

PBE

LCAO

4.05 (D)

PBE0

LCAO

Labat et al.

1.85 (D)

LDA

LCAO

[109]

3.53 (D)

B3LYP

LDA-DFT

1.67 (D)

LDA

PAW

1.69 (D)

PBE

PAW

3.05 (I) [121]
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Poumellec et

2.0 (I)

LDA

al. [81]
Y. Zhang et al.

LMTOASA

2.99

HF-DFT

LCAO

(δ=13%)

[107]
Islam et al.

1.9 (D)

DFT-GGA

[110]

3.54 (D)

PW1PW

LCAO

DFT-HF

Ekuma et

3.05 (I)

BZW-LDA

LCAO

Landmann et

1.88 (D)

DFT-PBE

PAW

al. [56]

3.39 (D)

HSE06

PAW

3.46 (D)

PBE0-G0W0

3.73 (D)

HSE06-G0W0

12.71 (I)

HF

LCAO

2.36 (I)

PBE

LCAO

4.50 (I)

PBE0

LCAO

2.33 (I)

LDA

LCAO

3.98 (I)

B3LYP

LCAO

2.08 (I)

PBE

PAW

3.54 (I)

HF-DFT

LCAO

al.[112]

Anatase

Y. Zhang et al.

(δ=13%)

[107]
Landmann et

1.94 (I)

DFT-PBE

PAW

al. [56]

3.60 (I)

DFT-HSE06

PAW

3.73 (I)

PBE0-G0W0

1

4.05 (I)

HSE06-G0W0

1

3.18 (I) [105]
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Brookite

Landmann et

1.86 (D)

DFT-PBE

PAW

al. [56]

3.30 (D)

DFT-HSE06

PAW

3.45 (D)

PBE0-G0W0

1

4.68 (D)

HSE06-G0W0

1

3.11 (D)

HF-DFT

LCAO

Y. Zhang et al.
[107]
1

(δ=13%)

PAW or a mix of PAW (for groundstate) and PW (for G0W0) [122-125].

2.4

Modifications

Research on modified TiO2 is mainly driven by the objective of narrowing the band gap to
improve its photo reactivity under solar illumination. The description of producing new states in
the band gap of semiconductors and the localized and delocalized nature of associated electrons
is clearly an important challenge for understanding the properties of doped oxides [126]. Doping
causes the production of vacancies, interstitial or substitutional defects which alter the colour,
optical and magnetic properties, conductivity, reactivity etc. of doped oxides [127]. Doping
titania with anions such as N, C, and S results in a red-shift of the absorption edge of the doped
titanium dioxide, and so causes the absorption of the longer wavelengths in visible-light-active
TiO2.
2.4.1

Noble metal loading

The deposition of a noble metal on semiconductor nanoparticles is an essential factor for
maximizing the efficiency of photo catalytic reactions [128]. It is commonly assumed that the
noble metal acts as a sink for photo-induced charge carriers and promotes interfacial charge
transfer processes. Noble and semi-noble metals, including Pt, Au, Pd, Rh, Ni, Cu and Ag, have
been reported to be very effective for enhancement of TiO2 photo catalysis [129-137]. As the
Fermi levels of these noble metals are lower than that of TiO2, photo-excited electrons can be
transferred from the CB to metal particles deposited on the surface of TiO2, while photo
generated VB holes remain on the TiO2. These activities greatly reduce the possibility of
electron-hole recombination, resulting in efficient separation and stronger photo catalytic
reactions [5]. Karakitsou et al. [138] showed that in the near-UV region (250–400 nm), Pt-doped
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anatase exhibits H2 production rates which are higher than those exhibited by the rutile form by a
factor of approximately seven. They concluded that the efficiency of Pt/TiO2 photo catalysts is
significantly affected by the crystallographic structure of TiO2.
2.4.2 Ion Doping
Doped TiO2 has different surface properties compared to pristine TiO2 including thickness of the
space charge layer, existence and concentration of surface states [139]. Doping changes the
chemical nature and electronic structure of doped-oxide. The performance of TiO2 could be
improved by band gap narrowing which leads to increased photoactivity in the visible spectral
region. It was observed that the threshold photo energy for activating doped titania specimens
changes which causes the red-shifted adsorption edge to improve the photoreactivity properties
of titania [140].
The enhancement or reduction of photo catalytic activity is explained in terms of alteration of the
bulk electronic structure of the semiconductor, which in turn influences its electron-hole
generation and separation capacity under illumination [141]. The position of the Fermi energy
level, formation of new energy levels by the interaction of an interstitial dopant with the
semiconductor lattice and the electrical conductivity of the semiconductor, also affects the
surface properties such as thickness of the space charge layer, existence and concentration of
surface states, and decomposition potentials which affect the photo corrosion process. Although
disagreements occur in the literatures to the explanation of the red-shift of the absorption edge of
doped TiO2, there is a consensus among researchers that oxygen vacancies and related colour
centres are the most probable reasons for the improved photosensitivity [141, 142].

2.4.2.1 Cation-doped TiO2
Since metal ions are incorporated into the TiO2 lattice, impurity energy levels are formed in the
band gap of TiO2. The energy level of electron traps should be below the CB edge, and the
energy level of hole trap states should be below the VB edge. In the case of deep doping, metal
ions most likely behave as recombination centres, since electron/hole transfer to the surface
interface is more difficult [143].
Karakitsou et al. [138] worked on the influence of ultraviolet cation doping of TiO2 on its
performance as a photo catalyst in water cleavage applications. Anatase exhibits higher H2
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production rates compared to rutile. They concluded that doping with cations with higher
valence, such as W6+, Ta5+, Nb5+, results in increasing the water cleavage rate, while doping with
cations of lower valence such as In3+, Zn2+, Li+ will cause reduction of the photocatalytic
activity. Doping of TiO2 with higher valence cations results in shifting the Fermi energy level
towards negative values with respect to the NHE potential due to increasing the concentration of
electrons in the conduction band. On the other hand, doping with lower valence cations causes
increases in the concentration of holes in the valence band. In addition, the Fermi energy level is
shifted to lower values, and the flat-band potential of TiO2 is shifted toward positive values with
respect to the NHE potential [138].
In addition, doping of TiO2 with cations of valence higher than that of the parent Ti4+ cation
results in an increased concentration of electrons in the conduction band, as illustrated by the
following defect site reactions:
Ta2O5 ↔ 2Ta[Ti]+ + 2TiO2 + 1/2O2(g) + 2e-

(1)

or
WO3 ↔ W[Ti]2+ + TiO2 + 1/2O2(g) + 2e-

(2)

Lowering of the work function (i.e. an upward shift of the Fermi energy level) is also expected,
and consequently, a cathodic shift of the flat band potential toward negative values with respect
to the NHE potential [138].
Choi et al. confirmed that the presence of metal ion dopants in the TiO2 crystalline matrix
significantly influences photo reactivity, charge carrier recombination rates, and interfacial
electron-transfer rates. They concluded that doping with Fe3+, Mo5+, Ru3+, Os3+, Re5+, V4+, and
Rh3+ at 0.1-0.5 at. % significantly increases the photo reactivity for both oxidation and reduction
while Co3+ and Al3+ doping decreases the photo reactivity [144-146].
Aluminium-doped rutile TiO2 has been a focus of recent research [83, 110, 147] as well.
Stoichiometric Al doping, along with contributions from oxygen vacancies, slightly increases the
band gap of rutile TiO2, and reduces the photo catalytic activity of titania pigments [83, 110,
147] . H doping of TiO2 results in the reduction of Ti4+ to Ti3+ ions which are responsible for the
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accompanying increase of the electronic conductivity of TiO2 by introducing localized or
delocalized electronic states. Furthermore, there is debate as to whether oxygen vacancies or
titanium interstitials are the dominant species in the n-doped TiO2 [148, 149] . DFT-U and hybrid
B3LYP functional methods were used to characterize Ti3+ interstitials. The study showed that
different types of Ti3+ centres with different degrees of localization and excitation energies
control the electronic states of n-doped TiO2 [148].

2.4.2.2 Anion-doped TiO2
Recent research showed that cation doping causes localized d states deep in the band gap of TiO2
and results in carrier recombination [150-152]. Unlike metal ions (cations), anions are less likely
to form recombination centres and, therefore, are more effective in enhancing the photocatalytic
activity. Doping titania with anions such as N, C, and S results in red-shift of the absorption
edge. Asahi et al. [138] studied the visible-light-active photocatalytic properties of TiO2-xNx
through first-principles calculations and x-ray photoemission spectroscopy. They concluded that
nitrogen doping improves the optical absorption, photocatalytic activity such as photodegradation of methylene blue and gaseous acetaldehyde and hydrophilicity of the film surface.
Figure 2.22 b–e shows the predicted effects of doping on the band structure of anatase TiO2.
Doping could cause the red-shift of the TiO2 absorption edge by creating localized states and
narrowing the band gap [152].
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Figure 2.22. Various schemes illustrating the possible changes that might occur to the band gap electronic
structure of anatase TiO2 on doping with various nonmetals: (a) band gap of pristine TiO2; (b) doped TiO2
with localized dopant levels near the VB and the CB; (c) band gap narrowing resulting from broadening
of the VB; (d) localized dopant levels and electronic transitions to the CB; and (e) electronic transitions
from localized levels near the VB to their corresponding excited states for Ti3+ and F+ centres [152].
(Reprinted with permission from Serpone, N., The Journal of Physical Chemistry B, 2006. 110(48): p.
24287-24293. Copyright American Chemical Society, 2006.)

Valentin et al. investigated the influence on photo activity of anatase and rutile TiO2 of
substitutional N doping through DFT calculations. They showed that the N2p localized states just
above the top of the O2p valence cause red shift and blue shift in anatase and rutile, respectively.
The energy differences between the localized states and the conduction band of the both
polymorphs for the pure and doped oxide are shown in Figure 2.23 [153].

Figure 2.23. Schematic representation of the band structure of pure and N-doped anatase and rutile.
Energies are not in scale [153]. (Reprinted with permission from Di Valentin, C., G. Pacchioni, and A.
Selloni, Physical Review B, 2004. 70(8): p. 085116. Copyright American Chemical Society, 2004.)
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Many researchers have studied the defect structure (oxygen vacancies, Ti3+ centres, etc.) of TiO2
by theoretical analysis. Asahi et al. investigated the substitutional doping effects of C, N, F, P
and S in anatase TiO2. They calculated the DOS of anion-doped anatase by the FLAPW
formalism in the framework of LDA [151]. According Figure 2.22, nitrogen acts as the best
dopant because of mixing its p states with O2p, states which causes band-gap narrowing. It is
worth mentioning that S has the same effect on band-gap narrowing as N, but the problem is that
S doping has positive formation energy of 4.1 eV in comparison to 1.6 eV for the substitution of
N in TiO2. Moreover, adding C and P will cause deep states in the band-gap which do not result
in band-gap narrowing. In Figure 2.24, Ni and Ni+s refer to interstitial N and both interstitial and
substitutional doping in anatase. These states are unlikely to be effective for photocatalysis
because they are well screened and hardly interact with the TiO2 electronic states[151]. C-doped
TiO2 might exhibit new and unexpected features compared to N-doped TiO2. Nitrogen is roughly
similar in size to oxygen and generally substitutes for the oxygen in the TiO2 lattice. The valence
shell of the C atom contains four electrons as does the Ti atom, but can also host up to four
excess electrons [143, 153, 154].

Figure 2.24. (a) Total DOS of doped TiO2 and (b) the projected DOS into the doped anion sites,
calculated by FLAPW. The dopants F, N, C, S, and P were located at a substitutional site for an O atom in
the anatase TiO2 crystal (the eight TiO2 units per cell). The results for N doping at an interstitial site (Nidoped) and that at both substitutional and interstitial sites (Ni1s-doped) are also shown [151]. (Reprinted
with permission from Asahi, R., T. Morikawa, T. Ohwaki, K. Aoki, and Y. Taga, Science, 2001.
293(5528): p. 269-271. Copyright American Association for the Advancement of Science, 2001.)
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Valentin et al. studied the effects of carbon doping on the visible light sensitivity of TiO2. They
used DFT calculations within GGA for both anatase and rutile. They studied oxygen-poor andrich oxygen for low and higher carbon concentrations. They concluded that substitutional (to
oxygen) carbon and oxygen vacancies are favoured at low carbon concentrations and under
oxygen-poor conditions, whereas, under oxygen rich conditions, interstitial and substitutional (to
Ti) C atoms are preferred. For higher carbon atom concentrations, an unexpected stabilization
was seen because of multidoping effects, interpreted as inter-species redox processes. Carbon
impurities produce several localized occupied states in the band gap causing red shift of the
absorption edge [155].
2.4.2.3 Oxygen-deficient TiO2
The particular modification of TiO2 in which oxygen is removed, leaving a vacancy, is important
and scientifically interesting. The general formula for reduced TiO2 is TiO2–x which the value of
x gives an estimate of the density of oxygen vacancies. Removal of more than a few percent of
oxygen forms titanium sub oxides with the formula of TinO2n–1, with 3<n<10 : n  TiO2,
referred to as Magnéli phases. These have recently attracted considerable attention for their
potential to improve the photocatalytic properties of TiO2. Hydrogenation was used to produce
Magnéli phase titanium sub-oxides in the 1950’s for the first time.
A companion review will be devoted to oxygen-deficient TiO2. Here we give just two examples
of a particular approach to introducing oxygen vacancies, viz reaction with hydrogen. Chen et al.
[156] reported that by introduction of lattice disorder in hydrogenated anatase TiO2 nanocrystals,
mid-gap electronic states are created which results in decreasing the band gap. Figure 2.25 shows
a schematic diagram of the density of states (DOS) of white (pristine) and black (H-modified)
anatase. Experimentally, anatase turned black and improved its performance as Li-ion battery
electrode.

40

Figure 2.25. Schematic illustration of the DOS of disorder-engineered black TiO2 nanocrystals, as
compared to that of unmodified TiO2 nanocrystals [156]. (Reprinted with permission from Chen, X., L.
Liu, P.Y. Yu, and S.S. Mao, Science, 2011. 331(6018): p. 746-50. Copyright American Association for
the Advancement of Science, 2011.)

Rutile can also be reduced under high pressure (around 40 bar) hydrogen and high temperature
[157]. Rutile turns to blue during hydrogenation. Hydrogenated rutile nanorods were found
experimentally to have superior performance compared to hydrogenated anatase nanoparticles in
Li-ion battery electrodes.
2.4.3 Ion implantation
It is thought that so called “second generation photocatalysts”, made by ion-engineering
techniques, are the most effective for improving the photo catalytic properties of TiO2 by altering
its electronic structure [150, 158]. Bombardment of TiO2 with transition metal ions results in
injection of these ions into the lattice and interaction with TiO2. Yamashita et al. studied the
photo catalytic properties of TiO2 implanted with Cr+ and V+. The implantation process was
conducted with an ion-implanter consisting of a metal ion source, mass analyser, high-voltage
ion accelerator (150 keV) and a high vacuum pump [158]. They found that ion implantation
resulted in a red shift in the absorption spectrum, leading to more effective decomposition of NO
into N2, O2 and N2O at 275 K in the visible light region [131]. The extent of the red shift
depended on the metal ion implanted and its concentration. V, Cr, Mn, Fe and Ni caused a large
shift in the absorption band of TiO2 toward the visible region. Al, Mg, or Ti implanted titanium
oxides showed no shift, which means that red shift not only depends on the high energy
implantation process, but also to the interaction of the implanted ions with the TiO2. The order of
the resulting increase in photocatalytic sensitivity was found to be V > Cr > Mn > Fe > Ni ions.
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Figures 2.26 and 2.27 compose the UV-visible spectra of implanted and chemically doped with
Cr ions [150].

Figure 2.26. Uv-Vis absorption spectra (diffuse reflectance) of the original unimplanted pure TiO2 (a) and
the Cr ion implanted TiO2 (b–d), and the solar spectrum which reaches the earth. (amounts of Cr ionimplanted in 10−7 mol/g, b: 2.2, c: 6.6, d: 13.0) [150]. (Reprinted with permission from Anpo, M. and M.
Takeuchi, Journal of catalysis, 2003. 216(1): p. 505-516. Copyright Elsevier, 2003.)

Shown in Figures 2.26 and 2.27, Anpo et. al. [150] confirmed that only metal-ion implanted
titanium oxide catalysts show shifts in the entire absorption band toward the visible light regions.

Figure 2.27. Uv-Vis absorption spectra of (diffuse reflectance) of the original undoped pure TiO 2 (a) and
TiO2 chemically doped with Cr ions (b’–e’). (Cr ions chemically doped in 10–7 mol/g, a: undoped original
pure TiO2 (P-25), b’: 16, c’: 200, d’: 1000, e’: 2000) These TiO2 photo catalysts chemically doped with
Cr ions did not exhibit any photo catalytic reactivity [150]. (Reprinted with permission from Anpo, M.
and M. Takeuchi, Journal of catalysis, 2003. 216(1): p. 505-516. Copyright Elsevier, 2003.)
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The results obtained in photocatalytic reactions and various spectroscopic measurements carried
out with the photocatalysts indicate that the implanted metal ions are highly dispersed within the
deep bulk of the catalysts and work to modify their electronic nature without any changes in the
chemical properties of the surfaces [150]. Yamashita et al. [159] also studied the visible light
activity of transition metal implanted TiO2 using XAFS analysis and theoretical calculations.
They concluded that the substitution of Ti ions by isolated metal ions is the determining factor
for the utilization of solar light. Yamashita et al. also studied the properties of Fe ion-implanted
TiO2, and found that the studied second type catalyst absorbs visible light in the rage of 400–600
nm with an effective photocatalytic activity for water remediation. N-doped crystalline anatase in
nanotube form is another promising photocatalyst with strongly enhanced photocurrent response
to both UV and visible light [6].
2.5

2.5.1

Research progress in applications
UV absorption

A required feature of inorganic sunscreen filters is to screen/block UV light over the whole UVA/UV-B range (290–400 nm) through absorption, scattering and reflection properties that in turn
are influenced by the intrinsic refractive index, the size of the particles, dispersion in the
emulsion base, and by their film thickness [5]. In addition to blocking UV radiation, sunscreens
must be photostable (ideally 100%) and must dissipate the absorbed energy efficiently through
photophysical and photochemical pathways that do not allow the formation of singlet oxygen,
other reactive oxygen species, and other harmful reactive intermediates. With few exceptions,
sunscreens contain chemical filters (organic; absorb mostly UVB radiation) and physical filters
(e.g., TiO2 and ZnO) [143]. Titanium dioxide, because of its high refractive index (2.90 for
rutile) gives a high SPF. The rutile phase is generally used in sunscreen cosmetics because it is
safer compared to anatase and anatse/rutile phases, which can be more harmful to the skin during
oxidative reactions. Anatase and anatase/rutile adhere more strongly on skin, so washing of
anatase is more difficult and damages the outer-most layer of the skin even in indoor light [160].
TiO2 is effective against UV-B and gives reasonable protection in the UV-A range; it offers good
transmission between 400 and 700 nm, enhanced by the reduction of the particle size to 10–20
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nm, which achieves an optimal balance between scattering and absorption and provides excellent
protection associated with satisfactory transparency.
The major disadvantage of inorganic sunscreens is that scattering extends into the visible region,
causing a whitening effect, which is unappealing to the consumer. Many researchers have aimed
to increase the visible transparency through superior control of particle size, shape and particle
size distribution [4]. Popov et al. [161] evaluated the most appropriate size of TiO2 nanoparticles.
They concluded that particles of 62 nm are the most effective in protecting skin against UV-B
light [161]. Recent studies, however, have shown that TiO2 nanoparticles (NPs), usually a
mixture of rutile and anatase, are not completely harmless to the human body and the toxic
effects of TiO2 particles are dose- and size-dependent [162, 163]. When TiO2 nanoparticles are
photo-activated by UV light, they generate highly oxidizing radicals (OH and O2–) and other
reactive oxygen species (ROS) such as H2O2 and singlet oxygen, O2, which are known to be
cytotoxic and/or genotoxic [5]. For example, on the human skin, 20-nm TiO2 NPs are
photoactive, producing free radicals that might cause the complete destruction of supercoiled
skin cell DNA, even at low doses and in the absence of exposure to UV [162].
Recent work on improving the properties of TiO2 for use in sunscreens has focused on nanosized particles. A surface coating can be added to nano-sized TiO2, commercial TiO2 (P25)
powder, to enhance its UV absorption by a different light diffraction mechanism. Composites
consisting of nano-sized particle TiO2 in SiO2 gels have been synthesized enhancing the UV
absorption efficiency, the major factor for UV protection [11].
2.5.2 Photocatalysis
Transition-metal ions in photocatalytic reactions have attracted a lot of attention for two main
reasons: (a) their influence on the rate of reaction (mainly oxidation) and (b) the transformation
of the ions to less toxic species or their deposition on a semiconductor catalyst surface for
recovery of expensive and useful metals.
TiO2 has been utilized in numerous aspects of photocatalysis, including water dissociation,
air/water remediation, removal of indoor odours, antibacterial applications and self-cleaning
surfaces. TiO2 has photo-induced superhydrophilicity properties as well.
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The ratio of the surface charge carrier transfer rate to the electron-hole (e–/h+) recombination rate
is the determining factor for evaluating the photocatalytic activity of titanium oxide. Particle size
is also one of the most important factors affecting the surface activity of the catalyst. With
decreasing particle size, the specific surface area and surface active sites will increase, but it
should be noticed that there is an optimal particle size of around 10 nm in which the particle has
the highest surface activity. Zhang et al. claimed that for particle sizes less than 10 nm, the
surface recombination rate increases, so the catalytic activity will decrease. Thus, there should be
compatibility between particle size, surface activity and recombination centres to have the most
efficient photocatalyst [164].
Due to the thermodynamic stability of anatase nanoparticles with crystal sizes below ca. 11 nm
relative to brookite and rutile, and the ease of their synthesis, they are commonly employed in
TiO2 photocatalysis. On the other hand, it was reported that brookite nanocrystals exhibit
markedly high photocatalytic activities compared to those of rutile and anatase. Kandiel et al.
[165, 166] studied the photocatalytic activities of anatase, rutile and brookite through
photooxidation of methanol. They observed that brookite nanoparticles have higher
photocatalytic activities than anatase, and a comparable activity to that of the anatase-rich
nanoparticles. Interestingly, the photocatalytic activity of anatase is much higher than that of
TiO2(B), but the electronic band gap of TiO2(B) is narrower than that of anatase [165, 166].
Yang et al. [167] proposed mixed-phase nanofibres for photocatalytic applications, consisting of
a shell of anatase nanocrystals on a fibril core of single-crystal TiO2(B). The well-matched and
stable phase interfaces cause the better holes migration to the core phase. On the other hand, the
anatase shell has a high ability to absorb oxygen. As a result, these two phenomena decrease the
recombination rate [167].
2.5.2.1 Photocatalytic water splitting
Research on photoelectrocatalytic properties of TiO2 was boosted in the 1970’s by Fujishima and
co-workers [33], who showed that TiO2 could be utilized as an electrode in a photoelectrolytic
cell to produce clean hydrogen through water splitting [168].The electrochemical photocell
consists of two electrodes, the TiO2 photocatalyst as the anode and Pt as the counter electrode.
When TiO2 electrode is irradiated with light which wavelength is compatible to the band gap of
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TiO2, the photo-generated electrons and holes are produced [169]. The schematic diagram of a
photoelectrochemical cell is shown in Figure 28.

Figure 2.28. Schematic diagram of a photoelectrochemical cell [30]. (Reprinted with permission from
Ahmad, H., S.K. Kamarudin, L.J. Minggu, and M. Kassim, Renewable and Sustainable Energy Reviews,
2015. 43: p. 599-610. Copyright Elsevier, 2015.)

The photocatalytic reactions of TiO2 are as follows:
TiO2 + 2hν → 2e–+ 2h+

(3)

H2O+2h+ → (1/2) O2 + 2H+ (at TiO2 electrode)

(4)

2H++ 2e– → H2 (at Pt electrode)

(5)

The overall reaction is:
H2O+2hν → (1/2) O2 + H2

(6)

For hydrogen production, the CB level should be more negative on the electrochemical scale
than the hydrogen evolution potential (EH2/H2O) to flow electrons from semiconductor surface to
the counter electrode, while the VB should be more positive than the water oxidation level
(EO2/H2O) for efficient oxygen production without an applied potential. Figure 2.29 demonstrates
the basic principle of the overall water-dissociation reaction on a solid semiconductor
photocatalyst [170, 171].
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Figure 2.29. Schematic diagram showing the potentials for water splitting occurring on the TiO2 surface
[171]. (Reprinted with permission from Abe, R., Journal of Photochemistry and Photobiology C:
Photochemistry Reviews, 2010. 11(4): p. 179-209 Copyright Elsevier, 2010.)

The solar energy conversion efficiency of TiO2 for photocatalytic water splitting is still low
mainly due to the recombination of photo-generated electron/hole pairs, fast backward reaction
and rather high band gap [172]. Adding electron donors or acceptors help to enhance the photogenerated electron/hole separation, resulting in reducing the recombination rate. As mentioned in
sections 4.2 and 4.3, band gap engineering of TiO2, using cation/anion doping and ion
implantation reduce the recombination rate and allow TiO2 photocatalyst to absorb the visible
light [140, 151, 155, 173-177].
2.6

Conclusion

Titanium-dioxide is a wide band-gap semiconductor, with the principal polymorphs (rutile,
anatase, brookite) having measured band-gaps in the range 3.05–3.18 eV. The functional
performance of TiO2 is fundamentally determined by its band structure, which is sensitive to
crystal structure and changes to the stoichiometry or chemical identity of the constituent atoms.
This ability to tune the electronic properties has led to an ongoing research effort to enhance the
electrochemical properties in particular.
The crystal structures of the four known polymorphs and (where known) their thermodynamic
properties, optical properties and band structures were surveyed. Particular attention was paid to
the prediction of the band structures of the pure polymorphs, since this must be robust before
reliable calculations of the effects of vacancies, doping and so on can be performed. Density
functional theory, which performs very poorly in predicting the energetics of semiconductors in
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the common local density approximation, is nevertheless fairly reliable overall with judicious
choice of a hybrid functional.
Close attention was also paid to the thermodynamics of TiO2 nanoparticles, since the optical
properties are strongly size-dependent and the order of stability of the polymorphs at
macroscopic size is upset for nanoparticles, as are their relative activities in photocatalysis.
Numerous modifications by surface loading with metals, doping and introduction of oxygen
vacancies were surveyed. Predictions of the effect on band structure of these modifications are
more qualitative, generally revolving around the introduction of new states within the band gap
rather than narrowing of the gap itself. There is a need for the latest methods to be applied to
more quantitative predictions of the effects of structural and chemical modifications on the
electronic structure.
Finally, recent progress in applications including UV screening, photocatalysis and water
splitting were surveyed. The most significant scientific problem associated with TiO2 is still to
substantially increase the fraction of the solar spectrum that can be captured as a photocurrent.
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Abstract
Band gap engineering of TiO2 has attracted many researchers looking to extend its applicability
as a functional material. Although TiO2 has been commercialized in applications that utilise its
special properties, its band gap should be modified to improve its performance, especially as an
active photo catalyst. Reduction of TiO2 under a hydrogen atmosphere is a promising method
which can increase the visible-light absorption efficiency of TiO2, but its commercialization has
provoked a lot of controversy as H-modified TiO2 has an unstable structure above 400 K. In this
second review paper, the production and influence of O vacancies (𝑉𝑂 ) and other defects such as
interstitial cations under vacuum and hydrogen are reviewed for the common phases of TiO2.
The particular modification of TiO2 in which O is removed from the crystal structure is
considered in detail.
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3.1

Introduction

Titanium dioxide (TiO2) has been used in applications taking advantage of its optical properties,
which depend on its electronic structure. TiO2 has often been studied as a photo anode in photo
electrochemical cells since Fujishima and Honda [1] used a rutile photo anode to convert
absorbed UV light into a charge flow for water splitting. Rutile TiO2 serves as a wellcharacterized and understood model for studying fundamental processes in a reducible oxide,
and specifically the interplay between surface properties and defects present at the surface and in
the bulk of the crystal [2, 3].
The efficiency of conversion of solar energy to hydrogen was very low because UV photon
energies were required to excite carriers across the band gap of more than 3.0 eV. Many
researchers have since pursued improvements by modifying the pristine oxide. Experiments and
theory have confirmed that the reactivity and photo reactivity of oxide semiconductors depend
strongly on crystal imperfections or point defects [4-8]. Furthermore, it appears that defect
disorder also influences these properties. Point defects including oxygen vacancies and Ti3+
interstitials (both considered to be electron donors) and two-dimensional planar defects
(crystallographic shear planes) are two probable defects in the reduced-rutile and anatase
structure [9-11]. Defect disorder is in fact proposed to be the determining factor in the
modification of semiconducting properties, reactivity and photo reactivity of TiO2 [12-14].
Reduced TiO2, which contains Ti3+, has been demonstrated to exhibit visible light absorption [1518]. Among the available reduction techniques, exposure to hydrogen gas is one of the most
effective.
The first paper in this series reviewed the structures and properties of pristine (or nearly pristine)
TiO2. In this second paper, the focus is on TiO2 containing randomly distributed point defects
introduced by partial reduction in a hydrogen atmosphere, since this treatment has been found to
influence the optical and electrical properties strongly [14, 17, 19-37]. From the perspective of
composition, the principal expected defect is the oxygen vacancy. This modification is usually
represented as TiO2–x where x  0.1 approximately. The creation of oxygen vacancies is quite
sensitive to the conditions of reduction conditions such as temperature, nature of the reducing
agent, duration of experiment, etc. It is essential to have a comprehensive understanding of the
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methods and the techniques for generating oxygen vacancies, the mechanism by which oxygen
vacancies lead to Ti3+ interstitials of their influence on physical, chemical and optical properties.
The ordered Magnéli phases, TinO2n–1 where n  10 , will be discussed in a further paper. In this
modification, crystallographic shear planes (CSP) characterise the crystal structure [21]. The
relationship between the notations used for the stoichiometries of the ordered and disordered
phases is n  1 x .
3.2

Defects in TiO2

3.2.1 Classification of defects
From the perspective of electronic properties, defects can be classified as donors, acceptors,
isovalent or isoelectronic centres, amphoteric, vacancies and interstitials [38]. The chemical
nature and size of a defect or impurity affect the electronic properties of the material. Defects
involving dangling bonds (e.g. vacancies) tend to induce lattice relaxation and come into
thermodynamic equilibrium with their surroundings by making new bonds. Host atoms also have
to change their equilibrium position to accommodate defects when the size of impurity atoms is
much bigger or smaller than their size [39].
Lattice charge neutrality should be applied incorporating the concentration of defects so that, for
example (in Kröger-Vink notation [40], Table 3.1)
ˊˊˊˊ
2[𝑉𝑂•• ] + 3[𝑇𝑖𝑖••• ] + 4[𝑇𝑖𝑖•••• ] + [𝐷 • ] + 𝑝 = 𝑛 + 4[𝑉𝑇𝑖
] + [𝐴ˊ ]

(1)

where n and p are the concentrations of electrons and holes respectively, and [𝐷• ] and [𝐴ˊ ] are
the concentrations of singly ionized donor- and acceptor-type foreign ions as dopants and
impurities respectively.
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Table 3.1. Kröger-Vink notation.
Kröger-Vink notation
4+
𝑇𝑖 𝑇𝑖

𝑇𝑖 4+ ion in the titanium lattice site

×
𝑇𝑖 𝑇𝑖

3+
𝑇𝑖 𝑇𝑖

𝑒ˊ

𝑉𝑇𝑖

𝑇𝑖 3+ ion in the titanium lattice site
(quasi-free electron)
Titanium vacancy

ˊˊˊˊ
𝑉𝑇𝑖

𝑇𝑖𝑖3+

𝑇𝑖 3+ ion in the interstitial site

𝑇𝑖𝑖•••

𝑇𝑖𝑖4+

𝑇𝑖 4+ ion in the interstitial site

𝑇𝑖𝑖••••

𝑂𝑂2−

𝑂2− ion in oxygen lattice site

𝑂𝑂×

𝑉𝑂

Oxygen vacancy

𝑉𝑂••

𝑂𝑂−

𝑂− ion in the oxygen lattice site
(quasi-free hole)

ℎ•

Possible point defects in metal oxides are shown schematically in Figure 3.1. The first (a) is a
stoichiometric oxide where the Fermi level is located in the middle of the band gap; the second
(b) contains the cation vacancies, which are electron acceptors; the third and fourth (c and d)
contain oxygen vacancies and cation interstitials, which are electron donor-type defects [12].
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Figure 3.1. Schematic representation of point defects in a binary oxide, MO, including defect free crystal
(a), doubly ionized cation vacancy (b), doubly ionized oxygen vacancy (C), and doubly ionized interstitial
cation (d), (left) and the related band models (right) [12]. The filled and empty circles represent electrons
and holes, respectively. (Reprinted with permission from Bak, T., et al., The Journal of Physical
Chemistry C, 2011. 115(32): p. 15711-15738.)

Electronic impurities in semiconductors are generally grouped in two large categories including
shallow impurities and deep-level defects [41]. The binding energy of shallow impurities is
typically less than 100 meV which is much less than the band gap of TiO2 and comparable to the
characteristic thermal energy kBT. Moreover, in deep-level defects the required energy to remove
an electron or hole from the trap is much larger than the kBT [42].
Defects can be also classified as localised and delocalised. Localized states are close to the
conduction or valence band [43]. The electronic states of deep defects are energetically
positioned within the band gap and spatially localized; i.e. the wave function related to deep
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defect states is spatially confined, extending typically over only a few neighbour atomic lattice
sites. It is also worth mentioning that localization is directly related to the chemical nature of the
defect. For example, it depends on the existence of any dangling or broken bonds, or it can
originate from atomic states that are largely decoupled from the host electronic structure [41, 43].
By heating titania (rutile or anatase) to temperatures above about 500 C in vacuum or under
reducing agents (H2, CO, CH4 etc.), point defects (interstitials, surface and bulk oxygen
vacancies) are first created, forming TiO2‒x (0<x<0.1). At temperatures above about 1000 °C the
oxygen vacancies order and Magnéli phases TinO2n‒1 (3<n<10) form. On exposure to reducing
agents (H2, CO, CH4 etc.) at temperatures above about 500 C, the oxide is reduced until the
surface has a steady-state concentration of oxygen vacancies (VO) in equilibrium with the bulk.
In oxygen deficient TiO2, TiO2‒x (0<x<0.1), Ti3+ and Ti4+ interstitials and oxygen vacancies are
the dominant point defects [19]. “Ti3+” species are produced by transferring the excess electrons
of the defect to adjacent Ti4+ lattice ions [44, 45].
3.2.2 Formation of oxygen vacancies
During reduction, oxygen vacancies are created on the surface of TiO2 and act as active sites for
catalysis. Unpaired electrons left behind after removing oxygen atoms are localised on Ti ions to
produce Ti3+ centres [46, 47]. There are two different types of oxygen vacancies: oxygen
vacancies below five-coordinate Ti ions, and those bellow bridging-oxygen-row Ti ions [48-51].
The localization of the excess electrons left at the oxygen vacancies is highly controversial and
complicated. Some researchers believe the localization of the excess electrons [52, 53], but
others suggest that excess electrons are delocalized over several Ti lattice sites [44, 45, 50, 54,
55]. The localization is stabilized by a displacement of the oxygen atoms surrounding the
reduced Ti atom. A complex-formed by reduced Ti ion which contains the unpaired electron and
the displaced oxygen atoms is called a polaron [56]. Polaronic Ti3+ states are located at about 1
eV below the CB-edge. Each polaronic state is formed by an excess electron localized at an
empty Ti-3d orbital with a locally distorted lattice structure. Recently, Janotti et al. [57] reported
a mechanism of the coexistence of the localized and delocalized excess electrons, polaronic Ti3+
state and shallow donor states, using hybrid DFT calculations in bulk [58].
The formation of oxygen vacancies can be expressed as the following equilibrium [13]:
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𝑂𝑂 ⇄ 𝑉𝑂•• + 2𝑒 ˊ + 1/2𝑂2

(2)

There are empty sites in the oxygen sub lattice which are formed when oxygen ions are removed
from their lattice. Figure 3.2 shows that the removal of a neutral oxygen atom leaves behind two
electrons that had been engaged in two Ti-O bonds that were broken when the vacancy was
formed.

𝑂𝑂× → 𝑉𝑂•• + 2𝑒 ˊ + 1/2𝑂2
Figure 3.2. Schematic representation of the formation of doubly ionized oxygen vacancy [12]. (Reprinted
with permission from Bak, T., et al., The Journal of Physical Chemistry C, 2011. 115(32): p. 1571115738.)

Schaub et al. [59] combined experiment and theory to study water dissociation on oxygen
vacancies. The results showed that oxygen vacancies in the surface layer act as the active sites
for water dissociation and the formation of two hydroxyl groups for every vacancy. Based on
scanning tunnelling microscopy (STM) and DFT calculations, it was concluded that the water
dissociation rate depends on the density of oxygen vacancies. The dissociation process occurs as
soon as molecular water is able to diffuse to the active site (Figures 3.3 and 4.4).
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Figure 3.3. Ball-and-stick model and corresponding simulated STM image at 1 V showing the appearance
of (a) vacancy-free surface, (b) bridging oxygen vacancy, (c) bridging OH group, and (d) water molecule
on top a five-fold coordinated Ti atom. Red atoms: O; yellow atoms: Ti; blue atoms: H. In (c) the OH
bond is tilted ~47.9° with respect to the surface normal. Another equivalent configuration exists with a tilt
of –47.9°, which would make the simulated STM image symmetric [59]. (Reprinted with permission from
Schaub, R., et al., Phys Rev Lett, 2001. 87(26): p. 266104.)

Figure 3.4. Ball model of the TiO2(110) surface. (I) oxygen vacancy, (II) bridging hydroxyl group, (III)
terminal hydroxyl group, and (IV) water molecule. Red atoms: O; yellow atoms: Ti; blue atoms: H [59].
(Reprinted with permission from Schaub, R., et al., Phys Rev Lett, 2001. 87(26): p. 266104.)

3.2.3 Formation of Ti3+ interstitials
In oxygen deficient TiO2, TiO2‒x, with a low x (0<x<0.1), Ti3+ and Ti4+ interstitials and oxygen
vacancies are the dominant point defects [60]. “Ti3+” species produce by transferring the excess
electrons of the defect to adjacent Ti4+ lattice ions. Figure 3.5 (a) show the schematic diagram
model of the central Ti3+ ion which is associated with an oxygen vacancy along the parallel
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direction [11, 61, 62]. Figure 3.5 (b) shows that when reduction happens the two electrons of the
VO change two Ti4+ to Ti3+ ions.

(a)

(b)

Figure 3.5. (a) Model of central Ti3+ ion associated with an oxygen vacancy at its nearest location in the
parallel direction. (Reprinted with permission from Schaub, Lu, T.-C., et al., Physica B: Condensed
Matter, 2001. 304(1): p. 147-151.) (b) Schematic of a flaw on partly reduced TiO2 [61, 62]. (Reprinted
with permission from Weyl, W. and T. Förland, Photochemistry of rutile. Industrial & Engineering
Chemistry, 1950. 42(2): p. 257-263.)

Formation of titanium interstitials and vacancies is expressed as the following equilibria [13]:
2𝑂𝑂 + 𝑇𝑖 𝑇𝑖 ↔ 𝑇𝑖𝑖••• + 3𝑒 ˊ + 𝑂2

(3)

ˊˊˊˊ
𝑂2 ↔ 2𝑂𝑂 + 𝑉𝑇𝑖
+ 4ℎ•

(4)

Ti3+ surface defects can be generated by reduction of Ti4+ ions. There are two types of processes
for Ti4+ reduction. The first one happens where Ti4+ ion receives a photoelectron which is usually
generated due to UV irradiation on TiO2. Figure 3.6 shows how photo generated electrons and
holes are produced in TiO2 by UV irradiation. The electrons can be trapped and reduce Ti4+
cations to Ti3+, and the holes oxidize O2– anions for the formation of O– trapped hole or even
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oxygen gas. The second process is usually accompanied by loss of oxygen from the TiO2 surface
[11, 63].

Figure 3.6. Scheme of UV induced charge separation in TiO2. Electrons from the valence band can either
be trapped (a) in the conduction band where they produce absorption in the IR region, or (b) by defect
states, which are located close to the conduction band (Scheme of UV induced charge separation in TiO2.
Electrons from the valence band can either be trapped (a) in the conduction band where they produce
absorption in the IR region, or (b) by defect states, which are located close to the conduction band
(shallow traps). Electron paramagnetic resonance spectroscopy detects both electrons in shallow traps,
Ti3+, and hole centres, O‒ [63]. (Reprinted with permission from Berger, T., et al., The Journal of
Physical Chemistry B, 2005. 109(13): p. 6061-6068.)

Figure 3.7 shows a schematic diagram for the diffusion of Ti3+ interstitials to the TiO2(110)
surface. The diffusion of interstitial Ti3+ species from the bulk to the surface was studied by
monitoring the depletion layer formation due to the reaction of Ti3+ interstitials with adsorbed
surface oxygen species [64].
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Figure 3.7. Schematic diagrams showing the Ti3+ depletion layer in the near-surface region and the
activated bulk diffusion of Ti3+ interstitials toward the surface they react with Ot adatoms [64]. (Reprinted
with permission from Zhang, Z., et al., The Journal of Physical Chemistry C, 2010. 114(7): p. 30593062.)

3.2.4 Experimental studies
Mass transport occurring between the surface and bulk material depends on the diffusion of
oxygen vacancies (𝑉𝑂 ) and Ti interstitials (𝑇𝑖𝑖 ). 𝑉𝑂 is more likely be created on undercoordinated surface sites which are energetically favourable. In contrast, 𝑇𝑖𝑖 are mostly found in
the bulk of a sample due to a higher coordination number [65]. Cheng et al. [65] compared the
relative stabilities of surface and subsurface sites of r-TiO2 and a-TiO2. DFT calculations have
shown that defects on the surface of a-TiO2(101) and a-TiO2(001) are much more stable at a
subsurface than a surface site. On the contrary, bridging oxygen sites are favoured for rTiO2(110) [9]. Henderson [66] reported that Ti interstitials are the major diffusive defects rather
than O atoms or vacancies in rutile. Rutile structure has the open channels along c-axis where
consists of chains of voids with ~0.25 Å as the minimum radii [67]. Tii (ionic radius of Ti3+ is
~0.81 Å) diffuse through channels while oxygen ions cannot pass through open channels due to
their larger ionic radius (~1.46 Å). Therefore, oxygen ions diffuse by the vacancy mechanism
from bulk to the surface. Figure 3.8 (a) and (b) show a sectional view of open channels in rutile
and anatase, where the channels are represented by dots.
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(a)

(b)

Figure 3.8. Projection of the rutile (001) and anatase (100) planes and positions of titanium and oxygen
atoms in the tetragonal units of rutile and anatase. Large circles represent oxygen atoms and small ones
titanium atoms. (a) Rutile: Open channels along the [001] direction are expressed by dotted points. (b)
Anatase: The (110) plane, open channels developing along the [100] direction which is parallel to the
(001) direction [68]. (Reprinted with permission from Iwaki, T., Journal of the Chemical Society, Faraday
Transactions 1: Physical Chemistry in Condensed Phases, 1983. 79(1): p. 137-146.)

In 1983 Iwaki [68] studied the hydrogen desorption behaviour of anatase and rutile samples
using temperature-programmed desorption (TPD) in the temperature range of 298‒1073 K. 51
kPa of hydrogen was introduced to the sample at various temperatures (between 573 and 773 K
for 2 hrs) followed by TPD measurements were done on a sample. It was reported that sample’
colour changed to bluish grey under 51 kPa of hydrogen when the temperature was raised above
673 K. TDS spectra of hydrogen adsorption on both anatase and rutile samples are shown in
figures 3.9 (a) and (b). It was found that the onset of hydrogen desorption on anatase and rutile is
different and anatase gave two H2 desorption peaks (623-673K and 773-823K) while rutile gave
a single broad peak at 923‒973 K. TDS spectra also showed the higher peaks for anatase sample
because of the larger volume of the open channels in the anatase structure than rutile. The results
showed that the adsorbed hydrogen on rutile is bonded to the bulk, so most of the hydrogen was
desorbed from the open channels from the bulk to the surface.” Anatase has a lower temperature
hydrogen release than rutile which suggests that the anatase surface interacts more easily with
hydrogen than does rutile, which may be due to the difference in the formation of surface hydroxyl
groups and their dissociative properties. It is likely that the first hydrogen peak in anatase is

72

associated with surface oxide ions rather than surface oxygen vacancies, which are surrounded by
titanium ions and increase in number with the degree of reduction.

(a)

(b)

Figure 3.9. TDS spectra of hydrogen adsorbed on titanium dioxide. (A) Anatase: The introduction
temperature of hydrogen is (a) 573, (b) 623, (c) 673, (723) and (e) 773 K. The broken line (f) is obtained
by gas chromatography after introduction of hydrogen at 773 K (arb. units). (B) Rutile: The introduction
temperature of hydrogen is (a) 573, (b) 623, (c) 673, (d) 723 and (e) 773 K. The dotted line (f) is for the
original untreated rutile sample. The broken line (g) is for the anatase sample, curve (e) in Figure 3.9. (a)
(arb. units) [68]. (Reprinted with permission from Iwaki, T., Journal of the Chemical Society, Faraday
Transactions 1: Physical Chemistry in Condensed Phases, 1983. 79(1): p. 137-146.)

The proposed models for the description of the hydrogen adsorption behaviour of TiO2 are as
follows [68]:
–H2O(g) 3+ 2– 4+
Ti4+O2–Ti4+O2– +H2(g) Ti3+O ─ H– Ti3+O ─ H–
Ti O Ti VO

(5)

where Vo is an oxygen vacancy which traps an electron. Hydrogen is also adsorbed on
neighbouring oxygen to form a hydroxyl group [68]:
Ti3+O2–Ti4+VO

+1/2H2
(g)

Ti3+O ─ H– Ti3+VO

(6)
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Hydrogen atom can also penetrate into the bulk. Due to its small size and high reactivity, atomic
H diffuses through channels in the semiconductor lattice and interacts with host atoms,
impurities and defects, creating hydroxyl groups in particular.
The properties of nonstoichiometric rutile versus temperature and oxygen partial pressure pO2
have been studied extensively. Measurements of self-diffusion as a function of pO2 and
temperature provide detailed information about the defect structure. Hoshino et al. [69] measured
the tracer diffusion of Ti in two directions (parallel and perpendicular to the c axis) as a function
of temperature and pO2. They suggested an interstitial-type mechanism [70] for diffusion. Aono
et al. [71] studied the atomic and electronic structures of defects in TiO2–x by electronparamagnetic-resonance (EPR) measurements. They concluded that the main lattice defects in
TiO2–x are Ti interstitials with a single paramagnetic electron (S = 1/2) where as x increases, S
changes to 1.
Khader et al. [21] studied the electrical conductivity of sintered rutile pellets to investigate the
mechanism of reduction with hydrogen. According to their results reduction leads to the loss of
oxygen according to the following reaction:
TiO2 + xH2(g) → TiO2–x + xH2O(g)

(7)

and that this leads to the formation of oxygen vacancies according to the following reaction:
O2-(solid) + H2(g) → H2O(g) + Vr2–

(8)

where Vr2– is a reactive oxygen vacancy in which H2 gas can be adsorbed quickly.
The kinetics of reduction of rutile was studied at times up to 2 hours and temperatures of 300 to
500 °C. Doubly ionized oxygen vacancies are predominant under such conditions [72-75].
According to Khader et al. [21] results, rutile reduction proceeds in three stages (Fig. 3.10):
1. Slow adsorption of H2 on deactivated sites, Vd2–.
2. Exponential increase of the electrical conductivity with time, during which the
autocatalytic reactions were observed which means that the product of the reaction at a
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certain time accelerates the reaction at later times. The resulting Vr2– offer more sites for
H2 to adsorb on, so leading to a greater degree of hydrogen coverage.
3. At long reduction times and high conductivities, the conductivity increases slowly with
time which suggests that reduction is a diffusion-controlled process. As the reduction
proceeds, more vacancies are generated within the bulk of the pellet.

Figure 3.10. Variation of the electrical conductivity vs time of reduction at various temperatures [21].
(Reprinted with permission from Khader, M., et al., The Journal of Physical Chemistry, 1993. 97(22): p.
6074-6077.)

The conductivity increase in the second region is attributed to the production of surface oxygen
vacancies. Outward diffusion of oxygen ions leaves behind oxygen vacancies and the oxygen
ions react with the adsorbed H2 on the surface to produce H2O. As the reduction reaction
penetrates deeper, the diffusion path lengthens, causing a slower conductivity increase in stage 3.
Based on the experimental evidence, they assume that the concentration of O2–(solid) is constant.
The relationship between the conductivity and the time of reduction is as follows:
σ = σ0 exp(𝑘𝑖 𝑡)

(9)
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where σ0 is the conductivity at t = 0 and ki is the rate constant which relates to the concentration
of O2–. The Arrhenius plot of ln ki versus 1/T is shown in figure 3.11 Using the data of Figure
3.11, the activation energy of TiO2 reduction is 15 kcal mol–1.

Figure 3.11. Arrhenius plot of ln ki vs. 1/T [21]. (Reprinted with permission from Khader, M., et al., The
Journal of Physical Chemistry, 1993. 97(22): p. 6074-6077.)

Haerudin et al. [76] studied the reduction of Degussa P25 TiO2 (80% anatase-20% rutile) under a
hydrogen atmosphere. The colour of the sample changed to blue during the reduction process.
They concluded that the number of oxygen vacancies was strongly controlled by
thermodynamics rather than kinetics. After introducing oxygen to the system at room
temperature, the colour changed to grey-white, suggesting surface re-oxidation of the reduced
titania. According to the Mars–van Krevelen mechanism [77] adsorbed molecules will be
reduced by removal of oxygen from the catalyst surface leaving an oxygen vacancy behind that
may in turn be re-oxidised by dioxygen. The concentration of oxygen vacancies is controlled by
thermodynamics, with a non-zero equilibrium concentration owing to the relatively high
configurational entropy of a point defect. For treatment temperatures of 400 °C and below, the
following equilibrium reaction was proposed [76]:
Ti4+ + O2- + H2 ↔ H2O + VO + Ti3+ + e-

(10)

Upon hydrogen treatment above 400 °C the density of surface vacancies seems to reach
saturation and simultaneously vacancies are formed in the bulk.
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Liu et al. [29] treated 30nm anatase nanoparticles under hydrogen and found that the optimum
temperature for the H2 treatment was ca. 500‒600 °C. The photocatalytic performance of H2treated a-TiO2 was maximum at 560 °C. They studied hydrogen and a-TiO2 interactions through
in-situ electron paramagnetic resonance (EPR) spectroscopy. The EPR signal intensities for the
H2-treated TiO2 sample showed that both VO and Ti3+ affect the photocatalytic activity properties
of H-modified TiO2 (Fig. 3.12.). The peaks with g factors of 1.955 and 2.002 were assigned to
Ti3+ and adsorbed oxygen, respectively, for H2 treatment temperatures lower than 400 °C.

Figure 3.12. The EPR spectra of VO and Ti3+ during the H2 treatment at different temperatures [29].
(Reprinted with permission from H. Liu rt al., Chemosphere, 2003. 50: p. 39–46.)

An evolution profile of VO and Ti3+ intensity versus the treatment temperature is shown in Figure
3.12. When the H2 treatment temperature increased to 450 °C, the Ti3+ signal intensity increased
smoothly and reached its maximum value at 600 °C. The VO signal intensity reached a maximum
at 450–520 °C and declined at over 560 °C because electrons in the VO were transferred out to
form Ti3+ because more energy was supplied by hydrogen. At 700 °C, the signal intensity of both
VO and Ti3+ were very weak, due to the phase transition reaction of anatase to rutile. They
proposed the following mechanism for H2 and TiO2 interactions during the H2 treatment. Firstly,
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hydrogen interacts physically with the adsorbed oxygen at temperatures below 300 °C. This
phenomenon was demonstrated by the absence of the EPR signals associated with adsorbed
oxygen (Fig 3.13.) and the significant H2 consumption. Secondly, at temperatures higher than
300 °C, electrons move from the H atoms to the O atoms in the TiO2 lattice. Thus, the VO forms,
when the O atom leaves the surface with the H atom in the form of H2O. Thirdly, the integration
between H2 and TiO2 proceeds more drastically when the electrons are transferred to Ti4+ where
Ti+3 cations are formed at temperatures higher than 450 °C. The H2 consumption rate appeared to
be even higher at temperatures higher than 450 °C.

Figure 3.13. The EPR intensity of Ti3+ and VO vs. H2 treatment temperature during the H2 treatment [29].
(Reprinted with permission from H. Liu et al., Chemosphere, 2003. 50: p. 39–46.)

Shin et al. [78] found that hydrogen treated nanosized (20 nm) a-TiO2 has a better electronic
conductivity as an anode in Li-ion batteries compared to pristine and vacuum annealed TiO2.
Wang et al. [79] reported that H-modified rutile TiO2 nanowires and nanotubes perform better in
photo-electrochemical water splitting than pristine ones. Nanowire diameters and length were in
the range of 100–200 nm and 2–3 µm, respectively. Incident-photon-to-current-conversion
efficiency (IPCE) was used to characterize the photo-conversion efficiency of the prepared photo
anodes (Figure 3.14).

78

𝐼𝑃𝐶𝐸 =

(1240 𝐼)
(λ 𝐽𝑙𝑖𝑔ℎ𝑡 )

where 𝐼 is the measured photocurrent density at a specific wavelength λ, and 𝐽𝑙𝑖𝑔ℎ𝑡 is the
measured irradiance at a specific wavelength. The IPCE measurements confirmed that r-TiO2:H
nanowires had higher photo activity than pristine ones. Figure 3.14 (b) shows the energy diagram
of the hydrogen-modified TiO2 versus NHE. E1O and E2O are the oxygen vacancy energy levels at
about 0.75 and 1.18 eV and ETi-OH and ETi-OH-Ti are the energy levels of surface hydroxyl groups.
Regarding Figure 3.14 (a), the visible and near-IR light absorption can be attributed to the
transitions from the oxygen vacancy levels to the TiO2 conduction band. However, the photo
excited electrons located at oxygen vacancies are not involved in water splitting because their
energy levels are well below the H2O/H2 reduction potential. It explains the observation of weak
photo activity in the visible region for H-TiO2 nanowires and the negligible contribution to the
photocurrent. Additionally, the electronic transition between the localized oxygen vacancy states
and the delocalized conduction band is not expected to be significant because the coupling
between the localized and the delocalized energy states should be weak.
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Figure 3.14. (a) IPCE spectra of pristine TiO2 and H-TiO2 nanowires prepared at 350, 400, and 450 °C,
collected at the incident wavelength range from 300 to 650 nm at a potential of –0.6 V vs Ag/AgCl. Inset:
Magnified IPCE spectra that highlighted in the dashed box, at the incident wavelength range from 440 to
650 nm. (b) A simplified energy diagram of H-TiO2 nanowires. E1O and E2O are referred to the oxygen
vacancies (red dashed lines) located at 0.73 and 1.18 eV below the TiO2 conduction band; ETi-OH and ETiOH-Ti (blue dashed lines) located at 0.7 and 2.6 eV below the TiO2 valence band represent the energy levels
of surface hydroxyl group. The black dashed lines indicate the H2O/H2 and O2/H2O potentials. Arrows
highlight the possible electronic transitions between the different energy levels in H:TiO2 [79]. (Reprinted
with permission from Wang, G., et al., Hydrogen-treated TiO2 nanowire arrays for photoelectrochemical
water splitting. Nano Lett, 2011. 11(7): p. 3026-33.)

Hydrogen modification of r-TiO2 nanowires at 450 °C or above caused a colour gradually change
to black (Figure 3.15 (a)), which demonstrates the visible light absorption activity of the sample
resulting from treatment with hydrogen. Figure 3.15 (b) shows the XRD patterns of pristine and
treated r-TiO2 nanowires. The XRD pattern showed no phase change after hydrogenation. The
observed black colour is in contrast to the observation by Qui et al. [18] that exposure of r-TiO2
nanorods to hydrogen at temperatures below 500 C caused a colour change to strong blue
(Figure 3.16 (a)).
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(a)

(b)

Figure 3.15. (a) Pictures of TiO2 nanowire arrays at different temperatures, samples were heated under
hydrogen. (b) XRD patterns of pristine r-TiO2 and r-TiO2:H nanowires annealed in hydrogen at various
temperatures (300, 350, 400, 450, 500, and 550 °C). (Arrows show the diffraction peaks corresponding to
Sn metal), FTO denotes as fluorine-doped tin oxide glass substrate [79]. (Reprinted with permission from
Wang, G., et al., Hydrogen-treated TiO2 nanowire arrays for photoelectrochemical water splitting. Nano
Lett, 2011. 11(7): p. 3026-33.)
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Figure 3.16. (a) Synchrotron XRD patterns (b) UV-vis spectra and (c) XPS diffraction patterns of blue
and white r-TiO2 nanorods. Hydrogenation modification was carried out in-situ [18]. (Reprinted with
permission from Wang, G., et al., Qiu, J., et al., The Journal of Physical Chemistry C, 2014. 118(17): p.
8824-8830.)
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Rietveld refinement of the synchrotron XRD patterns of the blue and white r-TiO2 nanorods
showed a significant expansion along the c direction (from 2.95247 to 2.97147 Å) and unit cell
volume (from 62.8088 to 63.1793) (Figure 3.16. (a)). The synchrotron patterns confirmed that
the hydrogenation of r-TiO2 nanorods is a bulk phenomenon. According to Figure 3.16 (b) white,
grey and blue TiO2 samples behaved differently in the visible light region. The blue r-TiO2
showed the highest visible light absorption which can be related to the creation of the mid-band
gap states. There is no difference between XPS spectra of blue and white TiO2 which is evidence
that the bluish colour of TiO2 after hydrogenation is not because of surface distortions and most
likely results from defects created in the bulk of r-TiO2 nanoparticles. Zhang et al. [80] studied
the effects of hydrogenation on the photocatalytic activity of 8 nm diameter a-TiO2:H nanowires.
They proposed an economical method to produce surface-modified and morphology-improved aTiO2 nanowires. They synthesized a-TiO2:H nanowire-microspheres by converting protonated
titanate nanotube (H-TiNT) to a-TiO2:H under a hydrogen atmosphere. It was shown that aTiO2:H nanowire-microspheres have Ti-H and O-H bonds on their surface which caused the
improvement of their visible-light absorption and photocatalytic activities. The colour of TiO2
nanowire-microspheres changed to brown during the hydrogenation process while that of TiO2air microspheres is white (inset of figure. 3.17 (a)). The XRD patterns of a-TiO2:H and aTiO2:air (figure 3.17 (b)) demonstrate that there is no major change in the crystal structure owing
to hydrogenation.

(a)

(b)

Figure 3.17. (a) UV-vis absorption spectra, (b) XRD patterns for a-TiO2:H and a-TiO2:air anatase 8 nm
diameter nanowires [83]. (Reprinted with permission from Sakai, N., et al., The Journal of Physical
Chemistry B, 2001. 105(15): p. 3023-3026.)
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Chen et al. [81] enhanced the visible-light absorption of 8 nm a-TiO2 nanoparticles, where the
colour changed to black when exposed to 20 bar of H2 at 200 °C for 5 days. Regarding Figure
3.18 (a), the onset of optical absorption of the black a-TiO2:H nanocrystals was lowered to about
1.0 eV (~1200 nm) that composed to ~300 nm for white a-TiO2.The XRD patterns (Figure 3.18
(b) did not reveal any obvious structural changes during the reduction process, and they claimed
that hydrogen introduced surface disorder in the surface layers of a-TiO2:H. The inset of Figure
3.18 (a) shows the black colour of the a-TiO2:H which is in contrast with the brown colour of
Zhang et al.’s [80] a-TiO2:H sample.

(a)

(b)

Figure 3.18. (a) Spectral absorption of the white and black a-TiO2 nanocrystals. (b) XRD patterns of the
white and black TiO2 nanocrystals (shown below) [81]. (Reprinted with permission from Chen, X., et al.,
Increasing solar absorption for photocatalysis with black hydrogenated titanium dioxide nanocrystals.
Science, 2011. 331(6018): p. 746-50.)
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The physical and chemical properties of TiO2 are highly affected by its surface conditions and
number of Ti3+ surface defects [82-84]. Xiong et al. [11] studied Ti3+ surface defects and their
effects on the photocatalytic activity of reduced-TiO2. As mentioned, Ti3+ works as an active site
for visible light absorption. The presence of Ti3+ on the TiO2 surface shows the acidic and the
reducing properties of oxygen deficient titanium oxide. Yu et al. [17] synthesized a-TiO2:H
nanosheets and tested them as a photocatalyst. They reported that the photoactivity properties of
the prepared a-TiO2:H depended on the concentration and distribution of defects such as Ti3+
interstitials and VO. They found that a-TiO2:H nanosheets hydrogenated at 600 °C for longer than
10 h showed 10 times higher photoactivity that pristine a-TiO2. It was claimed that the samples
which were hydrogenated at 500 °C for 0.5‒1 h changed to strong blue which is in contrast to the
reports that pristine white a-TiO2 nanocrystals turn to black by hydrogenation at elevated
temperature [8, 18, 30, 85, 86] (Figure 3.19).

Figure 3.19. a-TiO2:H samples prepared with a 50 sccm H2 gas flow at temperature range of 500-700 °C.
Gradual changes in colour from blue to grey were seen which depends on annealing temperatures and
time [17]. (Reprinted with permission from Yu, X., B. Kim, and Y.K. Kim, ACS Catalysis, 2013. 3(11):
p. 2479-2486.)
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In another study by Wu et al. [4], ultra-small (~3 nm) yellow TiO2 nanoparticles were produced
using a sol-gel method and UV light pretreatment. They confirmed the presence of Tii defects in
yellow TiO2 using XRD (Figure 3.20). XRD patterns revealed an expanded (101) interplanar
spacing, which was interpreted as indicating the presence of Tii defects. The photocatalytic
activity of yellow a-TiO2 was studied by decomposing formaldehyde in aqueous solution for H2
production. As Figure 3.21 (a) shows H2 was produced by yellow a-TiO2 during visible light
irradiation without using any co-catalyst. Figure 3.21 (b) shows the XPS spectra of the white and
yellow a-TiO2. There was no obvious peak for Ti3+ in Ti-2p spectra for the yellow sample
(Figure 3.21 (b)) which was explained by oxidation of Ti3+ to Ti4+ in air after turning off the UV
light.

Figure 3.20. XRD patterns of normal and yellow a-TiO2 (Blue dot lines represent standard pdf card (211272) for a-TiO2); (b) XRD peak fitting of the a-TiO2(101) peak using a pseudo-Voigt function [4].
(Reprinted with permission from Wu, Q., et al., Nano Energy, 2016. 24: p. 63-71.)
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Figure 3.21. (a) Visible light driven (𝜆 > 420 nm) hydrogen production via decomposition of
formaldehyde in aqueous solution without using any co-catalyst (i) Normal TiO2, ii) TiO2 with 4h light
UV pretreatment, (iii) yellow TiO2 with 8h light UV pretreatment. (b) XPS spectra of Ti-2p for normal
and yellow a-TiO2 powders [4]. (Reprinted with permission from Wu, Q., et al., Nano Energy, 2016. 24:
p. 63-71.)

Figure 3.22 shows the EPR spectra of white and yellow TiO2. The presence of VTi is evidenced
by EPR spectra at g = 1.998 in yellow a-TiO2. The small signals in the EPR spectra attributed to
the external dopants present in the sample [4].

Figure 3.22. EPR spectra of white and yellow TiO2 powders measured at room temperature [4].
(Reprinted with permission from Wu, Q., et al., Nano Energy, 2016. 24: p. 63-71.)
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Table 3.2. Summary of literature reports on hydrogenation of different structures of TiO2.

Year

Author

Material

1983

Iwaki et al. [68]

A- and r-TiO2

1998

Haerudin et al.
[76]

TiO2-P25

2003

Liu et al. [29]

30 nm a-TiO2

2011

Shin et al. [78]

20 nm a-TiO2
nanopowders

2011

Chen et al. [81]

a-TiO2
nanocrystals-8
nm in diameter

2012

Zheng et al. [80]

nanowire arrays
r-TiO2 nanotube
arrays and aTiO2 nanowire
diameter: 100200 nm and
length: 2-3μm
8 nm a-TiO2
nanowire

2014

Qiu et al. [18]

40 nm r-TiO2

2011

Wang et al. [79]

r-TiO2(110)

Environment
53 kPa H2 at
temperatures
between 573‒
773 K for 2 h.
1 bar H2 at
temperatures
between 200‒
475 °C.

Conclusion
The interaction of hydrogen
with titanium dioxide was
attributed the formation of
surface hydroxyl groups.
The number of vacancies
increases with increasing
treatment time and with
increasing hydrogen flow
rate.
Blue
under
hydrogenation and turned to
grey-white
in
oxygen
atmosphere.
H2/Ar mixture
EPR results showed that
gas at
during
the
hydrogen
temperatures
treatment,
𝑉𝑂 was
first
3+
between 500‒
produced and 𝑇𝑖
was
600 ˚C
then generated.
5% H2/95% Ar
H-treated TiO2 has better
mixture at 500
electrode properties than
˚C
vacuum annealed TiO2.
hydrogenated in Black- Disordered outer
a 20 bar H2 at
layer
surrounding
a
about 200 °C for crystalline core was around
5 days
1nm
and
the
core
crystallized
a-TiO2
nanocrystals.
annealed in air
The dark colour suggests
at 550 °C for 3
that the TiO2 has visible
hrs- finally to
light absorption as a result
black (450 °C or of hydrogen treatment.
above)

TiO2:H
nanowiremicrospheres is
dark brown
40 bar H2 at 450
˚C for an hourSample’s colour
changed to blue
H2 implantation
into r-TiO2(110)

They found that TiO2:H
nanowire-microspheres
have Ti-H and O-H bonds
on their surface.
Blue-TiO2 based Li-ion
batteries has a higher
energy capacity and better
rate performance.
Rapid stability of TiO2:H
due to rapid bulk diffusion
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2015

2016

Nandasiri et al.
[35]

Mehta et al. [33]

single crystals
(10 ×10 × 1
mm3)

Nanostructured
a-TiO2

5% H2/95% Ar
mixture at 300
˚C

of H to its interfaces,
followed by desorption (as
H2O or H2) and surface
reduction.
The
enhancement
of
photocatalytic
activity
depends on the duration of
hydrogen treatment.

The photocatalytic activity of TiO2:H in the visible region has referred to an upward shift of the
VBM. However, the extent of hydrogen incorporated and the undesirable formation of certain
bulk/interfacial defects affect the visible light activity of TiO2:H. Nandasiri et al. [35] reported
that hydrogen implanted into rutile TiO2(110) diffuses to the surface at low temperatures (∼373
K) and is completely depleted from the near-surface region (≤800 nm) by 523 K. This reduction
most likely results from the reaction of H with surface oxygen, followed by formation and
desorption of water. The presence of surface Ti3+ persists until the thermally induced surface-tobulk diffusion of Ti3+ interstitials is initiated above 550 K. Nuclear reaction analysis (NRA) was
performed on H-implanted samples to determine the hydrogen depth profiles as a function of
annealing temperatures (Figure 3.23) [35]. Regarding figure 3.23, the hydrogen profile was
significantly altered by annealing at 373 K, with the peak becoming a uniform concentration
gradient. Little or no hydrogen was lost from the crystal (into the vacuum) during the 373 K
annealing. Interestingly, although the H profile broadened toward the surface during heating,
there was no significant broadening toward the bulk. A significant amount of hydrogen was lost
into the vacuum during annealing at 473 K. The signal at 473 K may be due to H trapped at
structural defects generated during the implantation process. Further annealing at 523 K
completely removed all of the implanted H.
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Figure 3.23. Hydrogen depth profiles measured by the resonant 1H-(19F, αγ)16O nuclear reaction
analysis for the hydrogen-implanted TiO2(110) single-crystal sample after annealing in vacuum. Inset
displays the integrated area in the profile as a function of annealing [35]. (Reprinted with permission from
Nandasiri, M.I., et al., J Phys Chem Lett, 2015. 6(22): p. 4627-32.)

3.2.5 Reactivity of point defects
Point defects are very influential in governing the behaviour of reduced TiO2 surfaces because of
their ability to act as electron donors and oxygen acceptors in reductive processes. Two unpaired
electrons produce when an oxygen vacancy is created which makes the reduced oxide a very
strong lewis base. The more vacancies are created, the stronger the lewis basicity of the surface
is. Actually, the reactivity of the under studied compound will increase by increasing its basicity
(which is an increase in the ability of the surface to donate electrons) [59, 87, 88]. Combination
of lattice changes due to the presence of the defects results in the stabilization of the adsorbates,
which cause partial loss of coordination of the surface atoms, particularly at the Ti(5) (Figure
2.12) sites which leads to stronger molecule-surface interactions.
In addition, the presence of a subsurface defect leads to a substantial increase of the outward
relaxation that further enhances the adsorption bonding through stronger interaction energy
(Figure 3.24).
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Figure 3.24. Atomic structure of anatase TiO2 with co-existence of VTi and Tii [4]. (Reprinted with
permission from Wu, Q., et al., Nano Energy, 2016. 24: p. 63-71.)

Recently, Janotti et al. [57] reported a mechanism for the coexistence of the localized and
delocalized excess electrons, polaronic Ti3+ states and shallow donor states, using hybrid DFT
calculations in bulk TiO2 [58]. For all tested surface defects, it was clear that reaction
intermediates and activation barriers will be affected strongly by the presence of defects. Thus,
even if the point defects remain static and do not participate directly in surface reactions, they
may lead to major changes in the surface reactivity. As demonstrated in Figure 3.25, polaronic
and shallow donor states created under the CB lower the ionization energy for electrons to
escape from the surface to adsorbates [89, 90].

91

Figure 3.25. A proposed schamtic of density of states for (a) pristine TiO2 Degussa P25 and (b) reduced
TiO2 [90]. (Reprinted with permission from Naldoni, A., et al., J Am Chem Soc, 2012. 134(18): p. 76003.)

Benz et al. [91, 92] attributed the sustained reductive C═C coupling of benzaldehyde to
migration of Ti interstitials to the surface. It is generally accepted that surface point defects,
especially bridging oxygen vacancies, play a significant role in the reactivity of reduced
TiO2(110) [46, 59, 67, 93]. There is also another possibility that subsurface defects such as Ti
interstitials and bulk oxygen vacancies affect their surface reactivity [16, 56]. STM has shown
that oxygen interacts with subsurface interstitials even at room temperature [94, 95]. They
concluded that Ti interstitials dictate the surface reactivity of benzaldehyde over vacuum reduced
TiO2(110). They found well-ordered TiO2(110) islands by annealing the sample to 900 K which
is the evidence for Ti migration from the subsurface region [91]. Figure 3.26 shows the overall
reactive process of monomeric benzaldehyde which contains diffusion of monomeric
benzaldehyde and subsequent formation of a diolate intermediate above a Ti interstitial site [92].
It is crucial to study how subsurface and bulk defects affect the chemical behaviour of reduced
TiO2 prepared for surface science. The migration of titanium interstitials is known to promote
surface regrowth under both reducing and oxidizing conditions at elevated temperatures, and has
recently been observed to occur at temperatures as low as ~300‒400 K with STM.
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Figure 3.26. Schematic of benzaldehyde adsorption followed by pairing to form a diolate above a Ti
inetrstitial site. Heating to 400 K produces gaseous stilbene and two oxygen atoms. The oxygen atoms
form new nanoscale islands of TiOx from reaction with titanium interstitials [92]. (Reprinted with
permission from Benz, L., et al., ACS nano, 2011. 5(2): p. 834-843.)

Furthermore, Lewis acid sites, either Ti4+ on crystalline or Ti3+ (Ti2+) on reduced TiO2, play an
important role in studying surface properties of reduced TiO2 [96]. Reactive chemisorption
occurs through interaction with Lewis acid sites (Ti4+ ) and Lewis base centres (Ti3+) of the
reduced surface, which are generated upon the introduction of an oxygen vacancy [97]. As
shown in figure 3.27, Panayotov et al. [96] supposed that thermally activated bridging lattice
oxygen leaves behind Ti3+‒Vo‒Ti3+ donors and moves to the surface (as a highly reactive O
atom) where it reacts with a methoxy group that is bound to Ti4+, which is a coordinatively
unsaturated Lewis acid site. Although oxygen vacancies had been proposed as the coupling site
of aldehydes to olefines, recent experiments point to Ti interstitials as the main active point
defect for reductive coupling [91].
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Figure 3.27. Schematic diagram illustrating thermally activated bridging lattice oxygen leaving behind
Ti3+‒Vo‒Ti3+ donors. The oxygen atom diffuses to the particle surface where it burns a methoxy group
that is bound to a coordinatively unsaturated Ti4+ Lewis acid site. Electrons trapped at shallow donor
states are detected in our experiments when they are excited into the conduction band via absorption of IR
radiation [96]. (Reprinted with permission from Panayotov, D.A. and J.R. Morris, The Journal of Physical
Chemistry C, 2009. 113(35): p. 15684-15691.)

It was reported that hydrogenation of a- and r-TiO2 causes to a black and bluish colours as
oxygen is removed from the crystal and colour centres are produced [18, 81]. Yellow defective
a-TiO2 nanoparticles were also observed where a white suspension slowly turns to obviously
yellow colloidal solution. UV-VIS absorption spectra of the white and yellow colloidal solutions
of a-TiO2 were recorded to investigate the nature of the defects in the as-synthesized materials. A
steep increase of light absorption at ~400 nm for normal TiO2 colloidal solution compared to less
steep at ~450 nm for the yellowish solution. It was proposed that the defects in the yellow TiO 2
were oxygen vacancies, since otherwise a bluish colloidal solution should have been produced
[4]. These shifts in the light adsorption edge of yellowish solution are due to the creation of other
defects than Ti3+ (Figure 3.28).
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Figure 3.28. UV-vis absorption spectra of normal and yellow TiO2 colloidal particles [4]. (Reprinted with
permission from Wu, Q., et al., Nano Energy, 2016. 24: p. 63-71.)

3.3

Theoretical studies

Density functional theory (DFT) has become a promising calculation method for studying the
electronic structure of point defects in semiconductors and isolators [16, 56, 98]. Using the HSE
(Heyd-Scuseria-Ernzerhof) functional [99-102] helps to calculate formation energies and
transition levels semiconductors. HSE also has been used to separate the effects of structural
relaxations in the various charge states on 𝑉𝑂 . In recent research, the oxygen vacancy has been
found to act as a shallow donor which is stable in the 𝑉𝑂2+ configuration for all Fermi-level
positions within the bang gap. The formation energy of 𝑉𝑂2+ in n-type TiO2 (Fermi level at CBM)
is about 1.0 eV under extreme oxygen-poor conditions. This formation energy of 𝑉𝑂2+ is low
enough to, in principle, account for the observed n-type conductivity in TiO2 single crystals
annealed under Ti-rich (O-poor) conditions, and its dependence on the oxygen chemical potential
is also consistent with the observed variation in the electrical conductivity with oxygen partial
pressure [98, 103].
DFT with GGA and LDA have some difficulties in calculating the band-gap of rare-earth oxides
such as TiO2 and result in electron delocalisation in states that should be localised. In TiO2, it has
been shown that when oxygen vacancies are created, two electrons become localized on the Ti
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atoms which then create mid-gap states. However, GGA-DFT cannot calculate these
expectations due to the electron self-interaction error in DFT [104-106]. One approach to
compensate this failure is applying an additional Hubbard term to GGA. GGA-U adds a term to
the Hamiltonian to describe the strength of thøe on-site intersections when two d-or f-electrons
are located on the same cation [93, 107, 108]. A DFT+U study of defects in bulk rutile was made
by Stausholm-Møller et al. [16]. Ti interstitials, O vacancies and H dopants were considered as
defects. They found that the excess electrons localize spatially around Ti4+ ions to create Ti3+
ions. The created band gap states average energy is within a few hundredth of an electron volt
from 0.94 eV below the conduction band minimum. Figures 3.29 and 3.30 show the DOSs of the
plain DFT calculations (U = 0) and DFT+U calculations with U = 2–5 eV, respectively. Figure
3.29 shows the configuration of the three systems under study (Ti interstitial (a), O vacancy (b),
and H dopant (c)) and the DOSs obtained from plain DFT calculations (U = 0). Figure 3.27
shows that the gap states arising from 𝑉𝑂 and H atom are largely Ti-3d in nature. StausholmMøller et al. [16] concluded that the electrons donated to the host TiO2 are fully localized. Plain
DFT calculations show that electrons coming from 𝑉𝑂 reside at the bottom of the conduction
band. By applying U = 2.5 eV, electrons will be localized on Ti atoms and create states in the
band gap and shows large Ti-3d character. The H atom situated near a bulk oxygen atom and
corresponding electron moved into the band gap after applying U = 2.5 eV.
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Figure 3.29. The configuration of the three systems under study: Ti-interstitial (a), O-vacancy (b), and H
dopant (c). Shown alongside the configurations are the DOSs obtained from plain DFT calculations
(U=0). Spin-up and spin-down states are shown above and below the abscissa, respectively [16].
(Reprinted with permission from Stausholm-Mo-ller, J., et al., Journal of Chemical Physics, 2010.
133(14): p. 144708.)
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Figure 3.30. DOS for the three defects obtained from a DFT-U calculation with U=2.5 eV. The coloured
area corresponds to the contribution from the Ti-3d states from the atom upon which the states are shown
above and below the abscissa, respectively [16]. (Reprinted with permission from Stausholm-Mo-ller, J.,
et al., Journal of Chemical Physics, 2010. 133(14): p. 144708.)

Chrétien et al. [56] studied the electronic structure of the partially reduced TiO2 (110) surface.
DFT-U calculations with U ≤ 2.5 eV suggested that two electrons on the oxygen vacancies are
localized and for 3.0 ≤ U ≤ 6.0 eV the two electrons are localized on different Ti atoms. Figure
3.31 shows the side and top view of the top stoichiometric layer of partially reduced rutile. An
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unpaired electron can be localized on a Ti atom by formation of a polaron in which the Ti atom
is reduced to Ti3+ and the O atoms near the newly formed Ti3+ atom move away from it.

Figure 3.31. (a) Side view and (b) top view of the top stoichiometric layer of a partially reduced rutile
TiO2(110) surface showing a [3 × 2] supercell. The green sphere indicates the position of a bridging
oxygen vacancy created by removing one of the protruding bridging oxygen atoms. The atoms are
labelled as follows: (1) bridging oxygen; (2) in plane oxygen; (3) 5-fold-coordinated Ti (5c-Ti); (4) 6fold-coordinated Ti (6-fold-coordinated Ti at the vacancy site (6c-Ti*) [56]. (Reprinted with permission
from Chrétien, S. and H. Metiu, The Journal of Physical Chemistry C, 2011. 115(11): p. 4696-4705.)

3.4

Thermodynamics and kinetics

The formation of a vacancy and a new site is reflected in enthalpy and vibrational entropy
changes. In addition, creation of a single point defect increases the internal energy, enthalpy and
configurational entropy of a system. The equilibrium concentration of point defects is greater
than zero owing to their relatively high configurational entropy. It is also worth mentioning that
different types and systems of defects can have different free energies of formation, and certain
defects predominate in a particular solid [40, 109].
Charge states’ relative stability is determined by the formation energy.
𝐸 𝑓 (𝑉𝑂𝑞 ) = 𝐸𝑡 (𝑉𝑂𝑞 ) − 𝐸𝑡 (𝑇𝑖𝑂2 ) + 1/2𝐸𝑡 (𝑂2 ) + 𝜇𝑂 + 𝑞𝐸𝐹

(9)

Where 𝐸𝑡 (𝑉𝑂𝑞 ) is the total energy of a supercell with a vacancy in charge state 𝑞 and 𝐸𝑡 (𝑇𝑖𝑂2 ) is
the total energy of a perfect crystal in the same supercell. 𝜇𝑂 is a reservoir where the removed O
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atom is placed. The stability condition of TiO2 is related to the chemical potential, namely,
𝜇 𝑇𝑖 + 2𝜇𝑂 = ∆𝐻𝑓 (𝑇𝑖𝑂2 ), where 𝜇 𝑇𝑖 is the Ti chemical potential. Fermi level 𝐸𝐹 is also the
energy of the electron reservoir, referenced to the valence-band maximum (VBM) [98].
As shown in Figure 3.32, rutile has open channels consisting of chains of voids with the
minimum radii of 0.25 Å along c-axis. The diffusion mechanism of 𝑇𝑖𝑖 parallel and
perpendicular to the crystal c-axis are found to be different. If the ionic radii of the transition
metals are less than the ionic radii of oxygen ions, they can pass through the crystal along the caxis. However, Diffusion of the transition metals gives a large activation energy and small
diffusion coefficient perpendicular to the c-axis. On the other hand, oxygen ions diffuse by
vacancy mechanism because of their large ionic radii of approximately 1.46 Å, so the open
channels do not contribute to the diffusion of oxygen vacancies. Therefore, when an oxygen
vacancy is a dominant defect, there is not much anisotropy in the activation energies and
diffusion coefficient unlike 𝑇𝑖𝑖 case [67, 110].

Figure 3.32. The crystal structure of r-TiO2. This structure has open channels along the c-axis [67].
(Reprinted with permission from Iguchi, E. and K. Journal of the Physical Society of Japan, 1972. 32(5):
p. 1415-1421.)
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Iddir et al. studied the structural energies and diffusion mechanisms of 𝑉𝑂 and 𝑇𝑖𝐼 in r-TiO2. It
was shown that 𝑇𝑖𝐼 is the major diffusive species due to its low migration barrier, which is ca.
1eV smaller than 𝑉𝑂 . There is a larger barrier along the more open [001] channels than [110] for
𝑇𝑖𝐼4+ ,[001] is parallel and [110] is perpendicular to the c-axis [111].
As mentioned, diffusion mechanisms are different along [110] and [001] channels. Diffusions
can happen through interstitial and interstitialcy mechanisms. Interstitial mechanism happens
when the interstitial atom diffused along the open [001] channels, so the lattice atoms relax
around the defect to accommodate the induced stress (Figure 3.33). However, diffusion of 𝑇𝑖𝐼4+
is through the interstitialcy mechanism in which the diffusing atom takes the place of a bulk Ti
(Figure 3.34). The interstitialcy configuration ion

is a little bit favoured compared to the

interstitial configuration [111]. Diffusion of 𝑉𝑂2+ by moving the oxygen vacancy along path A, B
and C is shown in Figure 3.35 [43].

Figure 3.33. (a) Diffusion profile of 𝑇𝑖𝐼4+ along [001]. The squares correspond to the actual calculations,
which have been fitted by a smooth curve. Due to the symmetry of rutile, only a path of length c/2 is
considered. (b)-(d) Snapshots of the diffusing 𝑇𝑖𝐼4+ and a portion of the surrounding bulk at the positions
1, 2, and 3 given in (a). Position 3 is the interstitial Ti configuration discussed in the text. Ti and O atoms
are represented by gray (red) and white circles, respectively [111]. (Reprinted with permission from Iddir,
H., et al., Physical Review B, 2007. 75(7): p. 073203.)
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Figure 3.34. A diffusion profile of 𝑇𝑖𝐼4+ along a [110]. Due to the symmetry of rutile, only a path of
length 𝑎⁄2√2 is considered. (b)-(d) Snapshots of the diffusing 𝑇𝑖𝐼4+ and a portion of the surrounding bulk
at the positions 1, 2, and 3 given in (a) interstitialcy mechanism of 𝑇𝑖𝐼4+ along [110]. Position 1 is another
view of position 3 in figure 3.33 Position 2 is the (slightly lower-energy) interstitialcy configuration. The
diffusing 𝑇𝑖𝐼 and the bulk Ti which gets kicked out are shown by light grey (gold) circles. The rest of the
Ti and O atoms are represented by grey (red) and white circles, respectively [111]. (Reprinted with
permission from Iddir, H., et al., Physical Review B, 2007. 75(7): p. 073203.)

Figure 3.35. A ball and stick model of the TiO6 octahedron in rutile. The “atom” labelled by V is the
oxygen vacancy in the equatorial plane. Its diffusion is considered along the paths A, B, and C. (b)
Migration barriers of 𝑉𝑂2+ along the three paths shown in (a). The points (stars, circles, and squares)
correspond to actual calculations to which smooth curves have been fitted [111]. (Reprinted with
permission from Iddir, H., et al., Physical Review B, 2007. 75(7): p. 073203.)
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3.5

Summary

Oxygen deficient titanium dioxide has attracted a lot of attention due to its different behaviour
compared to pristine titanium oxide. Despite the enormous amount of experimental work and
numerous DFT calculations that have been done, understanding of the surface and bulk
properties of TiO2‒x is still in incomplete. Zhang et al. [112] mentioned in their recent paper on
black TiO2 that despite various efforts to study defective TiO2, controversy exists about the exact
effect of mid-gap states in TiO2‒x and how the presence of structural disorder narrows the band
gap. In the view of Diebold [113], whether disorder modifies only the surface properties or
affects the bulk properties has not been addressed. This review paper has summarized many
experimental and theoretical results obtained for r-TiO2:H and a-TiO2:H and highlighted the
contradictions between them. It should form the basis for further research to clarify the effects of
hydrogen on generating defects in the bulk of r-TiO2 instead of only surface distortions, and also
the diffusion mechanism of H and VO in hydrogenated samples. The effects of different
environmental conditions on the sample’s colour were surveyed and it was found that here too
there are inconsistencies between literature reports.
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4.1

Materials and Experimental methods

Materials

4.1.1 Titanium dioxide
Pure rutile, pure anatase and mixed rutile/anatase (Degussa P25 with anatase/rutile proportions
between 70/30 and 80/20) were purchased.
Table 4.1. Materials and Suppliers

Sample

Size (nm)

BET surface

Company

area (m2/g)
Nano-sized rutile

100

21.17

Micron-sized rutile

500

8.76

Nano-sized anatase

20-25

76.05

Nano-rod rutile

P25-Degussa

20-23
99%, 40 nm
20-30

131

35-65

Anhui Junjing
International
Anhui Junjing
International
Anhui Junjing
International
Nanostructures
& Amorphous
Materials Inc.
USA
Sigma-Aldrich

4.1.1.1 Characterization
4.1.1.1.1 XRD
Figures 4.1 to 4.3 show x-ray diffraction patterns from the principal samples, confirming that the
polymorphs are of acceptably high purity. Particle-size estimation was done using the Scherrer
function within Rietveld profile analysis and the measured particle sizes (assumed that each
particle is a single crystal) are shown in Table 4.1.
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Figure 4.1. XRD patterns (Ag Kα radiation) of TiO2 samples; Red: 20 nm anatase, Green: 500 nm rutile,
Pink: 100 nm rutile.

Figure 4.2. XRD pattern (Cu Kα radiation) of Degussa P25 sample.
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Figure 4.3. XRD pattern (Cu Kα radiation) of nanorod TiO2 sample.

4.1.1.2 SEM
Scanning electron microscopy (SEM) was used to determine the morphology of the samples
(Figure 4.4 and 4.5). Samples were mounted onto SEM stubs and coated with a thin layer of gold.

(a)

(b)

114

(c)

(d)

Figure 4.4. SEM images from: (a) 100 nm rutile powder, (b) 500 nm rutile powder, (c) Degussa P25 and
(d) nanorod rutile surfaces.

(a)

(a)

(b)

Figure 4.5. SEM images from Al2O3 nano particles surface.

4.1.2 Gases
In-house hydrogenation experiments (thermogravimetry and in-situ x-ray diffraction) were
performed using ultra-high purity (99.999% as purchased) protium (H; 11H) that was stored as
metal hydride in LaNi5. The desorbed gas was purer owing to gettering of water and oxygen by
the highly reactive powdered LaNi5.
Deuterium (D; 21𝐻 ) with purity 99.99% was used for the in-situ neutron diffraction experiments
to avoid the extremely high (80 barn) incoherent scattering cross section of protium.
The methane pyrolysis experiments were conducted with methane of purity of > 99.99%.
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Argon with purity > 99.99% was used as a carrier gas for the methane pyrolysis experiments.
4.1.3 LiCl-KCl eutectic mixture
For the methane pyrolysis experiments conducted in molten salt, a LiCl-KCl eutectic mixture of
44.3 mol% KCl and 55.7 mol% LiCl was used owing to its low melting point of approximately
353 °C (See Figure 4.6). Alkali halides were preferred for two reasons. First, most molten salts
have complicated and poorly understood structure, while molten halides are very simple. Second,
alkali halides tend to be unreactive and therefore they are useful to study the catalytic properties
of additives.
Molten salts are very hygroscopic, so they were kept in a N2 glove box.

Figure 4.6. LiCl-KCl phase diagram [1].
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4.2

Methods

4.2.1 Thermogravimetric analysis (TGA)
Temperature-programmed adsorption and desorption studies of TiO2 samples were performed
under controlled conditions with a Rubotherm magnetic suspension balance with a resolution of
10 µg. The advantage of the magnetic suspension balance is that it weighs samples contactlessly
in environments which are not compatible with the weighing mechanism, such as high pressures
of reactive gases. The balance used has available sample temperature and pressure ranges of 78
K to 730 °C and vacuum to 400 bar, respectively, in combinations depicted in Figure 4.7

4 .7. Working temperature and pressure of Rubotherm magnetic suspension balance. Source: Rubotherm
GmbH.

The sample is linked to a suspension magnet which consists of a permanent magnet, a sensor
core and a device for decoupling the sample. An electronic control unit maintains the suspension
in a stable state (Figure 4.8).
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Figure 4.8. Scheme of Magnetic Suspension Balance used as thermogravimetric measuring cell. Source:
Rubotherm GmbH.

The load decoupling is carried out by lowering the suspension magnet in a controlled way to the
zero point position, corresponding to an empty balance pan in a normal balance. Now the
balance can be tared and calibrated even when recording measurements. This increases the
measuring accuracy, particularly in the case of long term measurements, by counteracting drift.
A further feature, not used for this work, is the incorporation of a “sinker” of known density by
means of which the density of the gas surrounding the sample can be measured. The density of
hydrogen was calculated from the measure pressure as needed.
There are three vertical positions of the suspension magnet:.
 Zero point: The permanent magnet alone is in a freely suspended state, allowing
the balance to be tared and calibrated.
 Measuring point 1: The sample is lifted and weighed.
 Measuring point 2: The sinker will rise and both masses are weighed together.
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Figure 4.9 shows the zero point and measuring point 1 positions.

(a)

(b)

Figure 4.9. Magnetic suspension balance, (a) zero point and (b) sorption measurement. Source:
Rubotherm GmbH.

Figure 4.10 shows the actual apparatus used for the experiments reported here.
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Figure 4.10. Magnetic suspension balance and its sample container.

A simple gas handling system was attached to manage the ingress and egress of controlled
pressures of gas (Figure 4.11 and 4.12).
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Figure 4.11. Temperature desorption spectroscopy (TDS) experimental apparatus.
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Figure 4.12. Temperature desorption spectroscopy (TDS) experimental apparatus.

4.2.1.1 Buoyancy correction
The gravimetric method is an accurate technique to measure the adsorption/desorption behavior
of different gasses. However, when an adsorbent is immersed within a fluid of a certain density,
the effect of buoyancy force should be taken into account as a correction for the measured
(apparent) weight. Doing experiments under high pressure in the magnetic suspension balance
needs a quantification of the buoyancy effects. Indeed, by increasing the pressure, the effect of
buoyancy becomes significant.
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In Rubotherm magnetic suspension balance, the samples were weighed and placed in a sample
holder which is suspended through an electromagnet. Rubotherm’s chamber, the cell in which
the basket was located, was closed and evacuated or high pressure was applied. Hydrogen dosed
into the system at 500 °C, while monitoring the variation of the total weight of the sample and
sample holder. When the system starts cooling down, hydrogen gas pressure alters and its density
will also change and affects the buoyancy. This leads to a buoyancy effect which reduces the
measured (apparent) weight according to Archimedes theorem. The buoyancy correction was
carried out as follows:
𝑀𝐵 = 𝑀𝑣𝑎𝑐 − 𝑀𝑃
MB : Buoyancy effect
Mvac : Total weight in vacuum
MP : Total weight at high pressure
The absolute weight is calculated by the following equation:
W = W´ + B
W´ : Apparent (measured) weight
W : Real weight
B : Buoyancy force
4.2.2 Mass spectroscopy (MS)
Thermal desorption spectra were recorded with a Hiden mass spectrometer (HAL 7 RC (2U)
Series) attached to the sample cell, as shown for the Rubotherm balance in Figure 4.2.6 and 4.2.7
This type of mass spectrometry effectively measures a mass-resolved partial-pressure spectrum
of the analyte gas via the mass-to-charge ratios of ions present in the quadrupole following
ionisation according to:
M + e‒ → M•++ 2e‒

(1)
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The molecular ion frequently undergoes fragmentations. Because it is a radical cation with an
odd number of electrons, it can fragment to give either a radical or an ion with an even number
of electrons, or a molecule and a new radical cation. Each gas molecule has its own characteristic
cracking pattern, or special fingerprint. As an example, carbon has a molecular weight of 12 and
oxygen is 16, so carbon monoxide has a molecular weight of 28 and will be detected by the mass
spectrometer at 28. Gas molecules fragment causing the generation of other peaks. For example,
for CO, carbon and oxygen ions will generate at mass 12 and 16 as C + and O+. Isotope peaks of
species should also be checked.
High vacuum or better needs to be maintained in the analyser, so a capillary is often used to
transport the analyte at a low flow rate, a bypass pump reduces the pressure at the inlet to the
RGA and a throttle valve restricts the analyte flow into the RGA. Initial evacuation of the sample
chamber was carried out with a turbopump/diaphragm pump attached to the gas handling system
(Figure 4.13). Figure 4.13 shows the mass spectrometer connected to the Rubotherm balance.

Rubotherm Magnetic
Suspension Balance

MS and Rubotherm
connection pipe

Hiden Mass
Spectrometer

Figure 4.13. Rubotherm magnetic suspension balance and Hiden mass spectrometer set-up.
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4.2.3 Thermal desorption spectroscopy (TDS)
Thermal desorption spectroscopy (TDS) technique is an important method for studying kinetic
and thermodynamic parameters of desorption processes. A sample is heated with a temperature
program and the partial pressures of atoms and molecules desorbing from the sample are
measured by mass spectrometer [2]. TDS generally refers to mass-resolved measurements in
contrast to temperature-programmed desorption (TPD), in which a vacuum gauge measuring the
total pressure of desorbed gases with varying sensitivity replaces the mass spectrometer.
TDS measurements were used in combination with Kissinger analysis [3-5] to estimate the
activation energy for the desorption reaction. The temperature, Tmax, at which the peak in
desorption rate occurs increases with the heating rate, 𝛽, of the sample. The activation energy,
Ea, is determined in the Kissinger model from
2
𝐸𝑎 ⁄𝑅 = −𝑑[𝑙𝑛(𝛽 ⁄𝑇𝑚𝑎𝑥
)]/𝑑(1⁄𝑇𝑚𝑎𝑥 )

4.2.4 In-situ x-ray diffraction
X-ray powder diffraction (XRD) is based on constructive interference of monochromatic X-rays
scattered by a crystalline sample which is assumed to consist of randomly oriented crystallites,
according to Bragg’s Law: 𝜆 = 2𝑑sin𝜃. By scanning the detector through a range of scattering
2𝜃, all possible diffraction directions of the lattice should be samples due to the random
orientation of the powdered material.
In-situ x-ray diffraction measurements were carried out in-house using a Panalytical Empyrean
XRD with Ag (K) source. The sample temperature was set by an Anton Paar HTK 1200N
furnace (Figure 4.14), which is compatible with gas atmospheres up to a little above ambient.
Bragg-Brentano (reflection) geometry was used. A programmable divergence slit was used to
compensate for the varying footprint of the beam on the sample. Automatic height adjustment
was employed to compensate for thermal expansion at elevated temperatures.
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Figure 4.14. Anton Paar in-situ XRD furnace. (1) Flange with vacuum and gas ports, (2) Oven (inside
insulation), (3) Housing, (4) Sample holder flange with oscillating sample holder, (5) Safety switch box
(for flange control).

Figure 4.15 shows the furnace mounted on the goniometer along with the turbopump, pressure
relief valve (up to 1bar gauge) and metal-hydride H2 reservoir.

Goniometer
Anton Paar furnace
Detector

1 bar gauge relief valve

Turbopump
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Figure 4.15. In-situ XRD phase transformation set up.

4.2.5 Electrical resistivity Measurements
The current-voltage (I-V) characteristics of the produced Magnéli phases were measured using an
Agilent 1505B parameter analyser (4-probe technique) at room temperature.
The 4-probe method for measuring the resistivity of conducting samples works by passing a
current through two outer probes and measuring the voltage across the inner probes, thus
avoiding any voltage drop along the connecting wires (Figure 4.16).

Figure 4.16. Four-probe method of measuring resistivity of a specimen.

The resistivity of the sample was measured via the following equation
𝜌 = 2𝜋𝑆
where
V: Voltage between the inner probes (V)

𝑉
𝐼
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I: Current through the outer probes (A)
S: Needle spacing (cm)
ρ: Resistivity (Ω-cm)
4.2.6 Neutron diffraction measurements
X-rays are scattered by the atomic electrons according to the electron density, making XRD
insensitive to light elements, especially hydrogen, which is nearly invisible. Thermal neutrons,
on the other hand, undergo both an isotope-specific nuclear reaction with the nucleus and a spin–
spin interaction with the atomic electrons which is not relevant to this project. Neutrons have
high penetration depth, making neutron diffraction very suitable for studying relatively bulky
samples within a sample environment [6]. The variation of neutron scattering length (b) across
the periodic table means that light elements can often be distinguished from heavy ones, for
instance deuterium (b = 0.667 fm) can be distinguished from titanium (b = –0.344 fm), but less
easily from oxygen (b = 0.581 fm).
The neutron diffraction experiments were done at the Opal reactor, Australian Centre for
Neutron Scattering, Sydney. The Echidna high-resolution powder diffractometer was used.
Echidna uses a single wavelength and a highly collimated (non-divergent) beam of neutrons to
improve resolution. The high-resolution enables closely placed peaks in the diffraction pattern to
be separated. This diffraction technique can accurately resolve both complex and magnetic
structures. Figure 4.17 shows the layout of Echidna.
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Figure 4.17. Layout of the Echidna diffractometer.

During the neutron scattering experiments, gas handling was performed with a customised Hiden
HTP1 manometric sorption analyser.
4.2.7 Rietveld profile refinement
Rietveld refinement calculates diffraction patterns (profiles) from a model structure based on the
hypothesized crystal structure and instrumental parameters. In the Rietveld method selected
parameters are refined (adjusted) to minimize the weighted sum of the squared difference
between the observed and the calculated powder patterns using standard least squares methods
[7].
Rietveld refinement was carried out using the software package General Structure Analysis
System II (GSASII) which is a set of programs for the processing and analysis of both single
crystal and powder diffraction data obtained from X-rays or neutrons. As a standard database, I
used inorganic crystal structure database (ICSD).
The following parameters were refined for all phases:
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-

Sample displacement

-

Lattice parameters

-

Microstrain

-

Isotropic and anisotropic thermal parameters

-

Atomic displacement parameters

-

Oxygen atoms’ fractional occupancies

-

Absorption correction factor

4.2.8 Reduction and carburization of TiO2
4.2.8.1 Direct contact bubble reactor
An ideal reactor design allows for interactions between the catalyst, molten salt and gaseous
(CH4 and/or Ar) phases while also providing a controlled environment where the results can be
accurately examined. The reactor was made out of transparent quartz to facilitate observing the
size and velocity of bubbles in the molten salt, and was run in a continuous process.
A gas manifold was used to control operating the atmosphere, flow rates, pressures and
pathways. CH4 and Argon gas cylinders feed into a control system which allows for gas flow
control through mass flow controllers. From the flow controllers, the gas stream can be cut off or
fed into the reactor or bypass streams. The bypass stream leads directly into the Mass
Spectrometer (MS) or can be vented to the fume hood.
The reactor was a 15-cm-long quartz tube having a diameter of 1.25 cm. Inlet feed gas, a CH4/Ar
mixture with the desired mole ratio, was introduced through a bubbler at the bottom of the
reactor. The flow rates of CH4 and Ar were controlled by mass flow meters. The reaction
temperature of 1000 °C was maintained with a PID controller. Figure 4.18 illustrates the
schematic set-up of the experimental apparatus.
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Figure 4.18: Schematic set-up of experimental apparatus for molten salt experiments.

4.2.9 Fixed-bed catalytic reactor
The same apparatus as depicted in Figure 4.18 was used with the fixed-bed reactor experiments.
The reactor design is shown in Figure 4.19.

131

CH4/Ar

MS

Quartz wool

Catalyst bed (TiO2)

vv
v

Quartz wool

Figure 4.19. Fixed-bed reactor.

In addition, molten salts have high heat capacity and heat conductivity which are helpful in
preventing hot spots in oxidation/reduction reactions. They are also good solvents, so it is
possible to “dope” them to modify their catalytic properties. The system has also great
temperature uniformity as compared to a solid-bed reactor.
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5
5.1

In-situ hydrogenation studies

Introduction

In-situ hydrogenation studies of TiO2 were carried out to improve our understanding of the role
of hydrogen in modifying the properties of TiO2. The absorption and desorption of hydrogen by
r-TiO2 were studied using thermogravimetric analysis, coupled with mass spectrometry to record
thermal desorption spectra, aiming to characterise the influences of hydrogen pressure, pretreatment (activation) and sample particle size. Late in the project, new software for the
Rubotherm balance enabled variable temperature ramp rate, so that TDS spectra recorded at
several ramp rates could be analysed to extract an activation energy for the rate-limiting
hydrogen desorption step. In-situ XRD measurements were carried out under vacuum and
hydrogen to relate structural changes to temperature and the presence of hydrogen. In-situ highresolution neutron diffraction was done to measure the concentration of oxygen vacancies.
5.2

Sample production and characterisation

5.2.1 Sample appearance
Heating r-TiO2 under vacuum leads to loss of oxygen and, at sufficiently high temperatures (>
1000 C) formation of Magnéli phases. Heating to much lower temperatures (< 500 C) in
hydrogen leads to greater loss of oxygen than heating to the same temperature in vacuum. During
the reduction, VO and Ti3+ interstitials are produced. r-TiO2 samples exposed to hydrogen at or
below 500 C turned bluish in colour. However, they turned grey on exposure to air. Magnéli
phases produced under vacuum above 1000 C were black and stable in air. These colours are as
expected from literature reports. Figure 5.1 (b-e) shows nanorod, nanopowders, micropowders
and Magnéli phases of TiO2 after soaking under 20 bar of hydrogen at 500 °C for 5 hours.
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b

a

d

c

e

Figure 5.1. Pristine and TiO2:H. (a) Pristine 100 nm r-TiO2. (b) 50 nm r-TiO2:H nanorod. (c) 100 nm rTiO2:H nanopowder. (d) 500 nm r-TiO2:H nanopowder. (e) Magnéli phases produced from 100 nm rTiO2.

Figure 5.2 (a) and (b) directly compares pristine r-TiO2 to the reduced sample after air exposure.

a

b

Figure 5.2. Pristine and reduced r-TiO2 nanopowders. (a) Pristine 100 nm r-TiO2, (b) reduced 100 nm rTiO2:H exposed to air. Reduction was performed at 500 °C for 5 h under hydrogen at 20 bar.

Figure 5.3 directly compares 100 nm r-TiO2:H after carrying out TDS measurements to 730 C
at ramp rates of 10 and 5 °C/min. The slightly bluish colour of sample (a) (heated at 10  C/min)
suggests that there is still some hydrogen left in the sample because the time available for
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diffusion was less than at a ramp rate of 5 C/min. The TDS study to be presented in §5.4
confirms that hydrogen is evolved from the sample at rates consistent with a dominant bulk
diffusion mechanism. The question of how hydrogen relates to vacancy formation in the bulk is
therefore an interesting and important one.

(a)

(b)

Figure 5.3. 100 nm r-TiO2 after desorption up to 730 °C with different ramping rates. (a) 10 °C/min and
(b) 5 °C/min.

Figure 5.4 directly compares the colour of 100 nm r-TiO2:H nanopowder with 50 nm r-TiO2:H
nanorods after being exposed to air. The r-TiO2:H nanorod sample was blue when it was taken
out of the furnace and suddenly changed to pink when it was exposed to the air. The pink colour
of the r-TiO2:H nanorod compared to the bluish colour of r-TiO2:H nanopowder suggests a
different hydrogen diffusion mechanism between the two samples.
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(a)

(b)

Figure 5.4. (a) 100 nm r-TiO2:H and (b) r-TiO2:H nanorod. The sample were soaked under 20 bar of
Hydrogen at 500 °C for 5 h. The samples were exposed to the air.

A further observation of colour change was made when r-TiO2 was soaked under turbopump
vacuum at 1000 C for 5 hours, a treatment not quite sufficient to form Magnéli phases. As
shown in Fig. 5.5., the sample acquired a strong yellow tint. This has been noted previously in
the literature [1] and was concluded to correspond to slight reduction, i.e. r-TiO2–x where x is
small.

Thermocouple
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Figure 5.5. 100 nm r-TiO2 after being activated under UHV for 5 hours at 1000 °C.

It has been proposed that the changed sample colour corresponds to the formation of a disordered
TiO2‒x surface layer, resulting in a crystalline core/amorphous shell structure (referred to as
TiO2@TiO2‒x) with enhanced visible light absorptance [2-4]. This structural model has been
cited elsewhere in the literature [5] as the basis of a proposal that shallow mid-band gap states
appear just below the conduction band, resulting in surface-disordered TiO2. However, all the
evidence presented later in this Chapter is consistent with a structural modification taking place
throughout the particle: slight changes in the unit cell parameters; significantly lowered oxygen
occupancy; strongly temperature-dependent hydrogen desorption after reduction in a hydrogen
atmosphere; pressure dependence of the amount of hydrogen taken up and subsequently
desorbed. Figure 5.6 shows the range of sample colours which were produced during the
experiments in different environments and by processing methods. It is interesting to note that
the sample activated at 500 °C for 12 h under turbopump vacuum was grey without any trace of
bluish colour while the bluish colour was seen in samples which were reduced under hydrogen
(samples (a) and (e) in Figure 5.6). It can be concluded that hydrogen made colour centres (Ti 3+VO-Ti3+) in the r-TiO2:H structures. It was also noticed that the sample which was reduced under
1 bar hydrogen was not as white as the one which was reduced under 20 bar hydrogen after TDS
measurements (samples (d) and (f) in Figure 5.6)

(a)

(b)

(c)

(d)

(e)

(f)

(g)
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Figure 5.6. (a) Pristine 100 nm r-TiO2. (b) 100 nm r-TiO2:H : hydrogenated under 20 bar H2 at 500 °C for
5 h. (c) 100 nmthr-TiO2:H : after TDS measurement at ramping rate of 10 °C/min. (d) 100 nm r-TiO2:H :
after TDS measurement
at ramping rate of 5 °C/min. (e) Activated 100 nm r-TiO2 under turbopump
e
vacuum at 500 °C for 12 h. (f) 100 nm r-TiO2:H after TDS measurement at 5 °C/min: 100 nm r-TiO2:H
hydrogenated under
dif 1 bar H2 at 500 °C for 5 h. (g) yellow r-TiO2 activated under turbopump vacuum at
1000 °C for 5 h.
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Figure 5.7. Activation of r-TiO2 under evacuum at 500e and 730 °C.e(a) Pristine r-TiO2. (b) Activated at 730
°C. (c) Activated at 500 °C.
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of red photons. The mechanisms by which the other reported colours are produced are largely
unknown and deserve investigation. The fading or desaturation of the colour on exposure to air
suggests annihilation of the defects in the sample surface that cause the colour, so that only those
in the subsurface contribute to the observed colour. Table 5.1 summarizes the studied samples
(nanorods, nanopowders, micropowders and Magnéli phases) of TiO2, the treatments to which
they were subjected and the observed sample colours.

Table 5.1. Summary of samples, treatments and the resulting sample colours. P is hydrogen pressure; T is
process temperature; D is process duration; R is furnace ramp rate.

Size
Sample

(nm)

P (bar)
Process

T

D

R

(°C)

(h)

(°C/min)

Appearance
White

1

Pristine rTiO2

100

2

r-TiO2

100

‒

‒

‒

‒

‒

Activation
(reduction
under
vacuum)

Turbo
vacuum

500

12

‒

Grey

Blue,
3

r-TiO2:H

100

Hydrogen
absorption

20

500

5

‒

fading on
exposure
to air

4

r-TiO2

100

Hydrogen
desorption

1

730

5

5

Cloudy

5

r-TiO2

100

Hydrogen
desorption

20

730

5

5

6

r-TiO2

100

Hydrogen
desorption

20

730

5

10

white
Pure
white
Pale blue
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Pale pink
7

r-TiO2:H
nanorods

50

Hydrogen
absorption

20

500

5

‒

after
exposure
to air
Blue

8

r-TiO2

100

Activation

Turbo
vacuum

730

12

‒

9

r-TiO2

100

Activation

Rough
vacuum

1000

5

‒

‒

Magnéli
phases

From
100
nm
rutile

Yellow

10

Black
Turbo
vacuum

1100

R

r2

‒

‒

g

r1

Figure 5.8. Schematic diagram of two interfaces of titanium layers. Dark core: trapped hydrogen; grey:
hydrogen diffusion layer; and white: surface layer hydrogen.

Figure 5.8 illustrates a possible model to explain the experimental observations. During the TDS
measurements hydrogen molecules desorbed easily from the surface (radius R) at low
temperature, followed by hydrogen diffusion at higher temperatures from r2 to the surface, then
desorption. Hydrogen atoms within the core of radius r1 did not have enough time to diffuse to
the surface inside the duration of the temperature ramp. The core would be bigger for higher
ramp rates, hence the pale bluish colour of a sample heated at 10 °C/min. and the high partial
pressure of H2 at 730C.
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5.2.2 Characterisation by electron microscopy
Figure 5.9 shows an elemental analysis of r-TiO2:H using the energy-dispersive x-ray technique.
The composition at the surface corresponds to TiO1.23, a very large loss of oxygen.

(a)

Figure 5.9. EDX spectra and composition of r-TiO2:H.

Figure 5.10. shows surface morphologies of pristine and hydrogenated Degussa P-25 TiO2.

(a)

(b)

Figure 5.10. SEM images of (a) pristine and (b) hydrogenated P25, temperature 1000 °C and 1 bar of
hydrogen.
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Figure 5.11 shows SEM images of pristine TiO2 and the corresponding Magnéli phases. The
Magnéli-phase sample is strongly sintered, with a degree of porosity. This is consistent with the
relatively high rate of hydrogen desorption observed in the TDS study presented below.
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(a)

(b)

(c)

(d)

Figure 5.11. SEM images of pristine 100 nm r-TiO2 nanopowders ((a), (c)) and the corresponding
Magnéli phases ((b), (d)) (temperature 1100 °C and 1 bar of hydrogen).

5.2.3 Characterisation of Magnéli phases by electrical resistivity measurements
Magnéli phases are known to be conductors with properties similar to those of graphite. The
current-voltage (I-V) characteristics of the produced Magnéli phases were measured using an
Agilent 1505B parameter analyser (4-probe technique) at room temperature (Figure 5.12). The
resistivity was found to be 4.5×10–4 -m. This is in the range of graphite electrical resistivity (3–
60×10–5 -m (Figure 5.13)).
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(a)

(b)

Figure 5.12. (a) Magnéli phases produced from 100 nm r-TiO2. (b) Sample prepared for resistivity
measurements by sputtering 1-mm Ni dots.

Figure 5.13. I-V characteristics of 100 nm Magnéli phases. Measurements by Dr Phillip Tanner.

5.3

Preliminary absorption and desorption measurements

Initial measurements of hydrogen absorption and desorption were made with the Rubotherm
thermogravimetric analyser (§4.2.1). The experiments were performed in the sequence:
activation, hydrogen absorption and depressurisation/evacuation. An example follows.
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The goal of activation was to reproducibly desorb water and any other volatile impurities from
the sample surface. As shown by the water TDS spectra in Figure 5.14, all the materials
investigated desorbed water when heated to 500 C, reaching equilibrium at each soaking
temperature. The higher desorption peaks from the 100-nm compared to 500-nm r-TiO2 are
consistent with the higher surface area. In contrast, the peaks from the Magnéli phases are
comparable between the starting materials. This appears to reflect the observed extensive
sintering of the powders during soaking at about 1000 C.

Figure 5.14. TDS spectra showing H2O desorption from various samples. Light green: 100 nm r-TiO2.
Cyan: 500 nm r-TiO2. Pink: 100 nm Magnéli phases. Dark green: 500 nm Magnéli phases. Temperature
ramp rate was 5 °C/min.

In the adopted activation procedure, the sample was first evacuated at room temperature with the
turbopump, then heated to 500 °C at 5 °C/min, soaked for 12 hours under vacuum and cooled to
room temperature under vacuum.
Following activation, in the absorption step the sample temperature was again ramped to 500 C
under dynamic vacuum, the TGA chamber was then pressurised with 20 bar hydrogen, the
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sample was soaked at 500 °C for 5 hours and finally cooled under pressure at the same rate. The
pressure fell to about 15 bar during cooling.
In the depressurisation/evacuation step, the hydrogen was exhausted from the TGA chamber
using the rough vacuum pump to prevent backstreaming of air, then the chamber was evacuated
using the turbopump.
Figure 5.15 and 5.16 show an example of the absorption–depressurisation/evacuation sequence
step for a 100-nm r-TiO2 sample.

(a)
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(b)

(c)
0.9862 g

0.9844 g
0.9840 g

Figure 5.15. TGA measurement time sequence for 100 nm r-TiO2 sample. (a): hydrogen pressure. (b):
sample temperature. (c): sample weight.
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2

0.9864 g

3

0.9865 g

0.9844 g

1

Figure 5.16. Weight changing diagram of the sample during degassing process at RT; (1) total weight
under 20 bar H2, (2) total weight under UHV, (3) total weight at MS pressure.

A small initial weight loss (approx. 0.0006 g) was recorded while heating the activated sample to
500 C under dynamic vacuum. Experience in this research group over many years with several
balances indicates that a small apparent weight loss always accompanies evacuation and heating.
This is not a buoyancy effect, as it occurs at rough vacuum pressures. It is thought that residual
gases that are always present in the evacuated chamber (e.g. N2, O2, H2O) adsorb and desorb
to/from the sample to maintain equilibrium, according to the pressure and temperature [7].
Introduction of the hydrogen caused an initial transient and an immediate reduction in the
apparent weight from 0.9856 g to 0.984 g. This reflects the buoyancy of the sample but includes
any weight gain from adsorption of species present in the TGA chamber, including hydrogen (in
mass terms 0.0016 g at 20.82 bar and 500 C), since there was insufficient time for any
detectable amount of hydrogen to be absorbed. At 500 C, adsorption should be negligible, so to
a reasonable approximation, 0.0016 g represents the buoyancy weight. Even after soaking for 5
hours, no further weight increase was resolved.
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During cooling from 500 C to room temperature under pressure, several factors contributed to
the final sample weight (0.9844 g): (i) assuming that the volume of the sample changed
negligibly,

the

buoyancy

weight

contributed

an

estimated

  773 300   14.44 20.82   0.0016  0.0029 g (where 14.44 bar was the final pressure at

room temperature) to the measured weight; (ii) hydrogen was taken up by the sample (weight
increase), oxygen vacancies (VO) were created and O-containing species were possibly evolved
(weight decrease); residual gases in the TGA chamber were re-adsorbed, contributing an
estimated +0.0002 g relative to vacuum plus an unknown amount owing to the 14.44 bar final
pressure.
During depressurisation and evacuation with the turbopump at room temperature, the sample
weight increased by 0.0020 g, contributed to by buoyancy (+0.0029 g) and desorption of surfaceadsorbed species to the vacuum (–0.0009 g).
Overall, the initial and final conditions were the same – turbo-vacuum and room temperature –
so the effects of buoyancy and residual species during the process should cancel, resulting in a
weight gain of 0.0006 g owing to hydrogen absorption and VO creation. Obviously, if one O
atom were removed per H atom absorbed (and retained), the overall effect would be a weight
loss, so the real mechanism is less simple, probably involving the creation and partial retention
of O-containing species at the surface. TGA alone is not able to probe the complex mechanism
of H uptake and O removal. Therefore a comprehensive study using TDS was made.
5.4

TDS study

For the thermal desorption spectroscopy study, the Hiden Analytical quadrupole mass
spectrometer (§4.2.2) was coupled to the Rubotherm TGA. To maintain a sufficiently low
pressure in the quadrupole, most of the analyte gas was pumped off through the bypass pump.
The bypass valve was adjusted by trial and error to maximise the signal at the mass spectrometer,
then fixed for each series of measurements so that comparisons between samples could be made.
5.4.1 Effect of temperature
Fresh samples of 100-nm and 500-nm r-TiO2 nanopowders, 40-nm r-TiO2 nanorods and 20-nm
a-TiO2 nanopowder were studied, employing the following sequence:
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1- The sample was loaded into the Rubotherm sample holder; the chamber was sealed and
evacuated at RT for 2 h.
2- The sample was heated to 500 °C and soaked for 12 h.
3- The activated sample was exposed to ca. 20 bar of hydrogen at 500 °C for 5 h, followed
by cooling to RT under hydrogen pressure.
4- The sample chamber was evacuated for 5 h before starting TDS measurements.
5- TDS spectra were collected while stepping to and holding the temperature at 250, 500
and 730 °C.
Figures 5.17 and 5.18 show the time evolution and temperature profile of the under studied
samples.

Figure 5.17. Time evolution and temperature profile from various samples. Light green: 100 nm r-TiO2:H.
Cyan: 500 nm r-TiO2:H. Purple: 20 nm a-TiO2:H. Pink: 100 nm Magnéli:H. Dark green: 500 nm
Magnéli:H. Red: temperature profile. Ramp rate was 5 °C/min and holding time was 300 min.

The r-TiO2 samples retained the smallest amounts of hydrogen of the group studied and,
surprisingly, the Magnéli phases retained by far the highest amounts. The integrated peak areas
show that the particle size of the r-TiO2 used to make the Magnéli phases influenced the amount

151

of hydrogen taken up and therefore the amount desorbed. Comparing the peak desorption rates as
the temperature was stepped to 250, 500 and 730 C, the 100 nm Magnéli:H sample desorbed
more readily at the lower temperatures. This is clear evidence that the desorption, and therefore
the absorption, was diffusion limited, and that the hydrogen was absorbed into the bulk of the
sample, not just adsorbed on the surface.

Figure 5.18. Hydrogen TDS spectra for 100 nm r-TiO2:H (light green) and 500 nm r-TiO2:H (Cyan). Red
plot shows the temperature profile. Ramp rate was 5 °C/min and holding time was 300 min.

Hydrogen and water desorption temperature profiles of various samples are shown in Figures
5.19 and 5.20. The hydrogen release profiles vary greatly, but the water release profiles do not. This
behaviour is consistent with hydrogen and oxygen being removed from the sample as water.
These results are consistent with the formation of hydroxyl groups, as reported by other
researchers [6, 8]. It can be concluded that H atoms and ‒OH groups reacted to produce H2O
during the desorption process.
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Figure 5.19. Constructed (from TDS spectra and temperature profile as illustrated in Fig. 5.15) hydrogen
desorption temperature profiles of various samples. Light green: 100 nm r-TiO2:H. 500 nm r-TiO2:H.
Pink: 100 nm Magnéli:H. Dark green: 500 nm Magnéli:H.
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Figure 5.20. Constructed H2O desorption temperature profiles for the same samples as in Fig. 5.17. Light
green: 100 nm r-TiO2:H. 500 nm r-TiO2:H. Pink: 100 nm Magnéli:H. Dark green: 500 nm Magnéli:H.

In another series of experiments, where the temperature was directly ramped to 730 °C, the
following sequence was employed on 100 nm r-TiO2:
1- The sample was loaded into the Rubotherm sample holder; the chamber was sealed and
evacuated at RT for 1 h.
2- The sample was heated to 250 °C, soaked for 2 h to desorb surface water, then heated to 500
°C and soaked for 12 h.
3- The activated sample was exposed to ca. 20 bar of hydrogen at 500 °C for 5 h, followed by
cooling to RT under hydrogen pressure.
4- The sample chamber was evacuated for 2 h before starting TDS measurements.
5- TDS measurements were also made by modifying step 5 in the procedure detailed above so
that the temperature was ramped directly to 730 °C (Figure 5.20).
TDS spectra were collected at ramping rates of 1, 3, 5 and 10 °C/min while stepping to and
holding the temperature at 730 °C.
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(a)

(b)
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(c)

Figure 5.21. TDS and TGA measurements using Hiden MS and Rubotherm MSB for 15 nm r-TiO2:H
sample at ramping rate of 5 °C/min. (a) Light green shows hydrogen TDS spectra for 100 nm r-TiO2:H.
(b) Blue shows TGA measurement time sequence for 100 nm r-TiO2 sample. (c) Red shows the
temperature profile.

Figure 5.21 shows the minimum in the sample weight coinciding with the temperature reaching
730C and the beginning of the dwell period in the temperature program. This behaviour is
consistent with hydrogen and oxygen being removed from the sample as water at high
temperatures, establishing equilibrium with the gas phase in the sample chamber and
progressively adsorbing onto the sample as the temperature fell. The overall weight loss probably
corresponds to the amount of water pumped out through the mass spectrometer.
5.4.2 Effect of pressure
The desorption behaviour of the 100 nm r-TiO2 sample was studied after treatment under 1, 20
and 50 bar of hydrogen. Noting the logarithmic pressure scale, Figure 5.22 (corresponding to the
first procedure) and 5.23 (corresponding to the second procedure) show clearly that the amount
of hydrogen retained and desorbed increased strongly with increased pressure. This is a clear
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indication of a rate-limited absorption process, which could relate to hydrogen dissociation at the
surface or bulk diffusion, or both.

Figure 5.22. Effect of hydrogen treatment pressure on the desorption peak intensities when the
temperature was ramped to 250, 500 and 730 °C (The first procedure).
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Figure 5.23. Effect of hydrogen treatment pressure on the desorption spectrum when the temperature was
ramped directly to 730 °C (The second procedure).

5.4.3 Effect of higher activation temperature
The desorption behaviour of 100 nm r-TiO2 was compared after activation under turbopump
vacuum at 500 and 730 °C (step 2) followed by hydrogen absorption under 20 bar of hydrogen at
500 °C (step 3). Figure 5.24 shows the TDS time sequences of the two samples which were
activated at 500 and 730 °C.

Figure 5.24. Effect of activation temperature on hydrogen desorption peak intensities.

Noting the logarithmic pressure scale in Figure 5.24, the total amount of hydrogen retained and
desorbed was much greater at the higher activation temperature.
5.4.4 Kinetics
TDS measurements were used in combination with Kissinger analysis to evaluate the activation
energy of the hydrogen desorption from r-TiO2:H. In this model, the temperature at which
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maximum desorption rate occurs, Tmax, depends on the heating rate, , of the TiO2 sample as
follows:
2
𝐸𝑎 ⁄𝑅 = −𝑑[𝑙𝑛(⁄𝑇𝑚𝑎𝑥
)]/𝑑(1⁄𝑇𝑚𝑎𝑥 )

(1)

Table 5.2. shows that Rubotherm’s temperature controller was accurate and its real ramping rates
were close enough to the nominal ones.

Table 5.2. Nominal and calculated ramping rates.

Nominal ramping rate (˚C/min)

1

2

3

5

10

Calculated ramping rate (˚C/min)

1.00

1.99

2.96

4.91

9.66

Regarding our TDS measurements, hydrogen was still being desorbed from the sample even after
evacuation at 730 °C, which is a strong evidence for hydrogen diffusion through the bulk of the
r-TiO2. According to the report by Iwaki et al. [9], the desorption of hydrogen from the TiO2
samples was stopped completely by evacuation above 800 °C.
The TDS curves obtained for the different ramping rates for 100 nm r-TiO2:H samples are shown
in Figure 5.26. Tmax values ranged from 500 to 700 °C when  varied from 1 to 5 K/min. By
plotting Tmax and  in a Kissinger plot (Figure 5.26), the activation energy of hydrogen
desorption was estimated as 54.3 kJ/mol (0.55 eV) which is in good agreement with the
activation energy of diffusion of hydrogen in the c direction of r-TiO2 reported by Iwaki et al.
(57 kJ/mol ) [9].
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Figure 5.25. TDS spectra showing hydrogen desorption at different heating rates.

Ea = 54.34 kJ/mol
y = ‒ 6536.7x ‒ 5.4187
R2 = 0.969
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Figure 5.26. Kissinger plot with  and Tmax values from the desorption curves.

Regarding figure 5.27, a small peak was observed at a ramp rate of 1 °C/min which is difficult to
discern at 2 °C/min and higher ( > 2 °C/min). Iwaki et al. [9] did not observe this peak, as they
worked at higher ramp rates (>5 °C/min: Figure 3.9 (b)) and reported that r-TiO2 has a single
broad peak at 923‒973 K. This small peak could be attributed to the surface-adsorbed hydrogen,
which is expected to have a relatively low activation barrier. The present results confirm that the
hydrogen desorption from r-TiO2:H structure is diffusion limited and are consistent with the
model presented in Fig. 5.8: when the temperature increased quickly, hydrogen atoms in the subsurface layers did not have enough time to reach the surface and appeared as a separate
desorption peak, so we only could see a single sharp hydrogen peak at high ramping rates (> 3
°C/min). The interior hydrogen was desorbed completely when the sample was soaked at 730 °C
or when the cooling rate was low enough.
The TDS study has revealed three desorption peaks: the low-temperature peak with low
activation energy that was not observed at all by Iwaki et al.; the medium-temperature peak
subjected to Kissinger analysis and proposed by Iwaki et al. to correspond to hydrogen diffusion
in the c direction through the open channels in the r-TiO2 crystal structure; a high-temperature
peak that was only partly visible at the highest temperature accessible in the Rubotherm balance.
The high-temperature peak evidently corresponds to one or more chemisorbed states of hydrogen
in r-TiO, possibly the predicted (by DFT) formation of hydroxyl groups, or association of H with
Ti atoms to make Ti-H species.
Taken together, all the TDS results are consistent with hydrogen atoms being chemisorbed into
the bulk of r-TiO2 and desorbed from the open channels in the r-TiO2 structure.
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Figure 5.27. TDS spectra showing hydrogen desorption at different heating rates.

Regarding Figure 5.28, at a ramp rate of 10 °C/min the first H2O desorption peak appeared at a
higher temperature which is in agreement with the H2 desorption peaks (Figure 5.25).

162

Figure 5.28. H2O partial pressure during desorption up to 730 °C at different ramping rates.

Figure 5.29 shows the hydrogen partial pressure on a logarithmic scale. The roughly linear time
evolution suggests that the hydrogen desorption has first-order kinetics, as expected for a simple
diffusion mechanism.

Figure 5.29. Time evolution of the hydrogen partial pressure for various samples. logarithmic scale, with
nearly linear dependence on time at constant temperature indicating first-order kinetics. Light green: 100
nm r-TiO2:H. Cyan: 500 nm r-TiO2:H. Purple: 20 nm a-TiO2:H. Pink: 100 nm Magnéli:H. Dark green:
500 nm Magnéli:H. Red: temperature profile. Ramp rate was 5 °C/min and holding time was 300 min.
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Figure 5.29 suggests that the evolution of hydrogen is dominated by diffusion through the
interior of the particle, an interpretation which is supported by modelling diffusion in and
evolution from a spherical particle. Briefly, it is assumed that surface recombination of hydrogen
atoms to form H2 (or other species) is fast relative to bulk diffusion, which therefore becomes the
rate-limiting step. The variation of the hydrogen concentration, c, within the particle in time and
space is governed by Fick's second law, c t  D 2c , in which for simplicity a concentrationindependent and isotropic diffusion constant D is assumed. The assumption that D is independent
of c is reasonable, given the very small amounts of hydrogen actually taken up by the samples in
this study. The diffusion is probably not isotropic, but the anisotropy is expected to only affect
the detailed variation of the concentration in space, not the fundamental kinetics that is of interest
here, for the reason that Fick’s second law is separated into time- and space-dependent parts as
long as D is independent of time. For a particle of radius  with initial uniform concentration c0,
the profile of the concentration in radius and time is found to be [Nazanin Ramimi, Randolph A.
Pax, James R. Hester and Evan MacA. Gray, "Mechanism of Hydrogen Modification of
Titanium-Dioxide", submitted to J. Phys. Chem. C., manuscript ID jp-2018-00328p]

c  r , t   c0

sin  r  
2
exp       D t 


r 

(2)

The kinetics is first order, with rate constant k     D , which justifies carrying out an
2

analysis in terms of an activation energy.
Taking c to represent the number of moles of hydrogen per unit volume, the rate of evolution of
hydrogen (atom basis, taken as positive)
3


n  t   4 k c0   exp  kt 

2

(3)

For times short compared to the characteristic time t0  1 k , the particle can be viewed
qualitatively as consisting of three zones of increasing radius (Figure 5.30 (a)), as suggested
earlier: a core region in which the concentration is close to c0 because insufficient time has
elapsed for hydrogen to diffuse away; a transition zone in which a high concentration gradient
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occurs; and a sub-surface zone in which the hydrogen concentration is close to zero. Figure 5.30
(b) shows the concentration profile at t  t0 .

(b)

0.5
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Figure 5.30. (a) Schematic of hydrogen concentration zones in a desorbing sphere for t t0  1 k , where
k is the rate constant. Dark core: hydrogen effectively trapped on the time scale of the experiment; grey:
hydrogen diffusion zone; grey-white: depleted surface layer. (b) Concentration profile at t  t0 .

Referring to Figure 5.17, each sudden increase in temperature caused a sudden increase in log D
, therefore a large increase in the rate of hydrogen evolution, thus appearing to re-start the
desorption which had slowed at the previous, lower temperature. The deviation from linearity of

log p versus t can be understood as a consequence of the initial concentration profile being nonuniform owing to the finite rate of change of the temperature between isothermal soaking periods
and the residual distribution after soaking at lower temperatures.
During the TDS measurements hydrogen molecules desorbed easily from the surface (radius ρ)
at low temperature, followed by hydrogen diffusion at higher temperatures from the transition
zone to the surface, then desorption. Hydrogen atoms within the core of the particle did not have
enough time to diffuse to the surface during ramping of the temperature. The core would be
bigger for higher ramp rates, hence the pale bluish colour of a sample heated at 10 °C/min, and
the high partial pressure of H2 at 730C.
The TDS study revealed three desorption peaks: the low-temperature peak with low activation
energy that was not observed at all by Iwaki (although he did observe such a peak for anatase);
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the medium-temperature peak subjected to Kissinger analysis and proposed by Iwaki to
correspond to hydrogen diffusion in the c direction through the open channels in the r-TiO2
crystal structure; a high-temperature peak that was only partly visible at the highest temperature
accessible in the Rubotherm balance. The high-temperature peak evidently corresponds to one or
more chemisorbed states of hydrogen in r-TiO2, possibly the predicted (by DFT) formation of
hydroxyl groups, or association of H with Ti atoms to make Ti-H species. Taken together, all the
TDS results are consistent with hydrogen atoms being chemisorbed into the bulk of r-TiO2 and
desorbed from the open channels in the r-TiO2 structure.

5.4.5 In-Situ x-ray diffraction measurements
In-situ x-ray diffraction measurements were performed with AgKα radiation while heating rTiO2 under turbopump vacuum in the Anton Paar furnace. Magnéli phases were produced when
the sample was heated to 1100–1200 °C for 6 hrs.

5.4.6 Results and discussion

Figure 5.31. In-situ diffraction profiles for 500 nm r-TiO2 heated under vacuum to 1100 °C.
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Structural changes were observed at 1100 °C and continued as the sample was cooled down
(Figure 5.29). This suggests that the co-operative ordering of oxygen vacancies into crystalline
shear planes to form Magnéli phases needed more time to complete than the experiment allowed.

5.5

Neutron diffraction study

5.5.1 Background
In contrast to continued XRD studies on H-TiO2, nothing on hydrogen-modified TiO2 has been
done. Moreover, while the advantages of neutrons over x-rays are well recognised, the
relationship between the true O location, associated vacancies, their environments and how it
influences their functional behaviour has received little attention. A neutron diffraction study of
TiO2 under deuterium was done at the Australian Neutron Scattering Centre using the highresolution diffractometer, Echidna, with neutron wavelength 1.622 Å.
The experimental sequence was as follows:
1- Neutron diffraction profile of the empty furnace as a background
2- Diffraction profile of the empty sample cell
3- Evacuation for 1 hour at room temperature and record a diffraction profile
4- Increase the temperature to 500 °C for 12 hours and record a diffraction profile
5- Insert 50 bar of deuterium at 500 °C, soak for 10 hours and record a diffraction profile.
6- Cool to room temperature, unload the pressure cell in air and transfer the sample to a
thin-walled vanadium can
7- Diffraction profile of the processed sample, run for 8 hours for high statistical quality
5.5.1.1 Results and Rietveld refinement
Rietveld refinement analysis was done for the following in-situ neutron diffraction experiments:
1- 100 nm r-TiO2 nano particles at RT under vacuum (Figure 5.32)
2- 100 nm r-TiO2 nano particles at 500 °C under vacuum (Figure 5.33)
3- 100 nm r-TiO2 under 50 bars of Deuterium at 500 °C (Figure 5.34)
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4- 100 nm r-TiO2:D at room temperature (Figure 5.35)

Figure 5.32. 100 nm r-TiO2 nano particles at RT under vacuum. The seven tallest peaks are from the
stainless-steel pressure cell.
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Figure 5.33. 100 nm r-TiO2 nano particles at 500 °C under vacuum. The seven tallest peaks are from the
stainless-steel pressure cell.
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Figure 5.34. 100 nm r-TiO2 under 50 bars of Deuterium at 500 °C. The seven tallest peaks are from the
stainless-steel pressure cell.
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Figure 5.35. 100 nm r-TiO2:D2 at room temperature, measured in a thin-walled vanadium sample can.

Table 5.3 summarises the refined unit cell lattice parameters for the raw, activated, pressurized
and depressurized sample. The data from steps 4 and 5 are consistent with the report by Qui et al.
[10]. The results showed a small expansion of the unit cell after the sample was soaked in 50 bar
Deuterium at 500 °C for 10 h. The sample had a bluish colour when removed from the furnace,
which confirms the existence of the usual defects in its structure.
When an oxygen atom is removed from the TiO2 structure, it leaves behind two electrons which
can reduce two Ti atoms to produce Ti3+-VO-Ti3+. DFT calculations [6, 11], predict that the
unpaired electrons are localized on two different Ti atoms and reduce them. The complex formed
by the reduced Ti ion, the unpaired electron, and the displaced oxygen atoms is called a polaron.
The blue colour indicates the presence of states in the band gap, or colour centres (Polarons). VO,
H atoms and Ti3+ ions create mid-band gap states below the conduction band which results in the
adsorption of visible light and the bluish colour of TiO2.
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In this study, neutron diffraction showed the creation of VO in the lattice of r-TiO2:D. Regarding
the results which are summarised in Table 5.2. after introducing hydrogen to the system at 500
°C, the oxygen occupancy changed from 0.96 to 0.9. Therefore, x in oxygen deficient TiO2
(TiO2-x) would be 0.2, which corresponds to the Magnéli phase (TinO2n‒1) equivalent of Ti5O9,
without producing any detected Magnéli phases. It would be interesting to heat the sample above
500 C to see if Magnéli phases were produced at much lower temperatures than reported in the
literature [12-15]. This analysis assumes that deuterium did not occupy the oxygen vacancies to
make a substitutional hydrogen defect. The similar scattering lengths of D (+6.67 fm) and O
(+5.81 fm) mean that they are practically indistinguishable. Thus the real VO concentration may
be slightly higher than indicated owing to partial occupancy by D, but since the total uptake of
hydrogen was very small according to the TGA measurements, this must be a small effect.
Table 5.3: Unit Cell Parameters of Pure and Hydrogenated TiO2 Nanocrystals derived from neutron
powder diffraction.

Step

Samples

Plain sample
under vacuum at
room temperature
Plain sample
under vacuum at
Activation
500 °C
The sample
under 50 bars of
Pressurization
Deuterium at 500
°C
Post-Processed
sample under
Depressurization
vacuum at room
temperature
Raw sample

Cell
Cell
Cell
Oxygen
3
parameter parameter volume/Å occupancies
a, b/Å
c/Å
(a = b)
4.601543

2.962732

62.733

1.00

4.613723

2.973883

63.303

0.96

4.614133

2.974702

63.332

0.90

4.596486

2.960155

62.541

1.00
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5.5.2 Conclusions
Hydrogenation of r-TiO2 samples with differing morphologies and particle sizes was
investigated. TDS spectra of the samples showed that hydrogen is present in the bulk of TiO2, as
originally proposed by Iwaki in 1983. This caused the delay in completely desorbing the samples
even at 730 °C. In-situ neutron scattering experiments confirmed that the lattice parameters of
the r-TiO2:H are slightly different from those of pristine r-TiO2, which is further evidence that
the hydrogen interaction with r-TiO2 cannot be only a surface phenomenon. Hydrogen caused the
reduction process to happen at much lower temperature compared to heating in vacuum, as the
bluish colour was seen at 500 °C in the presence of hydrogen and at 730 °C without hydrogen.
The TDS measurements were in semi-quantitative agreement with a model of the desorption
kinetics in which the rate-limiting step is diffusion, apparently of H in solid solution, leading to
the observed first-order kinetics of hydrogen evolution.
All the evidence gathered in this new study is consistent with a structural modification taking
place throughout the particle: slight changes in the unit cell parameters; significantly lowered
oxygen occupancy; strongly temperature-dependent hydrogen desorption after reduction in a
hydrogen atmosphere; pressure dependence of the amount of hydrogen taken up and
subsequently desorbed. It therefore appears that the explanation of enhanced electrical properties
owing to surface-only processes is wrong, or at best incomplete.
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6

6.1

Reduction and Carburization of Titanium Dioxide by Methane

Introduction

In this study, TiO2 reduction was studied using methane-containing gas (CH4-H2-Ar). In
addition, catalytic decomposition of methane to hydrogen and carbon over reduced TiO2 surface
was investigated. Since methane is one of the most stable molecules, it can be abundantly found
underground and on the surface. Methane has attracted much attention as a good hydrogen
source since it has the highest H/C ratio among the hydrocarbons. Moreover, methane is
recognized as one of the greenhouse gases with a higher global warming potential than that of
CO2. When averaged over 100 years, methane warms the earth 25 times as much as the same
mass of CO2. These facts mentioned above have made the utilization of methane one of the most
important environmental issues today. Oxides reduction using methane-containing gas occurs
through adsorption and dissociation of methane with formation of adsorbed active carbon. Using
methane as a reducing agent has the advantage of consuming a greenhouse gas in favour of
producing oxygen-deficient TiO2 for co-catalyst free methane decomposition. Methane
decomposition on metal oxides and solid solutions has been found to be limited by carbon
formation and deactivation. Carbon formation in the alkane dehydrogenation process is
problematic because even small amounts of carbon can deactivate catalytic surfaces by
physically blocking active sites.
The possibility of using methane gas for the direct reduction of oxides depends on the desired
methane+oxide reaction being more energetically favourable than the methane-to-ethylene or
methane-to-acetylene reactions [1, 2]. Under standard conditions, methane is unstable at
temperatures higher than 550 °C. Therefore, at appropriate CH4/H2 ratios and sufficiently high
temperatures (> 550 °C), carbon activity in the methane-containing gas can be well above unity
(relative to graphite), which provides favourable thermodynamic conditions for reduction to
occur at relatively low temperatures (<1000 °C). Read et al. [3] concluded that the role of
methane in the reduction reaction is to supply carbon, which acts as the reductant [4]. On the
other hand, Ostrovski et al. [2] reported that deposited carbon blocks access of the reducing gas
into the oxide particle with detrimental effect on the reduction process.
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Methane dissociates to carbon and hydrogen when it is exposed to TiO2 surface. Afterwards, the
adsorbed carbon atoms dissolve and diffuse through the metal oxide to precipitate or accumulate
as a solid carbon [5, 6]. Moreover, TiO2 is reduced to Magnéli phases and titanium oxycarbide in
the following sequence:
TiO2 → TiO2–x → Ti10O19 → ... TinO2n‒1 ... → Ti2O3 → TiOxCy
The reduction process starts with adsorption of methane on the active sites of the oxide surface
and its decomposition, described by the following reactions:
CH4 (gas) → CH4 (ads)

(1)

CH4(ads) → CH3 (ad) + H (ad)

(2)

CH3(ad) → CH2 (ad) + H (ad)

(3)

CH2 (ad) → CH (ad) + H (ad)

(4)

CH (ad) → C (ad) + H (ad)

(5)

2H(ad) → H2 (g)

(6)

And the overall reaction of methane adsorption and cracking may be presented as
CH4 → … → Cad + 2H2

(7)

In this study, molten salts were also explored as an environment for oxide reduction and methane
decomposition processes. Molten salts are ionic liquids and can be utilized in a wide range of
applications where high conductivity and ionic mobility are required. Their ionic nature renders
them negligibly volatile in the liquid state. These properties, as well as relatively low viscosity,
thermal stability, miscibility with solvents or other salts and hydrophobicity are characteristic of
molten salts. Molten salts have very little adsorptive tendency and thus coke floats as a separate
solid phase on the melt surface that can be separated from the catalyst by washing and filtering
[7-10]. Alkaline metal-based molten salts help catalyse the oxide reduction and methane
decomposition processes, and the carbon residue is retained in molten salt for easy subsequent
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separation and disposal [11]. This is a key feature that could be exploited for separation of
carbon from products of methane decomposition to solid carbon [7, 12, 13]. Unfortunately,
molten salts, halogens, and halogen hydrides are corrosive and this is a serious concern for
commercial applications of molten salts [14, 15].
6.2

Experimental details

6.2.1 Fixed-bed catalytic reactor
500 mg TiO2 powder (Degussa, P25) was loaded in a quartz wool fixed-bed reactor. To ensure
that the TiO2 did not reduce until methane was introduced to the system, a pre-treatment was
carried out in flowing Ar/O2 (with flow rate ratio of 10/3) at 1000 °C. After being cooled to 400
°C, a mixture of CH4/Ar (with flow rate ratio of 6/4) was introduced and the temperature stepped
up to 1000 °C in 100 C increments. The temperature was held at 1000°C until the reaction
stabilized, then stepped down.
6.2.2 Direct contact bubble reactor
KCl (Tmelt = 774 °C) and LiCl (Tmelt = 607 °C) were used to form a LiCl/KCl eutectic mixture
(58/42 mol. %, Tmelt = 353 °C) as the host salt. The eutectic mixtures were prepared in a dry box
from anhydrous salts and further dried over argon gas to minimize their moisture content [16,
17].
40 g of the eutectic salt mixture was mixed with 100 mg (0.25 wt %) of TiO2 powder (Degussa,
P25) or 100 mg of Al2O3 (0.25 wt %) in the dry box and the mixture of salt and catalyst was
placed in the reactor. The total inlet flow rate of the feed gas (a mixture of CH4/Ar with flow rate
ratio of 6/4) was set to 10 SCCM at atmospheric pressure. The reactor was placed in a
WATLOW ceramic fibre heater with a maximum temperature of 1100 °C.
6.3

Results and discussion

6.3.1 Fixed-bed reactor
TiO2 reduction and carburization experiments were performed in the lab-scale fixed-bed reactor
as seen in figure 6.3 Carburization was followed by hydrogen gas production according to
CH4  C(s) + 2H2

ΔH = +74.9 kJ/mole

(8)
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Methane conversion was calculated as
%Conversion (𝑥) =

𝑥=

amount of reactant converted
amount of reactant supplied

× 100

(9)

(𝑛CH4 )0 − (𝑛CH4 )1 0.68 − 0.45
=
× 100 = 33.8%
(𝑛CH4 )0
0.68

(nCH4)0 : initial moles of CH4
(nCH4)1 : moles of CH4 remaining

Figure 6.1 shows the activity of r-TiO2 and that of quartz wool, to be sure that the calculated H2
conversion is only from the r-TiO2 sample. Regarding Figure 6.1 no activity was seen for quartz
wool in a CH4/Ar environment at the reaction temperature of 1000 °C. Figure 6.2 shows the
methane decomposition results obtained in the fixed-bed reactor, where the outlet gas stream was
analysed by mass spectrometer.

Figure 6.1. Red line shows quartz wool H2 production and green line shows P-25 TiO2 H2 production in
the solid-catalyst bed reactor. Experiments were done in the temperature range of 300 °C to 1000 °C.
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Figure 6.2. Temperature-programmed reaction in which 6:4 CH4:Ar was flowed into the fixed-bed
reactor. Experiments were done in the temperature range 300 °C to 1000 °C: Green shows CH 4
conversion, pink shows H2 production and blue shows CO formation.

As the temperature increased, the H2 yield increased, with the highest CH4 conversion (~33.8 %)
occurring at 1000 °C. However, owing to catalyst coking and sintering the conversion percentage
fell quickly to ~20.0%.
Carbon formation as a result of methane dehydrogenation is problematic because even small
amounts of carbon can deactivate catalytic surfaces by physically blocking active sites.
Deactivation can also occur by other mechanisms, both chemical and physical in nature,
including poisoning, sintering, solid-state transformation, etc. Figure 6.3 shows the r-TiO2:H.
Figure 6.4 (b) shows the mm-sized sintered TiO2 particles formed in the pyrolysis reaction.
Sintering also decreased the active surface area by producing channels of larger pores, also
leading to a shorter residence time and decreased methane coversion [18, 19].
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Quartz wool

r-TiO2:H2

Quartz wool

Furnace

Figure 6.3. Fixed-bed reactor. Degussa P25 hydrogenation before introducing methane to the reactor.

(a)

Quartz
wool

(b)

Sintered P25
particles after
methane pyrolysis

Degussa
P25

Quartz
wool

Figure 6.4. Fixed-bed reactor. (a) Before performing methane pyrolysis, (b) After methane pyrolysis.
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As demonstrated in figure 6.5., aromatics were produced on the reactor wall at higher
temperatures during pyrolysis whereas we did not see any effects using molten salts. Molten salts
have a high heat transfer rate and heat capacity which leads to a more uniform temperature
profile in the reaction environment and prevents hot spots.

Aromatics

Figure 6.5. Formation of aromatics on reactor wall.

Characterization of the TiO2 after the experiment by energy dispersive X-ray spectroscopy
(EDX) confirmed carbon formation on the surface. Figures 6.6 and 6.7 show SEM images of
pure and carbonated Degussa P-25. In figure 6.7, some platelets with rectangular and hexagonal
shapes can be seen adhering to the surface. These could be cubic crystallites of TiO xCy structures
with (100) and (111) surfaces, but their exact structure is not known. The EDX data show that
the carbon content of the square and hexagonal platelets is less than that of bulk TiO2. It can be
concluded that Ti, C and O were combined in a new crystalline product during pyrolysis.
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(a)

(b)

(c)

(d)

Figure 6.6. Scanning electron microscope (SEM) image from pristine TiO2 P-25 surface.

Square platelets

Bulk TiO2

Hexagonal platelets

Figure 6.7. Scanning electron microscope (SEM) image from coked TiO2 surface of a fixed-bed reactor
after 4 hours at 1000 °C under CH4/Ar mixture.
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Table 6.1. EDX based average composition of the sample of the three indicated areas in Figure 6.7.

Bulk

Hexagonal platelets

Square platelets

Element
At %

Wt. %

At %

Wt. %

At %

Wt. %

C

74.05

50.38

20.91

9.95

43.10

16.34

O

12.20

11.06

48.48

30.73

3.24

01.64

Ti

13.60

36.89

30.40

57.70

53.46

80.81

6.3.2 Molten salt reactor
A combined medium of molten salt with Degussa P25 TiO2 nano particles as a dispersed catalyst
was studied with the aim of decreasing the catalyst deactivation rate and increasing the methane
conversion efficiency.
Degussa P25 was dispersed in the molten LiCl-KCl eutectic mixture and experiments were
performed by bubbling gases through it. The reaction took place at the salt–gas interface, in
bubbles travelling through the salt and at the exterior surface of the salt. Figures 6.8 (a) and (d)
show the bubble column reactor before and after performing the methane pyrolysis experiments.
Figure 6.8 (b) and (c) shows TiO2 particles dispersed perfectly in the molten salt. Figure 6.8 (d)
shows that the produced carbon residue floats to the surface. Figure 6.9 shows the SEM images
of the sample floated on the molten salt surface.
(a)

CH4/Ar gas
bubbles molten
salt

(b)

(c)

(d)
Carbon residue floats
on the surface of
molten salt

Figure 6.8. Bubble column reactor before and after performing the methane pyrolysis experiment. (a)
Fresh eutectic LiCl-KCl molten salt at 500 C, (b) Degussa P25 dispersed in the salt, (c) Degussa P25
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dispersed in the salt after 2 minutes (d) shows carbon residue produced on the molten salt surface after
introducing methane. Experiments were done in the temperature range of 460 to 1000 ˚C.

(a)

(b)

(c)

(d)

Figure 6.9. SEM images of the sample floated on the molten salt surface.

As the yellowish colour was seen after adding Degussa P-25 samples to the molten salts, r-TiO2
nanorods were also tested. As shown in Figure 6.10 r-TiO2 nanorods changed to blue in molten
salt at 400 °C (Figure 6.10). Figure 6.11 shows that Al2O3 (as a standard) particles fluidized well
in the molten salt.

185

r-TiO2 nanorods
changed to blue in
molten salts at 400 °C

Figure 6.10. Blue nanorod TiO2 particles in the molten salt.

Figure 6.11. Al2O3 nano particles dispersed in the eutectic mixture of LiCl-KCl salt at 500 ˚C.

Figure 6.12 shows the results of a temperature-programmed reaction (TPR) performed on the
molten salt/additives mixture. The studied mixtures included plain LiCl-KCl, LiCl-KCl/TiO2 and
LiCl-KCl/Al2O3.
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Figure 6.12. Light off TPR (500 °C to 1000 °C) plot of methane conversion over molten (LiCl-KCl, LiClKCl/TiO2, LiCl-KCl/Al2O3).

As demonstrated by Figure 6.12, the light-off temperature (The temperature at which catalytic
reactions are initiated) of LiCl/KCl and LiCl-KCl/TiO2, LiCl-KCl/Al2O3 is roughly the same.
The H2 yields of the LiCl-KCl/TiO2 and LiCl-KCl/Al2O3 mixtures are also not much higher than
that of plain salt. Table 6.2. shows a summary of properties of LiCl, KCl and their eutectic
mixture. The density of the eutectic mixture of LiCl-KCl is 1.5 g/cm3 which is less than the
density of TiO2 (2.43 g/cm3). It can be concluded that the TiO2 particles sank in the molten salts
because of their higher density, despite the upward force from gas bubbles.
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Table 6.2. Physical properties of LiCl-KCl eutectic salt [20].

Parameter

Value of Equation

Tmelt,LiCl

610 °C

Tmelt,KCl

770 °C

Tmelt,LiCl-KCl

355 °C

Density, ρLiCl,KCl

(T) = 2.0286 ‒ (5.267 × 10‒4)T

Density, ρLiCl,KCl,1000 °C

1.50 g/cm3

Modifying the experimental technique to maintain the catalyst particles in suspension should fix
this problem and all the true catalytic activity of methane reduced TiO2 for a co-catalyst free
methane decomposition to be measured.

Almost pure carbon

Molten salt

TiO2 particles
Figure 6.13. Gravitational sedimentation of TiO2 particles and carbon floatation in the molten salt.

Figure 6.13 shows the floatation of carbon particles on the surface of TiO2 and precipitation of
TiO2 particles in the bottom of the reactor. The density of activated carbon is ~2.0 g/cm3 which
is higher than the density of eutectic mixture of LiCl-KCl at 1000 °C which is ~1.5 g/cm3.
Therefore, it was concluded that (i) gasses trapped in the porous structure of the carbon particles
(lowering of effective density) and (ii) liquid-phobicity towards the molten salts (absence of
wetting and penetration) helped the produced carbon particles to float to the surface of the
molten salt. On the other hand, TiO2 particles sank to the bottom of the reactor due to their
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liquid-philicity post-reaction and higher density than that of the eutectic mixture of LiCl-KCl at
1000 °C. Figure 6.14 illustrates the mechanism of bubble-TiO2 and bubble-Carbon particles
attachment.

TiO2

Carbon

particlesLiquid
(a)
Reactant gas
bubble

particles
(b)

film
formatio
n

Reactant gas
bubble

Non-active site

Contact site

Figure 6.14. Bubble-particles attachment mechanism. (a) Bubble-TiO2 attachment, (b) bubble-Carbon
attachment.

6.4

Conclusions

A molten salt system potentially provides an environment with the lower surface deactivation of
the catalyst and producing hydrogen without carbon dioxide. In a molten-salt environment the
rate of carbon deposition on the surface is lower than in a fixed-bed reactor, leading to slower
deactivation of the reduced TiO2 surface. This suggests that performing oxidation/reduction
reactions whereby solid-state diffusion of oxygen to the surface would allow for more available
oxidation potential would be possible on the TiO2‒x surface.
It was also seen that slightly reduced TiO2 (indicated by the yellow colour in the molten salt
solution) was produced as soon as the oxide came into contact with the molten salt at
temperatures higher than 453 °C (Tmelt of the eutectic mixture of LiCl-KCl). Further reduction of
the particles occurs by contacting the slurry with a CH4/Ar. The problem of sinking catalyst
particles needs to be overcome by an improved experimental design.
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7

7.1

Summary and Conclusions

Overview

In the first part of the project, fundamental aspects of the mechanism of defect creation in rutile
TiO2 were studied, aiming to understand the role of hydrogen as a reducing agent at about 500
C. Thermogravimetric analysis was done, coupled with mass spectrometry measurements to
characterize the desorbed species. In-situ neutron diffraction was performed to measure the
concentration of oxygen vacancies. In-situ lab-XRD experiments were done to follow the
structural changes during soaking under vacuum at temperatures above 1000 C to produce
Magnéli phases.
In the second part of the project, TiO2 reduction and carburization was also studied in the fixedbed and bubble column reactors (in molten salt environments), aiming to explore the use of TiO2
as a catalyst for the decomposition of methane to produce hydrogen and solid carbon.
7.2

Summary of results and conclusions

7.2.1 Defects in TiO2
Particular combinations of exposure to hydrogen and vacuum produced samples with a wide
range of colours, including pink, yellow, blue and grey. The results of TGA suggested that the
loss of oxygen from the sample interior is accompanied by a gain of other species and retention
of some oxygen at the surface, since the overall outcome was a small weight gain.
TDS was a much more sensitive probe of the changes caused by reduction with hydrogen. The
high temperatures required to remove all hydrogen from the sample clearly indicated that it was
absorbed into the interior crystal structure of the sample, as suggested originally by Iwaki et al.
TDS at lower ramping rates than those used by Iwaki et al. revealed the presence of three
separate desorption peaks. The mid-temperature peak was analysed using the Kissinger equation
and yielded an activation energy of 53 kJ/mol. (0.2 eV), similar to the value reported by Iwaki et
al. (57 kJ/mol), and is interpreted as the activation energy for diffusion of H in the c-oriented
channels in the crystal structure. The low-temperature peak appears to correspond to desorption
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from the surface. The high-temperature peak appears to come from chemisorbed H, attached to O
or associated with Ti.
The amount of hydrogen desorbed depended strongly on the hydrogen pressure. This and all the
other experimental results points to the diffusion of H into/ out of the interior of the sample
during soaking under hydrogen/vacuum. A shrinking-core model was able to qualitatively
account for the desorption behaviour observed during TDS measurements.
An in-situ neutron diffraction study of 100 nm r-TiO2 nanopowder under 50 bar of deuterium at
500 °C produced a bluish sample. A small change in unit cell dimensions was observed,
confirming that reduction affects the bulk crystal structure, since a surface-only effect would not
be observable with neutron diffraction. The oxygen occupancy changed from 0.96 to 0.9,
corresponding x = 0.2 in TiO2‒x and equivalent in concentration to a Magnéli phase with the
formula of Ti5O9. The sample clearly still had the TiO2 crystal structure, indicating that the
temperature was too low for the cooperative motion of O vacancies necessary to form
crystallographic shear planes.
Taken together, the experimental results indicate clearly that claims that the remarkable
properties of hydrogen-modified TiO2 are due to surface disorder are either very incomplete or
simply wrong.
7.2.2 Reduction and carburization of TiO2
It was found that TiO2, which is denser than the eutectic mixture of LiCl-KCl, settled in the
bottom of the bubble column reactor, which caused low CH4 conversion. Although they are also
denser than the molten salt, the produced carbon particles from CH4 decomposition floated on
the surface of molten salt. This is most likely because the carbon particles were not wetted by the
molten salt, which was not taken into the porous carbon structure, causing the effective density
to be low enough for them to float. If the problem of sinking catalyst particles can be solved, this
is a promising approach to capturing solid carbon from methane.
In the fixed-bed reactor sintering of r-TiO2 particles at 1000 °C caused a low CH4 conversion.
This route appears less promising than the bubble column reactor.
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7.3

Future work and suggestions

7.4

Defects in TiO2
 Simultaneous in-situ XRD with TDS measurements could be done to see if any phase
transitions occur during desorption of hydrogen at temperatures above 500 C. An
interesting example is hydrogenating a sample in the XRD at about 450 C to generate a
high concentration of vacancies, then desorbing and heating the sample to see if a
structural transformation occurs at a lower temperature than is required to produce
Magnéli phases under vacuum only.
 The relationship between sample colour and defect type and density should be explored
in detail, as it promises to significantly improve our understanding of defects in TiO2.
 The large amount of hydrogen taken up by Magnéli phases suggests that studying and
understanding the effects of hydrogenation on their electrical conductivity and
applicability in electrochemistry as electrodes will be worthwhile.

7.5

Reduction and carburization studies
 It is important find an efficient method to suspend TiO2‒x particles in molten salts to
prevent their precipitation, which involves studying their surface chemistry.
 Studying and understanding the activity of different types of catalysts consisting of
deliberately added reactive species dissolved in an otherwise inactive molten halide salt is
a worthwhile avenue for further research.
 The use of melts as a catalyst system to prevent deactivation and coking should be
pursued.
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